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Introduction

The texture of fleshy fruits is of primary concern for the whole production to consumer chain. Texture is defined by several sensory descriptors resulting from the structure of the fruit [START_REF] Szczesniak | Texture is a sensory property[END_REF]. Apples, the third highest fruit produced in the world (FAO, 2014) have been the subject of many studies focusing on characterizing their texture variations. The fruit softens throughout development [START_REF] Volz | Firmness decline in 'Gala' apple during fruit development[END_REF], particularly during ripening and post-harvest storage [START_REF] Johnston | Postharvest softening of apple (Malus domestica) fruit: a review[END_REF]. Moreover, softening and other textural changes vary greatly, depending on storage conditions, the cultivar and harvest date [START_REF] Brummell | Cell wall disassembly in ripening fruit[END_REF]. Flesh juiciness, firmness, crispness and mealiness are the major sensory descriptors of apple texture [START_REF] Daillant-Spinnler | Relationships between perceived sensory properties and major preference directions of 12 varieties of apples from the southern hemisphere[END_REF][START_REF] Jaeger | Consumer preferences for fresh and aged apples: A cross-cultural comparison[END_REF]. Several techniques have been proposed to characterize texture, either destructively or nondestructively [START_REF] Chen | Texture measurement approaches in fresh and processed foods -A review[END_REF]. In particular, crispness and firmness can be assessed by puncture, compression and tensile tests [START_REF] Chauvin | Relationship between instrumental and sensory determination of apple and pear texture[END_REF]Harker et al., 1997a;[START_REF] Mehinagic | Prediction of the sensory quality of apples by physical measurements[END_REF], and juiciness can be evaluated by a cell integrity test (Harker et al., 1997b). The tissue structure has a significant role as firmness has been linked to apple flesh density [START_REF] Vincent | Relationship between density and stiffness of apple flesh[END_REF] and juiciness to cell size (Harker et al., 1997b). However, correlations between instrumental measurements and sensory descriptors depend on the textural diversity between cultivars; in particular, the links between sensory juiciness and crispness and instrumental juiciness and crispness vary according to cultivar [START_REF] Brookfield | Sensory evaluation by small postharvest teams and the relationship with instrumental measurements of apple texture[END_REF].

Mealiness has mainly been assessed by sensory analysis [START_REF] Harker | Sensory interpretation of instrumental measurements 1: texture of apple fruit[END_REF].

Fleshy fruit have a viscoelastic behavior [START_REF] Vincent | Structural Biomaterials: Third Edition[END_REF] that has seldom been studied as such [START_REF] Abbott | Quality measurement of fruits and vegetables[END_REF]. Dynamic Mechanical Analysis (DMA) is commonly used to assess the storage and loss moduli characterizing the elastic and viscous behaviors of viscoelastic solids and polymers, respectively, particularly under different temperature conditions [START_REF] Menard | Dynamic mechanical analysis: a practical introduction[END_REF]. DMA has been used to study the impact of temperature on the mechanical behavior of a few plant commodities [START_REF] Assor | Concomitant changes in viscoelastic properties and amorphous polymers during the hydrothermal treatment of hardwood and softwood[END_REF][START_REF] Blahovec | DMA thermal analysis of different parts of potato tuber[END_REF][START_REF] Blahovec | Temperature stimulated changes in potato and bean sprouts[END_REF][START_REF] Wang | A comparison of dynamic mechanical properties of processing-tomato peel as affected by hot lye and infrared radiation heating for peeling[END_REF][START_REF] Xu | Development of carrot parenchyma softening during heating detected in vivo by dynamic mechanical analysis[END_REF]. For example, DMA has been used to investigate the effects of osmotic dehydration and turgor changes in apples and pears [START_REF] Martinez | Viscoelastic characteristics of Granny Smith apple during glucose osmotic dehydration[END_REF][START_REF] Wu | Dynamic viscoelastic behaviour and microstructural changes of Korla pear (Pyrus bretschneideri rehd) under varying turgor levels[END_REF]. Dynamic rheology has been used on potato tubers [START_REF] Bu-Contreras | Review: Dynamic rheological behavior of heated potatoes[END_REF] and apples [START_REF] Varela | Changes in apple tissue with storage time: Rheological, textural and microstructural analyses[END_REF]. The latter authors used small amplitude oscillatory shear (SAOS) in apples (10 Pa at a frequency of 1 Hz, strain < 0.01%), which was found to complement a compression test (5% strain). Storage (measured by SAOS) and Young's (measured by compression) moduli were correlated and the storage modulus was also correlated with penetrometry, emphasizing the value of such measurement. However, the relationship between properties measured by SAOS and texture remains to be established.

Apple has a very heterogeneous tissue [START_REF] Herremans | Characterisation of 'Braeburn' browning disorder by means of X-ray micro-CT[END_REF][START_REF] Khan | Anisotropy of apple parenchyma[END_REF][START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF]. It is highly porous and its mechanical behavior depends on several factors such as internal turgor pressure, characteristics of water within cell compartments, the mechanical properties and thickness of cell walls, size of cells and pores, and orientation of cells in the tissue [START_REF] Gao | Mechanics of parenchyma tissue based on cell orientation and microstructure[END_REF]Konstankiewicz et al., 2001;[START_REF] Oey | Effect of turgor on micromechanical and structural properties of apple tissue: A quantitative analysis[END_REF].

Turgor pressure has been recognized as a fundamental aspect of the mechanical properties of tissue and fruit texture [START_REF] Bruce | Mathematical modelling of the cellular mechanics of plants[END_REF][START_REF] Lin | Rheology of apple and potato tissue as affected by cell turgor pressure[END_REF]. This high pressure (about 0.5 × 10 6 N m -²) is generated by intracellular liquids and is applied to cell membranes and cell walls. Higher turgor pressure has been linked to elongated cells, resulting in increased bonding between cells and affecting texture. Although the relationship between turgor pressure and the mechanical properties of parenchyma tissue of fleshy fruit depends on the mechanical measurement method [START_REF] Jackman | The effects of turgor pressure on puncture and viscoelastic properties of tomato tissue[END_REF]Konstankiewicz and Zdunek, 2001;[START_REF] Lin | Rheology of apple and potato tissue as affected by cell turgor pressure[END_REF][START_REF] Oey | Effect of turgor on micromechanical and structural properties of apple tissue: A quantitative analysis[END_REF], an increase in turgor pressure has nevertheless been linked to a higher failure point during mechanical tests [START_REF] Cybulska | Calcium effect on mechanical properties of model cell walls and apple tissue[END_REF][START_REF] Oey | Effect of turgor on micromechanical and structural properties of apple tissue: A quantitative analysis[END_REF]. Despite the link between turgor pressure and cell shape, the impact of turgor pressure on failure strain, failure stress and tissue stiffness has been found to be independent of cell size and shape [START_REF] Lin | Rheology of apple and potato tissue as affected by cell turgor pressure[END_REF][START_REF] Oey | Effect of turgor on micromechanical and structural properties of apple tissue: A quantitative analysis[END_REF]. Previous studies revealed a link between turgor pressure and apple crispness and juiciness [START_REF] Oey | Effect of turgor on micromechanical and structural properties of apple tissue: A quantitative analysis[END_REF].

Water status and distribution in plant tissue can be accessed by MRI [START_REF] Van As | MRI of plants and foods[END_REF]. Few studies have looked for correlations between quantitative MRI measurements and mechanical properties of fruit. A combination of compression and juiciness tests was used to assess mealiness in Top Red apples which was found to be related to mono-exponential transverse relaxation time (T 2 ) [START_REF] Barreiro | Mealiness assessment in apples using MRI techniques[END_REF]. Poor correlations were found between firmness and T 2 in tomatoes [START_REF] Tu | Tomato quality evaluation by peak force and NMR spin-spin relaxation time[END_REF] and apples [START_REF] Moller | Prediction of postharvest dry matter, soluble solids content, firmness and acidity in apples (cv. Elshof) using NMR and NIR spectroscopy: a comparative study[END_REF], and softening during storage was linked to a change in the distribution of subcellular water in kiwi fruits [START_REF] Taglienti | Postharvest structural changes of Hayward kiwifruit by means of magnetic resonance imaging spectroscopy[END_REF].

As well as supporting turgor pressure, the cell wall has an important role in the mechanical properties of the tissue. An increase in stiffness of the cell wall results in an increase in stiffness of the tissue [START_REF] Lin | Rheology of apple and potato tissue as affected by cell turgor pressure[END_REF]. The mechanical properties of the cell wall rely on its structure and composition [START_REF] Barbacci | Another Brick in the Cell Wall: Biosynthesis Dependent Growth Model[END_REF][START_REF] Burgert | Micromechanics of cell walls[END_REF].

The cell wall of fleshy fruit is composed of three interacting networks of complex polysaccharides [START_REF] Brummell | Cell wall disassembly in ripening fruit[END_REF][START_REF] Carpita | Mechanical properties of primary plant cell wall analogues[END_REF][START_REF] Johnston | Postharvest softening of apple (Malus domestica) fruit: a review[END_REF]: cellulose, hemicellulose (matrix glycans) and pectin. Cellulose is organized as stiff hydrogen-bonded microfibrils embedded in a matrix of hemicellulose and pectin. Other macromolecules such as structural proteins and lignin are also present but to a lesser extent. Hemicellulose is typically a neutral sugar backbone with side branches. In particular, the major component is xyloglucan, composed of a glucose backbone with xylose side chains on which galactose and then fucose residues can be linked. Hemicellulose is also called cross-linking glycans due to their function of linking cellulose microfibrils together by establishing hydrogen bonds with them. The pectic matrix in fleshy fruit often represents about 50% of the cell wall [START_REF] Carpita | Mechanical properties of primary plant cell wall analogues[END_REF] and is located particularly in the middle lamella. It is composed of homogalacturonan (HG), rhamnogalacturonan-I and -II, tied together by their backbone and also linked to hemicellulose according to a current model [START_REF] Mohnen | Pectin structure and biosynthesis[END_REF]. According to the amount and distribution of methylesterification on HG, this structural domain from different chains can dimerize with calcium to create an extended three-dimensional network. The cell wall has to be able to undergo both plastic and elastic deformations during cell growth and life [START_REF] Burgert | Micromechanics of cell walls[END_REF]. The functions of pectin, in particular, are attributed to cell-cell adhesion [START_REF] Jarvis | Intercellular adhesion and cell separation in plants[END_REF] and the regulation of cell wall porosity [START_REF] Fleischer | The pore size of non-graminaceous plant cell walls is rapidly decreased by borate ester cross-linking of the pectic polysaccharide rhamnogalacturonan II[END_REF], thus affecting diffusion of solutes in the cell wall. The composition and structure of hemicellulose and pectin are modified during the ripening of fruit. Several hemicellulose-modifying enzymes and proteins such as glucan hydrolase, xyloglucan endotransglucosylase/hydrolase and expansin increase in activity and restructure the hemicellulose-cellulose network [START_REF] Carpita | Mechanical properties of primary plant cell wall analogues[END_REF]. Ripening also involves demethylesterification, depolymerization and solubilization of pectin [START_REF] De Vries | Changes in the structure of apple pectic substances during ripening and storage[END_REF]. In fact, an increase in water-soluble pectin content and a decrease in arabinose and galactose content resulting from the debranching of rhamnogalacturonan-I have been found to be linked to fruit softening and cell dissociation [START_REF] Gwanpua | Pectin modifications and the role of pectin-degrading enzymes during postharvest softening of Jonagold apples[END_REF][START_REF] Knee | Polysaccharides and glycoproteins of apple fruit cell walls[END_REF][START_REF] Pena | Loss of highly branched arabinans and debranching of rhamnogalacturonan I accompany loss of firm texture and cell separation during prolonged storage of apple[END_REF][START_REF] Yoshioka | Molecular-weight and degree of methoxylation in cell-wall polyuronide during softening in pear and apple fruit[END_REF]. Change to a soft melting texture is also associated, in vitro, with a swelling of the cell wall during ripening. Movement of water into cell wall networks accompanies this swelling (Redgwell et al., 1997), the latter highlighting the importance of water and solute distribution between cell compartments.

In addition to cell wall properties and cell water compartmentation linked to turgor pressure and cell wall swelling, the microstructure of the parenchyma of fleshy fruit also affects the mechanical properties of the tissue. The organization and distribution of intercellular spaces between the cells and their number and size contribute to the mechanical properties of apple parenchyma [START_REF] Ting | X-Ray Micro-Computer Tomographic Method to Visualize the Microstructure of Different Apple Cultivars[END_REF]. These spaces originate from either the breakdown of entire cells or from the separation of cells. They can interconnect and thus their size can increase over time [START_REF] Esau | The fruit[END_REF] leading to various shapes and sizes of spaces. Firm apples generally have small intercellular spaces whereas larger pores are found in soft fruit [START_REF] Vincent | Relationship between density and stiffness of apple flesh[END_REF]. Changes in apparent microporosity, defined as the amount of gas in the tissue in relation to its volume, have also been identified during apple shelf-life [START_REF] Herremans | Characterisation of 'Braeburn' browning disorder by means of X-ray micro-CT[END_REF].

The aim of this study was to characterize the microstructural basis of the viscoelastic mechanical changes in the apple parenchyma on different scales. A multi-instrumental approach was used to assess a number of parameters involved in the mechanical properties of apple tissue. Six contrasting apple cultivars in terms of expected firmness were studied over three to six months' cold storage. MRI was used for measurement of multi-exponential T 2 relaxation parameters characterizing the intracellular water compartmentation and for estimation of apparent microporosity. Samples of cortex were selected from MRI images and then analyzed by other techniques. Macro-vision imaging was used for histological analysis, the viscoelastic properties of samples were measured by DMA, and chemical analyses were performed to evaluate water content, soluble solid content, cell wall content and cell-wall polysaccharide chemical composition and structure. Parenchyma tissue was selected as main focus because it is the main consumable part of an apple.

Materials and Methods

Fruit

Apples of six different cultivars harvested at maturity (starch test, 7-8 [START_REF] Vaysse | Pomme-poire de la récolte au conditionnement: outils pratiques[END_REF] were studied: three are known to remain firm on storage (Fuji, Ariane, and Granny Smith) and three are known to develop soft or mealy texture (Experimental Cultivar (EC), Florina, and Rome Beauty). All apples were weighed on a digital balance and sorted for weight. The fruit studied comprised twelve Granny Smith, six Ariane, twenty seven Fuji, ten EC, six Florina and three Rome Beauty apples. Three different calibers were differentiated for Fuji (three fruit per caliber, c1, small ~125 g, c2, medium ~185 g, c3, large ~290 g), and the other cultivars were homogeneous in size (Ariane ~185 g, EC ~180 g, Granny Smith ~240 g, Florina ~180 g, Rome Beauty ~220 g).

Measurements were performed at three different times for Fuji, Ariane, EC and Granny Smith apples (one month (1m), two months (2m) and three months (3m) after harvesting). The fruit were stored at 4 °C before and between measurements. For each measurement, three fruit for each cultivar and caliber (apart from Ariane) were scanned by MRI and regions of the outer cortex were selected based on T 2 -weighted MRI images (Fig. 1A). Measurements for Ariane were performed on one fruit at 1m, two fruit at 2m and three fruit at 3m. In order to ensure analyses on the same tissues, samples were taken from the regions selected on MRI images for mechanical and chemical measurements (Fig. 1B, white solid line for mechanical measurements and white dotted line for chemical measurements), as well as for optical imaging (Fig. 1B, black solid line). To increase the variability of the dataset, supplementary measurements were performed on three Granny Smith apples and one EC apple at six months after harvesting (6m). Moreover, Florina (three fruit) were analyzed at 3m and Florina and Rome Beauty (three fruit each) were analyzed at 6m.

MRI 1. Acquisition

MRI measurements were carried out with a 1.5 T MRI scanner (Magnetom, Avanto, Siemens, Erlangen, Germany). The fruit were maintained at a controlled temperature (20 ± 0.5 °C) during acquisitions; they were placed in the Faraday cage of the MRI scanner ten hours before measurement to stabilize the temperature. The median plane of each fruit (transverse section at middle height of fruit) was imaged with a pixel size of 1.19 mm x 1.19 mm, slice thickness of 5 mm and repetition time of 10 s. The choice of spatial resolution was governed by the trade-off between signal to noise ratio (SNR) of the images and spatial heterogeneity of the apple fruit. Two MRI sequences were performed:

(i) a multi spin echo (MSE) sequence, with the parameters chosen according to [START_REF] Adriaensen | MSE-MRI sequence optimisation for measurement of bi-and tri-exponential T2 relaxation in a phantom and fruit[END_REF]: inter-echo spacing (ΔTE) of 7.1 ms, bandwidth 260 Hz, 1 scan and 512 echoes per echo train for multi exponential T 2 estimation (ii) a multi gradient echo (MGE) sequence, with first echo time (TE1) of 2.8 ms and ΔTE of 1.6 ms, bandwidth 1096 Hz, 12 echoes and 2 scans for T 2 * estimation. The parameters were determined in a preliminary study as the trade-off between the shortest echo times (TE1 and ΔTE) and the SNR ratio.

The SNR of the images obtained by the MSE and MGE sequences at the shortest echo time were approximatively 120 and 80, respectively.

Image processing

The T 2 and T 2 * of apple parenchyma were computed on a Region of Interest (ROI, fig.

1A) as described above. The ROI-based approach was used as it improved the SNR [START_REF] Adriaensen | MSE-MRI sequence optimisation for measurement of bi-and tri-exponential T2 relaxation in a phantom and fruit[END_REF]. ROIs were selected manually on homogeneous regions of monoexponential T 2 maps (Fig. 1A) computed for this purpose using ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. The mean signal over the ROI was computed with TableCurve 2D software for all the MSE images of the series and then fitted according to a tri-exponential decay curve (Eq. 1, i=3).

Eq.1

where t is the time, the intensity, the transverse relaxation time of each component of the signal and const an offset modeling the background offset. The mono-exponential T 2 of selected ROIs was computed from Eq. 1 for i=1, and that of T 2 * by replacing T 2 by T 2 *.

Apparent microporosity was then computed from T 2 and T 2 * according to Musse et al. (Musse et al., 2010b). The method is based on the fact that differences in magnetic susceptibility between a tissue and air create field inhomogeneities, which induce intravoxel dephasing and associated signal loss in gradient-echo (MGE) images. Signal loss occurring in multi-spin-echoes (MSE) images is drastically lower and can serve as a reference. Indeed, microscopic field fluctuations are responsible for irreversible dephasing characterized by T 2 (R 2 =1/T 2 ), and local (mesoscopic) field inhomogeneities contribute to R 2 # , the reversible part of R 2 * (R 2 *=R 2 +R 2 # =1/T 2 *). The latter can be used for estimation of apparent microporosity as it originates from internal, tissue-specific sources. T 2 and T 2 * are estimated from MSE and MGE sequences, respectively.

The error on apparent microporosity due to fitting was about 0.5%.

Mechanical measurements

A 1 cm thick slice was cut from each fruit, corresponding to the slightly enlarged MRI slice. For each fruit, three cylindrical samples were taken from the cortex at the same distance from the cuticle as the homogeneous regions on the MRI maps (Fig. 1B, solid lines). The samples (4 mm in radius (R 0 ) and 8 mm in height (L 0 )) were subjected to DMA (Bose, ElectroForce 3100). Each sample underwent a 1 Hz oscillating displacement between 3% and 7% of its height within the elastic domain. Both the force (F) and the deformation (D) were recorded. The stress, defined as the force exerted by the device per surface unit, was computed by ζ=F/(πR 0 2

). The strain, representing the deformation of the sample, was computed by ε=D/L 0

The mechanical strain applied to the sample is written as:

ε = ε 0 sin(ω t) Eq. 2
where ε 0 is the maximum strain amplitude and ω=2πf the pulse as a function of the oscillation frequency. The resulting mechanical stress in the sample is written as:

σ= ζ 0 sin(ω t+δ) Eq. 3
where ζ 0 is the amplitude of the stress signal and δ the delay between the strain and the stress due to the viscoelastic behavior of the material. The number of compression cycles was automatically optimized by mechanical testing machine software (Bose WinTest) in order to accurately compute dynamical stiffness and damping.

Automated DMA data analysis (Bose DMA Analysis 7) allowed direct computation of the dynamic stiffness of the sample k = F*/D* i.e. the ratio between peak-to-peak force amplitude and peak-to-peak displacement. The ratio k was used to express Young's modulus E (E = k.L 0 /πR 0 2 ). The damping of the material was expressed as tan δ.

The elastic (E) and viscous (tan δ) behaviors are a priori independent mechanical parameters. Consequently, they were treated as independent variables in statistical analyses.

Macro-vision imaging 1. Image acquisition

The samples taken for optical imaging (Fig 1B, black line) were imaged as described in detail by [START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF]: the sampling protocol consisted of cutting a 1 cm slice at the equator of the fruit, corresponding to twice the thickness of the MRI virtual slice. Sections 200 µm thick were cut from the middle of each slice using a vibrating blade microtome (MICROM, HM 650V, Microm International GmbH, Walldrof, Germany) and these were then imaged under water using a macro-vision system [START_REF] Devaux | Macro-vision and grey level granulometry for quantification of tomato pericarp structure[END_REF]. The camera and lens were adjusted to observe a 10.7 mm x 14.4 mm area and images were digitized in 1620 x 1220 pixels (pixels of 3.6 µm x 3.6 µm).

Image processing

ROIs selected in the cortex at the same distance from the cuticle as homogeneous regions on MRI maps (Fig 1B, dotted lines, gray) were analyzed visually for texture according to both black objects morphology and arrangement as explained in detail by [START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF]. Gray level granulometric methods [START_REF] Devaux | Macro-vision and grey level granulometry for quantification of tomato pericarp structure[END_REF] were applied to extract information concerning black objects distribution and dimensions.

Granulometric curves of gray levels were constructed by varying the sizes of horizontal and vertical linear structuring elements, allowing analysis of cell dimensions in both directions.

As they were based on variations in gray level of pixels, granulometric curves did not measure the actual black objects dimensions but a combination of objects dimensions and gray levels. It should be emphasized that these objects correspond to both cell lumens and intercellular spaces. The image resolution and image analysis algorithm used made the distinction of the two types of structure impossible. Black objects were assumed to be mainly representative of cells and their physical characteristics were used to approximate that of cells. Cell volume was then estimated by considering the black objects observed to be cylinders with the height (h) radial to the cuticle and the radius (r) parallel to the cuticle:

. With all the above limits in the analyses, dimensions and volumes of objects attributed to cells were therefore subject to uncertainty but provided a convenient mean of estimating the physical characteristics of tissue cellular structures.

Chemical analyses

Chemical analyses were performed on the samples as described in the Materials and Methods (Fig. 1B, white dotted lines).

Water Content

Water content (WC) in samples was expressed according to the weight difference between fresh and freeze-dried samples (Cosmos, Cryotec, Saint-Gély-du-Fesc, France).

Polysaccharide composition and structure of cell walls a. Cell wall preparation

Apple parenchyma cell walls were prepared as Alcohol Insoluble Materials (AIMs) using an automated extraction method with an accelerated solvent extraction unit ASE® 350 (DIONEX, CA, USA). Approximately 500 mg of frozen apple flesh were freeze-dried, and then dried at 40 °C overnight under vacuum over P 2 O 5 . The dried material was ground into fine powder using a FastPrep-24 instrument (MP Biochemicals, CA) at a speed of 6.5 m/s for 60 s. Samples (500 mg) were extracted using 80% ethanol at a flow rate of 2 mL min -1 in 22 mL cells of ASE 350. The conditions for the ASE extraction were set at 100 °C with a flow time of 6 min, followed by a rinse with a volume of 150%, and a purge time (N 2 ) of 30 s.

AIMs were dried at 40 °C overnight under vacuum over P 2 O 5 before grinding and weighing.

Soluble solid content was computed as the difference between freeze-dried apple flesh and AIMs.

b. Cell wall sugar composition

Identification and quantification of neutral cell wall sugars were performed by gas-liquid chromatography (GC) after degradation in sulfuric acid [START_REF] Hoebler | Rapid acid-hydrolysis of plant-cell wall polysaccharides and simplified quantitative determination of their neutral monosaccharides by gas-liquid chromatography[END_REF]. AIM were dispersed in 13 M sulfuric acid for 30 min at 30 °C and then hydrolyzed in 1 M sulfuric acid

(2 h, 100 °C). Sugars were converted to alditol acetates [START_REF] Blakeney | A simple and rapid preparation of alditol acetates for monosaccharide analysis[END_REF]) using an automated procedure with a SwingXL workstation (Chemspeed® technologies AG) and chromatographed on a DB 225 capillary column (Trace GC Ultra, Thermofisher; temperature 205 °C, carrier gas H 2 ). Standard sugar solutions and inositol as internal standard were used for calibration. Uronic acids in acid hydrolyzates were quantified using the metahydroxydiphenyl colorimetric acid method [START_REF] Blumenkrantz | New method for quantitative determination of uronic acids[END_REF].

c. Degree of methyl esterification of uronic acids

The degree of methylesterification (DM) and the acetic acid content of pectins were evaluated by HPLC following the procedure described by [START_REF] Levigne | Determination of the degrees of methylation and acetylation of pectins using a C18 column and internal standards[END_REF] AIM (5 mg) was saponified in 1 mL of 0.5 M NaOH at 4 °C for 1 h. HPLC was carried out on a C18 (4 mm × 250 mm, Lichrospher 100 RP-18e (5 µm), Interchim, France) column thermostated at 25 °C using a refractometric detector (Waters, 2414). An isocratic elution of 4 mM H 2 SO 4 was used at a flow rate of 1.0 mL min -1 . The DM was calculated as moles of methanol per mol of galacturonic acid. Standard methanol, acetic acid and isopropanol as internal standard were used for calibration.

d. Enzymatic profiling of cell wall polysaccharides

Cell wall material (5 mg) was suspended in 1 mL acetate buffer (5 mM, pH 5) or water and degraded by laboratory prepared pectin lyase (0.55 nmol s -1 , [START_REF] Ralet | Innovative Enzymatic Approach to Resolve Homogalacturonans Based on their Methylesterification Pattern[END_REF]) or commercial endo-1,4-β-glucanase from Trichoderma longibrachiatum (Megazyme, Bray, Ireland; 20U) overnight at 40 °C under agitation. The supernatant solution after centrifugation (10 min, 12000 g) of the hydrolyzates was heated for 10 min in a boiling water-bath to inactivate enzymes. Commercial glucanase is known to contain low activity degrading xylan, (galacto)glucomannan and pectic galactan (Lahaye et al., 2012b).

Oligosaccharides in the hydrolyzates were analyzed by MALDI-TOF MS in the positive mode using an Autoflex III MALDI-TOF/TOF spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a Smartbeam laser (355 nm, 1000 Hz). Samples were mixed with the ionic liquid matrix DMA/DHB, which was prepared and used as previously reported [START_REF] Ropartz | Performance evaluation on a wide set of matrix-assisted laser desorption ionization matrices for the detection of oligosaccharides in a high-throughput mass spectrometric screening of carbohydrate depolymerizing enzymes[END_REF]. Three replicates per hydrolysis were prepared. The instrument was externally calibrated using galactomannan oligomers (DP 3-9) of known mass.

Spectra (total of 3 MS replicates) were recorded in the mass range m/z 600-2000.

Spectra were exported to Flex Analysis 3.0 software (Bruker) and pre-processed. Mass lists reporting m/z (monoisotopic masses, after deisotoping with the SNAP algorithm, Bruker) and intensities of detected ions were then exported to R software (R Core Team, 2013) for statistical analysis and graphical representation. Ion masses and intensities on the glucanase spectra were normalized to that of the XXXG ion, whereas the peak at m/z 783.191 attributed to DU4m4 (see below for nomenclature) was used for pectin-lyase spectra.

Identification of ions was performed by comparison with the m/z list of theoretical masses of the sodium adduct of different oligosaccharides.

For oligo-uronides released by pectin-lyase, this list took into account the specificity of the enzymes described [START_REF] Ralet | Innovative Enzymatic Approach to Resolve Homogalacturonans Based on their Methylesterification Pattern[END_REF]. In particular, because several oligosaccharide structures have similar m/z values due to substitutions by methyl and acetyl esters and by different ion adduct forms (Na -H on acidic functions and potassium), MS ions were attributed according to methyl esterification per oligosaccharide (i.e. DP3: 1 to 3 methyl esters, DP4: 2 to 4, DP5: 2 to 5, DP6: 3 to 6 and DP7: 4 to 6) and a maximum of 1 to 2 acetyl groups depending on the degree of polymerization (DP3 to 5: 1 acetyl, DP 6 and 7: 2 acetyl groups). The intensity of different adducts for the same oligosaccharides was added.

For oligomers released by the commercial glucanase, ion attribution to xyloglucan structures was performed on the basis of combinations of hexose, methyl-pentose, pentose and acetyl ester substituents.

The oligosaccharide nomenclature used was as follows. For polyuronides the letter U corresponded to uronic acid. The subsequent number referred to the number of residues in the oligomer (i.e. DP). Acetyl and methyl ester substitutions were referred to as a and m, respectively, followed by the number of groups. Unsaturation of the uronic acid at the nonreducing end of the oligomer released by pectin-lyase was referred to as D. According to this nomenclature, DU4m4 refers to an oligo-hexouronide of DP4 fully methyl esterified and unsaturated at the non-reducing end.

The nomenclature of oligomers released by glucanase followed that of Fry et al. [START_REF] Fry | An unambiguous nomenclature for xyloglucan-derived oligosaccharides[END_REF] for xyloglucans. Briefly, bare (1,4)-linked β-D-glucose residues were noted G.

Extension of glucose by (1,6)-linked α-D-xylose was noted X. Further extensions on the xylose residues on O-2 by β-D-galactose or α-D-fucosyl-(1->2)-β-D-galactose were noted L and F, respectively. Acetyl-esterification of structures was noted a followed by the number of substituent groups.

Statistics

The whole dataset apart from cell wall measurements (cell volume, elongation factor, I 01 , I 02 , I 03 , T 21 , T 22 , T 23 , apparent microporosity, damping factor, Young's modulus, water content, soluble solid content, alcohol insoluble material) was considered for multiple factor analysis of variance (MANOVA). Cultivar and storage time were considered as factors.

Statistical analyses were performed with Statgraphics (StatPoint Technologies, 2010).

Principal component analyses (PCA) were also performed on the same data using R (R Core Team, 2013).

Results and discussion

In order to reduce any bias due to inhomogeneity of apple tissues, the same cortex regions selected from MRI images (Fig 1 ) were used for all other measurements performed on Fuji, Ariane, Granny Smith and EC apples at 1m, 2m and 3m.

Macro-vision imaging

The mean diameter of black objects attributed to cells, measured by optical imaging, was about 180 µm. It was within values observed for other apple parenchyma tissue such as Gala, [START_REF] Malladi | Increase in fruit size of a spontaneous mutant of 'Gala' apple (Malusxdomestica Borkh.) is facilitated by altered cell production and enhanced cell size[END_REF], Jonagored [START_REF] Oey | Effect of turgor on micromechanical and structural properties of apple tissue: A quantitative analysis[END_REF] and apple progenies [START_REF] Galvez-Lopez | Variability of cell wall polysaccharides composition and hemicellulose enzymatic profile in an apple progeny[END_REF]. Objects volume, estimated from their diameters, and elongation factor are presented in Table 1A with the statistics regarding cultivar differences. Variations in volume were high, as it varied between 3.7 and 6.1 x10 6 µm 3 , and standard deviations were high (between 5 and 15%). Two groups could be constituted on the basis of the volume at the first measurement time: 1) EC, Ariane and c1 Fuji (small fruit) with objects volume of 3.5 to 3.9 x10 6 µm 3 (Table 1A, statistics group a) and 2) c2 and c3 Fuji (medium and large fruit) and Granny Smith with objects volume of 5.1 to 5.7 x10 6 µm 3 (Table 1A, statistics group b).

These variations could be explained by fruit size as previously reported for Fuji and Royal Gala cultivars [START_REF] Volz | Development of texture in apple fruit -A biophysical perspective[END_REF][START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF]. Indeed, fruit in the first group were of small to medium calibers (100-190 g), while fruit in the second group were of medium to large calibers (150-250 g). The variations over time were not significant for most cultivars except for c1 Fuji, but in this case the variations were probably due to high heterogeneity between samples.

Elongation factors were very close to 1 for all cultivars and did not vary over time.

Assuming that these objects represented mostly parenchyma cells, this result is consistent with the fact that the outer cortex is known to have fairly round cells which tend to elongate toward the center of the fruit [START_REF] Khan | Anisotropy of apple parenchyma[END_REF]. The size distributions of the objects attributed to cells in the sampling areas were thus homogeneous, indicating that the sampling protocol allowed comparison of similar tissue regions in the different cultivars.

Mechanical measurements

Mechanical characteristics of apple parenchyma tissue are known to vary with the location and orientation of the flesh sampled likely due in part to histological features [START_REF] Abbott | Anisotropic mechanical properties of apples[END_REF]. In the present study, the mean Young's modulus measured on samples taken in the outer cortex area (Fig. 1) varied between about 1 and 5 × 10 6 N m -², going from very soft to very firm apples (Table 1B). These results are slightly higher than those reported in a previous study on several cultivars sampled in similar cortex area as ours in which the modulus measured by force displacement on various cultivars ranged from 0.5 to 2 × 10 6 N m -² [START_REF] Costa | Texture dynamics during postharvest cold storage ripening in apple (Malus x domestica Borkh[END_REF] although the minimum modulus was similar. In this study, EC had a significantly lower Young's modulus (Table 1B, statistics group a) than the other cultivars, and Ariane had the highest (Table 1B, statistics group c). The Young's modulus and the storage modulus for all cultivars decreased with storage time as previously measured by Small Amplitude Oscillatory Shear on Granny Smith and Golden Delicious cultivars [START_REF] Costa | Texture dynamics during postharvest cold storage ripening in apple (Malus x domestica Borkh[END_REF][START_REF] Varela | Changes in apple tissue with storage time: Rheological, textural and microstructural analyses[END_REF]. Moreover, previous studies reported a decrease in firmness measured by sensory analysis [START_REF] Gwanpua | Pectin modifications and the role of pectin-degrading enzymes during postharvest softening of Jonagold apples[END_REF][START_REF] Harker | Physiological changes associated with development of mealiness of apple fruit during cool storage[END_REF][START_REF] Johnston | Postharvest softening of apple (Malus domestica) fruit: a review[END_REF]. The damping factor (tan δ) was significantly higher for EC (Table 1B, statistics group c) than for other fruits (Table 1B, statistics groups a and b). Unlike Young's modulus, variations in the damping factor were not significant over the three months' storage. The size of objects estimated by macro-vision and attributed to cells was not correlated with the two dynamic mechanical measurements. This result indicated that the contribution of intercellular spaces in the dark objects dimension likely altered the approximation of cell size that may have otherwise impacted tissue cell density and consequently, Young's modulus [START_REF] Vincent | Relationship between density and stiffness of apple flesh[END_REF]. Alternatively, differences in cell turgor pressure and/or cell wall mechanical characteristics between samples may have dominated cellular density effect on Young's modulus.

Figure 2 shows a plot of the Young's modulus as a function of the damping factor, demonstrating the relationship between the two measurements with a Pearson correlation coefficient of : the stiffer the fruit, the less energy lost due to viscous behavior. This correlation between these a priori independent parameters has already been reported in wood [START_REF] Bremaud | Anisotropy of wood vibrational properties: dependence on grain angle and review of literature data[END_REF]. This relation likely appears as a specificity of the tissue but awaits a satisfactory molecular explanation. The plot also shows that the correlation comes mainly from cultivar differences and that it is affected by the considerable variability of the mechanical properties of fruit of the same cultivar and by the storage time. For example, after two months' storage, the Young's modulus of Ariane varied between 2.5 × 10 6 N m -² and 4.5 × 10 6 N m -² and the damping factor of EC varied between 0.12 and 0.15. These variations may have originated from pre-harvest differences, such as the location of the trees, the position of the fruit on the tree, etc.

MRI measurements 1. Apparent microporosity

Variations in apparent microporosity computed from the MRI measurements are increase in apparent microporosity with fruit size has already been reported for Fuji [START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF]. Large data dispersion within cultivars occurred due to pre-harvest and sampling conditions (see above).

Previous studies measuring apparent microporosity by X-ray microtomography or histology reported values from 18 to 28% for Braeburn apples [START_REF] Herremans | Characterisation of 'Braeburn' browning disorder by means of X-ray micro-CT[END_REF][START_REF] Ting | X-Ray Micro-Computer Tomographic Method to Visualize the Microstructure of Different Apple Cultivars[END_REF], of 17% for Jonica [START_REF] Schotsmans | The relationship between gas transport properties and the histology of apple[END_REF], 29% for Fuji and Golden Delicious, and 17% for Jazz [START_REF] Ting | X-Ray Micro-Computer Tomographic Method to Visualize the Microstructure of Different Apple Cultivars[END_REF]. In the present study, apparent microporosities in outer cortex of small and medium/large Fuji fruit were 32% and 39%, respectively. As discussed in previous study [START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF], comparison of microporosity values from different experiments is difficult. First, microporosity values depend on the measurement techniques and the associated data processing method used [START_REF] Mendoza | Three-dimensional pore space quantification of apple tissue using X-ray computed microtomography[END_REF][START_REF] Verboven | Three-dimensional gas exchange pathways in pome fruit characterized by synchrotron x-ray computed tomography[END_REF][START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF]. Secondly, the physiological status of the fruit and the regions taken into consideration for quantification differ between studies. The highest values of apparent microporosity in this study were surprisingly high compared to the ones obtained in other studies [START_REF] Herremans | Characterisation of 'Braeburn' browning disorder by means of X-ray micro-CT[END_REF][START_REF] Ting | X-Ray Micro-Computer Tomographic Method to Visualize the Microstructure of Different Apple Cultivars[END_REF]. This could be explained by the measurement method itself (Musse et al., 2010b) that probably reached its limits for these highest microporosities and overestimated the trus values. However, although measurements of the highest apparent microporosities are subject to uncertainty, the values reflect nevertheless differences between the different cultivars and storage times.

Relaxation times and associated relative signal intensities

The mean MRI signal intensity measured as a function of the echo time on homogeneous ROIs fitted well with a tri-exponential T 2 decay for all fruit (Fig. 3). Generally, decreased while I 01 increased. For other cultivars, the opposite was observed. There were no significant variations due to fruit caliber for any of the relative intensities.

NMR relaxation times are related to the mobility of water and affected by the chemical exchange of water protons with macromolecules and solid surfaces, and the diffusional exchanges between compartments (Hills and Duce, 1990;[START_REF] Van As | Intact plant MRI for the study of cell water relations, membrane permeability, cell-to-cell and long distance water transport[END_REF]. The transverse relaxation time is used for plant cell investigations as its multi-exponential relaxation makes it possible to monitor changes in the compartmentalization of cells [START_REF] Van As | Intact plant MRI for the study of cell water relations, membrane permeability, cell-to-cell and long distance water transport[END_REF]. Three or four T 2 components have been obtained by NMR measurements in apples and they have been assigned to the vacuole, cytoplasm and extracellular water/cell wall [START_REF] Hills | NMR studies of changes in subcellular water compartmentation in parenchyma apple tissue during drying and freezing[END_REF]Snaar and Van as, 1992). The results of the present study are discussed according to this model.

Considering the Pearson correlation coefficients between MRI data (Table 2), a very strong positive correlation ( ) was observed between T 23 and T 22 , meaning that the two water pools are closely related. The link between the two relaxation times (and thus, according to the model, the two compartments) was independent of the cultivar. Moreover, I 02 and I 03 ( ) were also strongly correlated, indicating a link between water distribution in the vacuole and in the cytoplasm for all cultivars. This correlation agreed with the hypothesis of water exchange between the two compartments and showed that a higher value of I 03 led to a lower value for I 02 . Correlations were also observed between T 21 and the other two relaxation times ( and ), emphasizing that the cell wall also interacted with other compartments. On the other hand, I 01 was not correlated with other relative intensities, which may be due to the wide dispersion observed (0.5%, see above). Apparent microporosity was positively linked to I 02 ( ) and negatively to I 03 ( ), and to a lesser extent to T 23 attributed to the vacuole ( ). MRI measurement is affected by microporosity as microporosity increases the relaxation rate during measurement [START_REF] Donker | NMR imaging of white button mushroom (Agaricus bisporis) at various magnetic fields[END_REF]: the higher the microporosity, the greater the effect and the shorter the relaxation time. This effect also depends on the echo time used for the measurement [START_REF] Adriaensen | MSE-MRI sequence optimisation for measurement of bi-and tri-exponential T2 relaxation in a phantom and fruit[END_REF]. The differences between the T 2 observed may thus have been accentuated by a microporosity bias. Intensities are also affected by microporosity, I 03 being lower and I 02 higher for high microporosity [START_REF] Adriaensen | MSE-MRI sequence optimisation for measurement of bi-and tri-exponential T2 relaxation in a phantom and fruit[END_REF] but the microporosity effects remain minor when compared to other effects which were greater on relaxation times [START_REF] Winisdorffer | MRI investigation of subcellular water compartmentation and gas distribution in apples[END_REF]: despite wide differences in apparent microporosity, T 2 and intensity ranges were not different. For example, an apparent microporosity of 28% in the Jonagored cultivar corresponded to a T 23 of 465 ms and a I 03 of 78% while an apparent microporosity of 42% in the Ariane cultivar corresponded to a T 23 of 531 ms and a I 03 of 80%. Nevertheless, for the highest apparent microporosity measured (EC) we suspected an effect of microporosity on T 2 and intensities, as a lower I 03 and T 23 and a higher I 02 were observed.

Chemical analyses

Water content (WC), soluble solid content (SSC) and alcohol insoluble material (AIM) in cortex samples are reported as a fraction of the fresh weight (Table 3).

The WC ranged between 79% and 87% and was highest for EC (about 85%, Table 3, statistics group c) and Granny Smith (about 84.5%, Table 3, statistics group c). Fuji and Ariane had similar water content and no significant variations were observed with fruit caliber or storage time. These values were consistent with previous results indicating water content in the range of 83-84% for Golden Delicous apples during cold storage [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF], 87% for Fuji and Jazz, 88% for Braeburn and 91% for Golden Delicious [START_REF] Ting | X-Ray Micro-Computer Tomographic Method to Visualize the Microstructure of Different Apple Cultivars[END_REF].

The SSC amounted to 15% and was composed of various small molecules and ions soluble in alcohol, with greater heterogeneity within cultivars than the variations between cultivars (mean standard deviation was 1.5%). Ariane and Fuji had a higher SSC (15.5-18.5% and 12.7-19.8%, Table 3, statistics, group c), but close to the other cultivars (11.6-15.9%).

The SSC values were consistent with the published values (about 15% for Fuji, 13% for Braeburn and Golden [START_REF] Mehinagic | Prediction of the sensory quality of apples by physical measurements[END_REF] and 13% for the Cox cultivar [START_REF] Harker | Instrumental measurement of apple texture: A comparison of the single-edge notched bend test and the penetrometer[END_REF]). No significant variation was observed between the different calibers. SSC increased at two months and then decreased to its one month value after three months' storage. This may indicate an increased solubilization of solids at two months, possibly due to an increased degradation of macromolecules such as starch or pectin in the cell wall.

The AIM content was very homogeneous in all cultivars (from 1.3 to 2.6%), with a slightly higher value for Granny Smith and Ariane (1.9-2.5%, Table 3, statistics group b). In accordance with previous results, no significant variations in measurements occurred with storage: AIM was reported to remain at 1.8% during storage in Golden Delicious apples [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF]. These results indicate increased SSC two months after harvesting did not come from increased cell wall degradation and that another mechanism occurs.

There was a low correlation between WC and SSC ( ). This negative correlation was certainly due to the fact that SSC represents most of the dry material and this was lessened by the variable AIM content.

Principal component analysis and overall correlations

Principal component analysis (PCA) was performed to reveal the relationships between the different physical, mechanical, physicochemical and chemical variables measured (Figure 4). Approximated cell volume was not correlated with the mechanical 

Correlations between T 2 relaxation times and water content

The PCA showed that a poor correlation may exist between relaxation times and water content. T 2 is known to be related to water content and membrane permeability [START_REF] Van As | Intact plant MRI for the study of cell water relations, membrane permeability, cell-to-cell and long distance water transport[END_REF]. A decrease in water content in gels was linked to a decrease in mono-exponential T 2 and intensity [START_REF] Hills | The proton exchange cross-relaxation model of water relaxation in biopolymer systems[END_REF]. Few studies have focused on the relationship between relaxation times and water content in plants. Fast drying tomatoes (45 min drying, (Musse et al., 2010a)) led to a 95% to 90% loss of water content without affecting the relaxation times of any of the four T 2 components measured by NMR. Measurements in apple were performed after twenty four hours' equilibration [START_REF] Hills | NMR studies of changes in subcellular water compartmentation in parenchyma apple tissue during drying and freezing[END_REF]. The major component of a triexponential fit remained stable (T 2 = 880 ms) for a 10% water content loss but decreased with greater water loss. According to Mariette et al. [START_REF] Mariette | Influence de la déshydratation sur la répartition cellulaire de l'eau étudiée par relaxation RMN, Les produits alimentaires et l'eau[END_REF], slow drying of apple samples from 89% WC to 80% WC led to a decrease in all relaxation times (longest component of tri-exponential fit decreased from 1200 ms to 550 ms). These results suggest that significant water loss is necessary to provoke changes in T 2 and that these changes are dependent on the drying kinetics. Slow drying kinetics would induce greater decrease in T 2 , contrasting with fast drying kinetics for similar final water content. For example, studies on fresh plant materials with different water content have indicated a decrease in the longest T 2 component: in oilseed rape leaves, a decrease in water content from 94% to 90% during leaf senescence corresponded to a decrease in relaxation time of the vacuole-associated component from 448 ms to 103 ms [START_REF] Musse | Structural changes in senescing oilseed rape leaves at tissue and subcellular levels monitored by nuclear magnetic resonance relaxometry through water status[END_REF]. Note that in this case, the decrease in T 2 was not due only to a water content change but was also strongly impacted by variation in vacuole size. However, this relationship is cultivar dependent [START_REF] Kaku | Monitoring stress sensitivity by water proton NMR relaxation-times in leaves of Azaleas that originated in different ecological habitats[END_REF]. Kaku et al.

reported T 1 values (in plant tissue T 1 and T 2 are characterized by similar behavior) for leaves from different Azalea species with different water content, and showed that not all the species followed the same linear relationship. Finally, T 1 and T 2 in the outer pericarp tissue of kiwifruit showed no consistent effect for a water content decrease of about 5% over the storage period examined [START_REF] Burdon | Effect of postharvest water loss on 'Hayward' kiwifruit water status[END_REF]. In the present results, the plot of T 23 as a function of water content (Fig 5A ) highlighted two different behaviors corresponding to the two groups of fruit: firm fruit had a moderate correlation with water content ( , 87%

to 79% water content corresponded to a reduction of T 2 from 600 to 450 ms) while Rome Beauty, Florina and EC showed no correlation (a stable value of T 23 of 350 ms was observed).

These results demonstrated that the relationship between T 23 and water content is not straightforward in fresh apple tissues and that other mechanisms such as variation in membrane, cell wall and/or cutin permeabilities cancel out the expected variations in T 2 .

Correlations between T 2 relaxation times, their associated relative signal intensities and mechanical parameters

Mechanical parameters were correlated with MRI data. For example, a correlation positive correlation was reported [START_REF] Tu | Tomato quality evaluation by peak force and NMR spin-spin relaxation time[END_REF] for Roma tomatoes between firmness of the whole fruit (peak force, 10% compression) and the mono-exponential T 2 relaxation time, but the results were not consistent on other sets of varieties and harvest years. Relationships were explored between NMR/MRI relaxation times and mealiness in Top Red and Cox's Orange Pippin apple cultivars [START_REF] Barreiro | Prospects for the rapid detection of mealiness in apples by nondestructive NMR relaxometry[END_REF][START_REF] Barreiro | Mealiness assessment in apples and peaches using MRI techniques[END_REF][START_REF] Barreiro | Mealiness assessment in apples using MRI techniques[END_REF]. These authors assessed mealiness as a function of firmness, soluble solid content, shear crispness, compression hardness and juiciness. They found that T 23 was linked to hardness, defined as force to deformation ratio and a significant decrease in T 23 was associated with an increase in mealiness. The considerable variations in MRI parameters between the cultivars observed in the present study might thus also originate from a mealy behavior, especially as the experimental cultivar (EC), Florina and Rome Beauty were soft (Young's modulus of 2.1 ± 0.2 × 10 6 N m -² and 2.2 ± 0.1 × 10 6 N m -², respectively), and Rome Beauty is known to develop mealiness on storage [START_REF] Watada | Sensory characteristics of apple fruit[END_REF]. In contrast, Fuji, Granny Smith and Ariane were firm fruit (at 3m Young's modulus of 2.7 ± 0.4 × 10 6 N m -², 2.7 ± 0.2 × 10 6 N m - ² and 3.05 ± 0.5 × 10 6 N m -², respectively).

Water distribution within cells was also linked to mechanical properties as I 02 was correlated with Young's modulus and damping factor ( , .

The correlation originated from cultivar variations and also existed with supplementary data indicate that water distribution is important for mechanical properties of the tissue and, as for relaxation times, could be linked to fruit mealiness. Long stored fruit tended to have a lower I 01 and lower modulus, except for EC. For Florina, I 01 was too low to be calculated accurately after six months' storage, leading to a bi-exponential signal. This change may reflect the merging of I 01 and I 02 , the relaxation time of the protons of the former pool increasing to reach that of T 22 . This hypothesis could be linked to cell wall swelling observed in fruit that ripen to a soft melting texture [START_REF] Redgwell | In vivo and in vitro swelling of cell walls during fruit ripening[END_REF]. Although not observed by the latter authors in ripe Cox and Braeburn apples, the cell wall swelling may be at the origin of the decrease in or disappearance of I 01 observed in long stored fruit. The short T 21 is mainly attributed to a fast relaxing water pool interacting with cell wall macromolecules. Changes in cell wall polysaccharide chemistry and particularly pectin in the apple (see below, [START_REF] Brummell | Cell wall disassembly in ripening fruit[END_REF][START_REF] Massiot | Effect of storage of apple on the enzymatic hydrolysis of cell wall polysaccharides[END_REF]) may contribute to increased cell wall swelling [START_REF] Macdougall | Swelling Behavior of the Tomato Cell Wall Network[END_REF][START_REF] Tibbits | Calcium binding and swelling behaviour of a high methoxyl pectin gel[END_REF] and could be linked to the behavior of the first component measured.

Studying cell wall composition could thus provide a better understanding of the modifications measured during cold storage.

Correlations between apparent microporosity and mechanical and chemical measurements.

The mechanical parameters were also linked with the apparent microporosity (Fig 7A,

Young's modulus ; and not shown damping factor ) and the correlations remained close when supplementary fruit data were added ( ,

). These were due to a cultivar effect. Ting et al. [START_REF] Ting | X-Ray Micro-Computer Tomographic Method to Visualize the Microstructure of Different Apple Cultivars[END_REF] correlated firmness with low tissue microporosity in four apple cultivars. Our results also showed a trend between apparent microporosity and water content (Fig 7B, ).

This trend was reduced with the supplementary results ( ) due to fruit having extreme water content values (Florina-2m and EC-6m, 80% and 90% WC, respectively) while other fruit matched the previously established relationship, showing the heterogeneity of the sample. Fruit with higher apparent microporosity had higher water content and a correlation was observed between apparent microporosity and I 02 ( , with supplementary fruit ) indicating that water content and distribution may influence tissue microstructure. It should be noted that the correlations involving apparent microporosity could be emphasized because of the probable overestimation of the highest apparent microporosity values mentioned above.

Correlations between chemical measurements and mechanical parameters

No correlation was observed between soluble solid or AIM content and mechanical or MRI variables (Supplementary Table 1). In particular, a correlation between SSC and Young's modulus was anticipated as firmness was correlated with dry matter content [START_REF] Palmer | Fruit dry matter concentration: a new quality metric for apples[END_REF] and SSC represents the major part of dry matter. The lack of correlation observed may be the result of the small variation range compared to standard deviations in the fruit studied. This emphasizes the complexity of genetics-dependent factors contributing to the water status in fruit and to its mechanical properties.

Cell wall polysaccharide chemistry

As cell walls are important determinants of the mechanical properties of fruit, their composition was characterized in selected AIM prepared from fruit that cover a wide range of mechanical properties, irrespective of cultivar, caliber or storage (Supplementary figure 1).

The range of neutral sugar, uronic acid and acetic acid ester content and of degree of methylesterification is presented in Table 4. The chemical compositions were in agreement with previous studies, uronic acid, glucose, galactose and arabinose being the major components [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF][START_REF] Galvez-Lopez | Variability of cell wall polysaccharides composition and hemicellulose enzymatic profile in an apple progeny[END_REF][START_REF] Pena | Loss of highly branched arabinans and debranching of rhamnogalacturonan I accompany loss of firm texture and cell separation during prolonged storage of apple[END_REF].

The degree of methylesterification (DM) (Table 4) was in the range reported by previous studies: the DM of the Golden Delicious cultivar were 72% and 75% [START_REF] Billy | Relationship between texture and pectin composition of two apple cultivars during storage[END_REF][START_REF] Renard | Studies on apple protopectin: I. Extraction of insoluble pectin by chemical means[END_REF], between 69 and 78% for the Judeline cultivar [START_REF] Massiot | Effect of storage of apple on the enzymatic hydrolysis of cell wall polysaccharides[END_REF], 85%

for Jonagold [START_REF] Gwanpua | Pectin modifications and the role of pectin-degrading enzymes during postharvest softening of Jonagold apples[END_REF] and between 69% and 75% for Fuji [START_REF] Billy | Relationship between texture and pectin composition of two apple cultivars during storage[END_REF].

The AIM weight percentage of acetic acid corresponded, when considered in relation to the uronic acid content, to a degree of acetylation between 16.4% and 32.8%, which is in agreement with the degree of acetylation of between 26% and 36% of Golden Delicious [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF][START_REF] Renard | Studies on apple protopectin: I. Extraction of insoluble pectin by chemical means[END_REF] but higher than the percentages found for Fuji and Golden Delicious in another study [START_REF] Billy | Relationship between texture and pectin composition of two apple cultivars during storage[END_REF]. It should be noted that considering degree of acetylation in relation to galacturonic acid also induces a bias, as apple hemicelluloses are also acetylesterified [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF][START_REF] Ray | Novel and diverse fine structures in LiCl-DMSO extracted apple hemicelluloses[END_REF].

Correlations between cell wall polysaccharide composition (excluding the minor sugars rhamnose, fucose and mannose) and instrumental measurements are presented in Table 5. Water content, apparent microporosity and MRI results showed no correlation with any of the cell components measured. Note that the correlation between Young's modulus and the damping factor still existed for the samples studied ( ). Major components of the cell wall (arabinose, galactose, glucose and uronic acids) positively correlated with AIM content (r > 0.70). Arabinose content correlated with the Young's modulus ( ).

Xylose content correlated with the damping factor ( ). Arabinose content has been shown to decrease during storage in Golden Delicious [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF] and to

decrease with firmness during storage in Red Delicious, Gala, Firm Gold and Gold Rush [START_REF] Pena | Loss of highly branched arabinans and debranching of rhamnogalacturonan I accompany loss of firm texture and cell separation during prolonged storage of apple[END_REF]. Arabinose is one of the major sugar component of pectic rhamnogalacturonan I side chains that have been shown in vitro to form hydrogen bond with cellulose [START_REF] Zykwinska | Evidence for In Vitro Binding of Pectin Side Chains to Cellulose[END_REF]. Furthermore, arabinofuranosidase activity and arabinofuranosidase gene MdAF3 expression were positively correlated with apple mealiness [START_REF] Nobile | Identification of a novel alpha-L-arabinofuranosidase gene associated with mealiness in apple[END_REF]. All these data suggest that the putative bonds of pectic arabinan side chains to cellulose and their regulation by enzymes may play a critical role on cell wall mechanical properties and fruit texture. On the other hand, xylose content is generally reported to increase with storage in most cultivars [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF][START_REF] Pena | Loss of highly branched arabinans and debranching of rhamnogalacturonan I accompany loss of firm texture and cell separation during prolonged storage of apple[END_REF]. This is the first positive correlation between xylose content and the viscous character of apple parenchyma tissue to date. As xylose is a major component of xyloglucan, this relationship may result from the enrichment of cell walls in xyloglucan due to the metabolism of pectin during storage. This enrichment may exacerbate the hemicellulose contribution to the compliance of the cell wall [START_REF] Carpita | Mechanical properties of primary plant cell wall analogues[END_REF]. No correlations were found between the degree of pectin methylesterification or acetic acid ester content and any mechanical parameters. These results suggest that esterification of cell walls by methanol or acetic acid does not vary linearly during storage and/or are subject to large variations among fruits. Previous studies showed that the degree of acetyl esterification in Golden Delicious varied during storage, going from 27% at harvest to over 30% between 9 and 15 weeks and back to 26% after 25 weeks' storage [START_REF] Fischer | Changes in the pectic substances of apples during development and postharvest ripening. Part 1: Analysis of the alcohol-insoluble residue[END_REF]. Our results show no significant variations in degree of acetylation over time and a considerable dispersion at each measurement time, which was certainly due to differences between the fruit selected. The DM of pectin in AIM showed considerable variations due to the different apple material studied, but on average did not change significantly with storage. Previous studies showed that overall DM does not change during ripening [START_REF] Billy | Relationship between texture and pectin composition of two apple cultivars during storage[END_REF][START_REF] De Vries | Extraction and purification of pectins from Alcohol Insoluble Solids from ripe and unripe apples[END_REF][START_REF] Gwanpua | Pectin modifications and the role of pectin-degrading enzymes during postharvest softening of Jonagold apples[END_REF] but increases in solubilized pectin during storage [START_REF] Gwanpua | Pectin modifications and the role of pectin-degrading enzymes during postharvest softening of Jonagold apples[END_REF]Knee, 1978a, b). No correlations were found between methyl-or acetylesterification and MRI parameters or mechanical measurements, suggesting that mean pectin methylesterification and acetylation are not major determinants of the subcellular state of water or the mechanical properties of fruit.

To assess further the effects of the fine structure of cell wall polysaccharides on the mechanical properties of apple parenchyma, the distribution profile of methylesters and the branching pattern on readily accessible pectic homogalacturonan and xyloglucan were assessed by subjecting AIM to pectin lyase and glucanase degradation, respectively. The MALDI-TOF MS profile of the pectin-lyase hydrolyzate was close to that published for other fleshy fruits [START_REF] Lahaye | Histological and cell wall polysaccharide chemical variability among apricot varieties[END_REF]Lahaye et al., 2012a) ). This correlation supports the involvement of xyloglucan in regulating cell wall compliance [START_REF] Carpita | Mechanical properties of primary plant cell wall analogues[END_REF], though the relation between its fine structure, its interactions in the cell wall and the resulting mechanical properties remains to be established. To date, alterations in xyloglucan structures were reported in particular cases to only affect plant development [START_REF] Schultink | Structural Diversity and Function of Xyloglucan Sidechain Substituents[END_REF].

For the soft Florina cultivar, a 20% increase in DU4m3 and DU5m4 content by 20% was observed whereas the DM was reduced by 10% between three months and six months after harvesting as the first MRI component disappeared. This finding, that remains to be repeated on more fruit, suggests that, as in high DM pectin gels, methyl ester distribution (i.e.

the degree of blockiness) rather than mean DM may be more pertinent with regard to cell wall rheological properties [START_REF] Slavov | Gelation of high methoxy pectin in the presence of pectin methylesterases and calcium[END_REF]. In the light of the relation between pectin methylesterification and cell wall swelling [START_REF] Macdougall | Swelling Behavior of the Tomato Cell Wall Network[END_REF] and the observation of swollen cell walls in soft textured ripe fruit [START_REF] Redgwell | In vivo and in vitro swelling of cell walls during fruit ripening[END_REF], subsequent studies should also assess the role of pectin demethylesterification in the development of soft to mealy apples as already reported in peaches [START_REF] Fruk | Pectin role in woolliness development in peaches and nectarines: A review[END_REF].

Conclusion

The different approaches used in the present study revealed various mechanisms impacting on the mechanical properties of apple tissue.

First, the results confirmed a link between cell wall constituents and the mechanical properties of apple parenchyma tissue. Investigating both the viscous and elastic behavior of the fruit tissue demonstrated that, although the damping factor and Young's modulus were correlated, different components of the cell wall influence viscous and elastic behavior independently. Indeed, arabinose content was correlated with Young's modulus. Xylose and XLFGa1 were linked to the damping factor, indicating that hemicellulose influences the viscous behavior of apple parenchyma tissue. Sub-cellular water distribution and status estimated non-invasively by MRI were also correlated with the mechanical properties of the sample. The T 23 attributed to the water in the vacuole was positively correlated with the Young's modulus, and the relative intensity I 02 attributed to the cytoplasm water compartment was correlated with both the damping factor and the Young modulus. The relative intensity of these two components was highly correlated, demonstrating that water exchange occurs between these two compartments. Moreover, we have shown that the T 23 variations were not explained by the water content, and thus other phenomena probably predominate in the relaxation mechanism such as membrane permeability, vacuole size and/or solute composition. Modification of the water pool attributed to the extracellular water/cell wall was shown to be involved in softening. Further studies should demonstrate whether the decrease in T 21 with apple ripening is linked to the swelling of the cell wall involved in the development of soft to mealy texture. Measuring the water diffusion and the ion concentration in parenchyma tissue would probably also improve understanding of the relaxation components.

Both elastic and viscous mechanical characteristics were linked to the apparent microporosity of the tissue, in support of literature data relating the amount of intercellular spaces to the mechanical properties of fruit.

Understanding the mechanical behavior of apple tissue requires a global study of the different determinants that contribute on different scales to its viscoelastic properties. This goal was achieved by adopting for the first time a multi-instrumental approach in which quantitative MRI measurements proved to be invaluable in assessing the contribution of microstructure and water status. To refine and hierarchize determinants contribution to the viscoelastic properties of apple, future studies may consider maximizing the range of mechanical characteristics variations through a selection of fruit and storage conditions.

Coupling this approach to sensory analysis may shade new lights on the weighted combination of determinant characteristics of flesh viscoelastic properties responsible for desired texture descriptors.

Captions

Table 1: Mean values and standard deviations of A) volume and elongation factor calculated from black objects observed on macro-vision images for each cultivar after one month (1m), two months' (2m) and three months' (3m) storage, B) Young's modulus and damping factor measured for each cultivar after one month (1m), two months' (2m) and three months' (3m) storage. Results of 99% multiple range tests on each variable for the whole fruit sample are also presented. Stat Ariane 81.7 ± 0.0 82.3 ± 1.7 81.4 ± 1.4 a 2.2 ± 0.9 2.6 ± 0.9 2.5 ± 0.5 b 16.4 ± 4.2 18.5 ± 0.6 15.5 ± 1.2 c Fuji (c1) 83.8 ± 2.3 82.9 ± 1.9 81.8 ± 0.7 a,b 1.4 ± 0.3 1.9 ± 0.4 1.4 ± 0.6 a 12.7 ± 1.6 19.8 ± 1.9 12.8 ± 5.1 a,b,c Fuji (c2) 81.9 ± 0.5 83.2 ± 0.4 82.6 ± 0.9 a,b 1.6 ± 0.3 1.6 ± 0.1 1.4 ± 0.2 a 14.1 ± 2.1 17.8 ± 0.7 16.1 ± 0.7 b,c Fuji (c3) 82.8 ± 0.8 82.2 ± 0.8 83.6 ± 0.9 b 1.5 ± 0.3 1.5 ± 0.1 1.5 ± 0.3 a 14.3 ± 0.6 18.7 ± 0.6 15.3 ± 3.9 b,c EC 85.9 ± 0.9 84.9 ± 1.5 86.6 ± 0.2 c 1.7 ± 0.3 1.3 ± 0.2 1.7 ± 0.2 a 12.1 ± 0.2 15.9 ± 1.3 11.6 ± 0.3 a Granny Smith 84.1 ± 0.3 84.3 ± 0.5 84.8 ± 0.2 c 2.5 ± 0.4 1.9 ± 0.1 1.9 ± 0.2 b 12.5 ± 1.8 15.5 ± 0.6 13.4 ± 0.2 a,b 

  presented in Fig 3A. EC had the highest apparent microporosity (about 60%, Fig 3A statistics group e), followed by Granny Smith (50%, Fig3A statistics group d), while the apparent microporosity of Fuji was the lowest (30 to 45%, Fig 3A statistics groups a to c). The slight

  Fig 3C, statistics groups b) and Fuji (84%, Fig 3C, statistics groups c and d) were also

  measurements and thus was removed from the dataset. Moreover, additional data from a longer storage time (EC, Granny Smith, six months) and other cultivars (Rome Beauty, Florina, three and six months) were projected on the PCA of Ariane, Granny Smith, Fuji and EC data. T 22 , T 23 , I 02 , apparent microporosity, damping factor and Young's modulus contributed distinguishing EC from the three other cultivars along the first dimension (47.1% of variance). AIM, T 21 and I 03 contributed most to the second dimension (17.0% of variance) and differentiated Granny Smith and Ariane from Fuji. The projection of supplementary individuals positioned EC and Granny Smith after six months' storage very close to their respective individuals after one to three months storage. The two new cultivars (Rome Beauty and Florina) were located close to the EC individuals (Fig 4). Thus, the variables contributing to the first dimension distinguished cultivars with high values for damping factor, apparent microporosity and I 02 (EC, Florina, Rome Beauty) from cultivars with a high Young's modulus, and T 22 and T 23 values (Granny Smith, Fuji, Ariane).

  coefficient of was observed between Young's modulus and T 23 (Fig 5B). The correlation was due to a cultivar effect, as different storage times did not distinguish between the individuals among the cultivars on the PCA plot. The correlation value increased slightly ( ) with the supplementary data from six months' storage and Florina cultivar. A

  cultivar and storage effects. These correlations

  and composed mainly of unsaturated oligo-galacturonides of degree of polymerization (DP) 4 substituted by 4 and 3 methyl esters (DU4m4, DU4m3), of DP5 with 4 methyl esters (DU5m4) and of DP6 with 5 methyl esters (DU6m5; Supplementary figure 2). The MS profile of hemicelluloses was in agreement with the known major apple xyloglucan structures XXG, XXXG, XLXG, XLXGal, and XLFGa1 (Supplementary figure 3); (Galvez-Lopez et al., 2011). When considering the variability of intensity of normalized pectic and xyloglucan ion intensities in the AIM hydrolyzates in relation to the mechanical and MRI parameters, only the XLFGa1 ion intensity correlated with the damping factor (
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 1 Figure 1: MRI T 2 -weighted images at 350 ms showing A) in white the Regions Of Interest

Figure 2 :

 2 Figure 2: Plot of the relationship between Young's modulus and damping factor. Different

Figure 3 :

 3 Figure 3: Plots of A) apparent microporosity in relation to fruit cultivars, B) relaxation times
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 4 Figure 4: Results of principal component analysis performed on multivariate data (I 01 , I 02 , I 03 ,
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 5 Figure 5: Plots of the relationships between A) T 23 and Water content, B) T 23 and Young's
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 6 Figure 6: Plot of the relationship between I 01 and Young's modulus. Different cultivars are
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 7 Figure 7: Plots of the relationships between A) apparent microporosity and Young's modulus,
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Table 2 :

 2 Table showing the Pearson correlation coefficients calculated between MRI parameters (I 01 , I 02 , I 03 , T 21 , T 22 , T 23 , apparent microporosity).

Table 3 :

 3 Mean values and standard deviations of water content, alcohol insoluble material,

	and soluble solid content for each cultivar after one month (1m), two months' (2m) and three
	months' (3m) storage. Results of 99% multiple range tests on each variable for the whole fruit
	sample are also presented.

Table 4 :

 4 Table showing the mean, minimum and maximum values of cell wall measurements for neutral sugars as percentage of fresh weight. Degree of Methylation (DM) is expressed as percentage of Uronic Acid and Acetic Acid content as percentage of fresh weight.

Table 5 :

 5 Table showing the Pearson correlation coefficients between chemical measurements of cell wall components and mechanical and chemical measurements. Supplementary table 1: Table showing the Pearson correlation coefficients between water content, alcohol insoluble material and soluble solid content, and MRI and mechanical measurements.

Table 2

 2 Water content (WC, %)

	Alcohol insoluble material (AIM, %)	Soluble solid content (SSC, %)

Table 3

 3 

	Table 4										
		Uronic Acid	Rhamnose	Fucose	Arabinose	Xylose	Mannose	Galactose	Glucose	DM	Acetic
		(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)
	Mean	0.44	0.03	0.03	0.23	0.17	0.05	0.14	0.72	66	0.02
	min	0.28	0.01	0.00	0.08	0.11	0.03	0.06	0.47	50	0.05
	max	0.71	0.06	0.06	0.48	0.26	0.08	0.27	1.29	79	0.04
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