The effects of the temperature on the multi-exponential transverse relaxation signal of fruit tissues was studied by MRI at 1.5T, with tomato as an example of fleshy fruits. The relative importance of chemical exchange mechanisms was investigated by comparing the results obtained from tomatoes with those obtained from aqueous solutions made up to simulate the vacuolar water pool. A more extended analysis of the effects of chemical exchanges on transverse relaxation time distributions was performed using the two-site Carver and Richards's expression, by fitting the experimental dispersion curves with the theoretical model.

At temperatures between 7 and 32 °C, the transverse relaxation signal in tomato pericarp was multi-exponential, indicating that cell membranes acted, at least partially, as barriers to diffusive exchanges of water molecules between cell compartments. Unexpectedly, the transition from two to three peaks in the T2 distribution occurred between 7°C and 15°C for most of the tomatoes analyzed.

Further, the relaxation time of the vacuolar water pool of the tomato pericarp remained mostly stable with temperature, which was contrary to expectations when only chemical exchange mechanisms were taken into account. It was deduced that additional mechanisms compensated for the expected increase in T2 in the tomato pericarp. The hypotheses were discussed, in which the loss of the water magnetization at the membranes was assumed to be produced either by diffusive exchanges between compartments or by chemical exchanges between protons from water molecules and solid membranes.

Introduction Time Domain Nuclear Magnetic Resonance (TD-NMR) and Magnetic Resonance Imaging (MRI)

are unique in being able to provide information about subcellular water compartmentation in plant tissues [1]. Indeed, multi-exponential transverse relaxation decay, measured using TD-NMR or MRI optimal signal sampling [2], is able to reflect the behaviour of water protons in different environments.

In plant tissues, it has generally been assumed that these proton pools correspond to water in main cell compartments i.e the vacuole, cytoplasm and wall and extracellular spaces. The bulk T2 relaxation for each water pool largely depends on its composition (solute type and concentration) via the chemical exchanges of water protons with protons from solute molecules. The T2 of water in cell compartments depends on the diffusion of water molecules between neighboring cell compartments separated by cell membranes that partially averages their NMR signals in the way that depends on the differences in their bulk relaxation times, water self-diffusion coefficients, compartment sizes and the water permeability of the membranes [3]. Further, the bulk T2 could potentially be impacted by the exchanges of water protons with protons from non-soluble molecules such as proteins in bilayer phospholipid membranes that can act as relaxing solid surfaces. A number of studies have set out to explain these complex relaxation mechanisms and thereby characterize water distribution in plant tissues undergoing physiological changes [4][5][6] or subject to processing [7]. T2 relaxation has been successfully used to investigate membrane damage in tissues undergoing thermal processing with a resultant loss of cell compartmentalization and tissue integrity [8][9][10]. However, the variations of relaxation time with temperature have been discussed only rarely with regard to the temperature range preceding phase change or cell denaturation [8,9]. Several relaxation mechanisms cause these variations with temperature. Changes in tissue temperature lead to variations in bulk T2 for the water in cell compartments via both the dipole-dipole interactions of water molecules and chemical exchange mechanisms, as both molecular mobility and the rates of the chemical exchanges between water and solute protons are strongly dependent on temperature. Consequently, the relationship between bulk T2 and the inverse of temperature, although linear for pure liquids, becomes complex in plant cells [11]. In addition, temperature affects the water self-diffusion coefficient and membrane permeability, thus influencing the degree to which the relaxation signal of water in different cell compartments is partially averaged, and potentially impacts the surface relaxation.

In view of the phenomena described above, a number of difficulties can arise in interpreting changes in the transverse relaxation signal during the heating or cooling of plant tissues. Nevertheless, an accurate interpretation of the NMR relaxation signal would be of considerable interest if we are to benefit fully from MRI and TD-NMR approaches to the investigation of thermal transformations and heat stress in plant samples at the subcellular scale. In order to address this issue, the present study has set out to enhance understanding of the specific effects of temperature on multi-exponential transverse relaxation parameters. The experiments were performed on tomato, as a representative model for fleshy fruits, and were carried out within the temperature range that causes no damage to membranes (7-32°C) [12,[START_REF] Ahmad | Environmental adaptations and stress tolerance of plants in the era of climate change[END_REF]. These temperatures also correspond to those experienced by plants in their natural environment. MRI relaxometry was used to measure relaxation times at different temperatures, by heating fruits directly in the MRI device. The MRI approach was chosen rather than TD-NMR, as this imaging mode is more suited to the investigation of whole fruit processing. The relative importance of chemical exchange and diffusional mechanisms was investigated by comparing the relaxation times measured in tomatoes with those of aqueous solutions created to simulate the vacuolar water pool, in accordance with the chemical composition of the pericarp tissue.

Materials and Methods

Plant material and solutions

Two separate MRI experiments (1 and 2) were conducted on tomato fruits in order to obtain consolidated data. For each experiment, five ripe tomatoes were purchased from the local market and used without any processing. The temperature set points were nearly the same in Experiments 1 and 2. In Experiment 2, additional measurements were performed in order to determine the chemical composition of cellular liquid. Following MRI acquisitions, the liquid phases were extracted by centrifugation from the outer pericarps sampled from each tomato. High pressure liquid chromatography (HPLC) analysis was then performed on the samples thus obtained to identify and quantify sugars and organic acids. The main solutes identified were glucose, fructose, citrate and malate at 13.7±1.6, 14.0±0.7, 3.7±0.6 and 0.3±0.2 g.L -1 respectively and the pH value was 4.3±0.1 (mean value ± standard deviation obtained from liquid samples of four different tomatoes). These results are in agreement with the measurements reported in the literature [START_REF] Osvald | [END_REF][15][16][17]. It have to be noted that differences in pH exist between the different cellular compartments of the fruits [START_REF] Hopkins | Introduction to plant physiology[END_REF]. Generally, the pH within the cytoplasm is neutral [START_REF] Rolin | [END_REF] while the pH of the vacuole is typically under 5.5 [20,21] due to the presence of H + -ATPase and H + -PPase membrane proteins which act as a proton pump in order to maintain this acidity for the proper functioning of the cell. In cherry tomatoes, vacuolar pH was shown to vary between 4.5 and 3.9 during fruit development [START_REF] Rolin | [END_REF]. pH of apoplastic liquid was found to be about 4.8 and 4.4 in pink and red mature tomato fruits [22]. Considering that the vacuolar water acts as a buffer solution [21] and that the liquid fractions from other cell compartments are significantly lower, it is reasonable to think that the pH measured in the extracted juice is close to that of the vacuole. A solution that simulated the vacuolar solution was prepared in accordance with the mean chemical composition and pH of the tomatoes by assuming that most of the sugars and acids found in the extracted liquid phase corresponded to those present in the vacuole [21]. A second solution was prepared with the same chemical composition but with a neutral pH to help the investigation of the effects of chemical exchanges on the transverse relaxation signal. These two solutions were obtained by dissolving sugars and acids in ultra-pure water (resistivity at 25°C: 18.2 MΩ.cm, Synergy UV Water Purification System, Merck, Darmstadt, Germany) and by adding sodium azide (2.0 mmol/L) as the antibacterial agent while stirring constantly. Sugars, organic and hydrochloric acids and sodium hydroxide were purchased from Sigma Chemicals and used as found without further purification. Five tubes (3.4 cm in diameter and 7.0 cm in height) were each filled with 50 ml of solution (acid solution -1 tube, neutral solution -1 tube and pure water -3 tubes). They were placed on a specially-designed base with 2mm-thick neoprene pads between the tubes and the base to prevent vibrations during MRI measurements.

Magnetic Resonance Imaging

Image acquisition MRI measurements were performed on a 1.5T scanner (Magnetom Avanto, Siemens, Erlangen, Germany) equipped with a circular polarized head array RF coil. Tomatoes were placed in a temperature regulating device installed inside the RF coil. Five optical fibers connected to a data logger (UMI8, FISO Technologies Inc., Canada) were inserted into an additional tomato placed outside the Field of View (FOV), to monitor the temperature of the samples during the MRI experiment (Experiments 1 and 2). The experiment on the aqueous solutions was performed using the same MRI protocol, while the optical fibers were immersed in a beaker of water placed outside the FOV and close to the tubes. The MRI acquisition began when the temperature reached a steady value (about 1h30min after starting the temperature regulation). Prior to the experiment, the uncertainty of the temperature measurement was estimated to be less than 1°C.

Transverse relaxation parameters were measured in the tomatoes and the solutions using a multi-spin echo (MSE) sequence [23] with 256 echoes where the first echo (TE) was equal to the interecho spacing. Pixel bandwidth was 260Hz and one scan was performed. Repetition time (TR) was fixed at 20s in order to prevent T1-weighting. The Apparent Diffusion Coefficient (ADC) was estimated using the pulse field gradient spin echo (PFGSE) sequence with TE=91ms, TR=5s, diffusion time =60ms and diffusion gradient duration =20ms. Eight diffusion gradient strengths were applied, resulting in 8 b values (b=ɣ²G²²(-/3), with ɣ gyromagnetic ratio) ranging from 0 to 1197 s.mm -2 . Geometrical parameters were kept constant for both T2 and ADC measurements. Transverse sections at the fruit's mid-height were imaged with a 5mm slice thickness, 152x152 pixels matrix and FOV = 152x152mm². T2 and ADC measurements of tomatoes were carried out at four temperatures set at 7, 15, 24 and 32°C and 8, 15, 23 and 31°C in Experiments 1 and 2 respectively. T2 and ADC measurements of the solutions and the water were performed at temperatures of 9, 13, 17, 20, 27 and 35°C. The repeatability of the T2 measurements, including the acquisition and image processing steps, was estimated in Experiment 2 by acquiring three scans at TE=6.5ms with separate scanner settings (automatic frequency and transmitter attenuation/gain adjustments and shimming) at 8°C. Standard deviation for the solutions and the water was less than 0.4% of the T2 value measured in each tube. The repeatability of the diffusion measurements, including the acquisition and image processing steps, was tested at 20°C for the water and the solutions. The variation was less than 0.15% of the ADC value measured in each tube.

The impact of the vacuolar water pool composition on its bulk T2 value, via the chemical exchange of protons from water and solutes, was investigated by measuring dispersion curves (T2 measurements at different TE values) in the tomatoes and solutions. For the tomatoes, TE was set at 6.5, 8, 10, 12 and 20ms and at 6.5, 12 and 20ms in Experiments 1 and 2 respectively, with a TR of 20s and a single scan. Measurements were carried out at the lowest temperature analyzed (8 and 7°C for Experiments 1 and 2). For the solutions, dispersion curves were measured at 8, 12, 15, 20, 24, 28 and 32°C with TE set at 6.5, 7, 8, 9, 10, 12, 14, 16, 18 and 20ms, with a TR of 10s and a single scan.

The acquisition parameters for T2 measurements are summarized in Table 1.

Image processing

Analysis focused on outer pericarp tissue as this is the less porous part of the tomato fruit [24], meaning that the effects of the diffusion of water in the random magnetic field gradients generated by the susceptibility-induced inhomogeneities that result from the presence of gas in intercellular spaces could be disregarded. Regions of interest (ROI) were selected manually using ImageJ software (National Institutes of Health, USA) on the outer pericarp of each fruit (Fig. 1). The mean signals of the ROIs were used to estimate T2. The signal to noise ratio (SNR) was computed by dividing the ratio of the mean signal of the ROI and the mean background signal by √ 𝜋 2 . Only data characterized by SNR greater than 7 were retained for the estimation of relaxation parameters, making it possible to assume a zero-mean Gaussian noise distribution in the magnitude images at all echo times. Because variations in temperature can lead to changes in the relaxation decay model for tomato pericarp, estimation of the relaxation parameters was carried out in Scilab software using a Maximum Entropy Method (MEM) [START_REF] Mariette | Data handling in science and technology[END_REF], which provides a continuous distribution of relaxation times without assumptions concerning their number. The relaxation parameters and ADC of the solutions and water were estimated by fitting a mono-exponential T2 and ADC maps on pixel-to pixel bases with Scilab software, using the Levenberg-Marquardt algorithm for chi-square minimization. The same procedure was used to compute ADC maps of the tomatoes. Parameter mean values were then estimated for the ROIs. For the tomatoes, ROIs were identical to those selected for the estimation of the multi-exponential T2 (Fig. 1), while for the solutions, they corresponded to tube sections.

Results

Changes with temperature in transverse relaxation time distributions of tomato pericarp

The transverse relaxation time distributions for pericarp tissue in the four tomatoes analyzed in Experiment 1 are shown in Fig. 2. The distributions were described by two or three relaxation peaks depending on the temperature. At 7°C, two peaks could be distinguished for three of the four tomatoes analyzed in Experiment 1 (Figs. 2 A, C andD), with the shortest T2 peaks centered at the value range of 50-90ms and representing a few percent of the total signal intensity while the T2 value corresponding to the maximum amplitude for a second relatively large T2 peak lay between 650 and 700ms. Note that asymmetry was observed in the second T2 peak of the first and fourth tomatoes (Figs. 2A andD). For one tomato (Fig. 2B), an additional peak relaxing at about 350ms and representing about 18% of the signal could be distinguished. As the temperature increased, the first peak remained almost unchanged while two other peaks (with long and medium T2 values) were observed for all tomatoes. At 15°C, the second T2 peak was centered at ~250ms and represented about 10% of the signal, while the longest T2 peak was centered at ~650ms and represented about 88% of the signal. According to the literature [START_REF] Snaar | [END_REF] one hypothesis could be that the shortest, medium and longest T2 peaks (T2S, T2M and T2L, respectively) correspond to water located in the cell wall/extracellular water, cytoplasm and vacuolar compartments, respectively. However, the relative heterogeneity of the outer pericarp in terms of cell size [27,28], would rather support the hypothesis that the second and third peaks correspond to the vacuoles of two cell populations with distinct volume distributions, as has been observed in peach fruit [29] and oilseed rape leaves [30]. A relatively broad T2 distribution observed in each experiment (Fig. 2 and Supplementary Material 1), probably explained by cell size heterogeneity, is consistent with this hypothesis. The shortest T2 peak (T2S), could correspond to the non-vacuolar water (wall/extracellular water and cytoplasm) and/or to water in small vascular bundles. In most tomatoes studied, from 15 to 32°C, T2M remained almost unchanged, while T2L remained almost unchanged throughout the whole temperature range studied. A similar trend in T2 distribution evolution with temperature was observed in Experiment 2 (Supplementary Material 1), except that T2L increased between 8 and 15°C and that the decrease in T2M occurred from 23 to 31°C. The T2 value corresponding to the maximum amplitude and the peak areas taken from the relaxation time spectra for the tomatoes analyzed in Experiments 1 (Fig. 2) and 2 (Supplementary Material 1) are set out in Table 2. Similar trends of T2M and T2L with temperature between 15 and 31(32)°C, support the hypothesis that the second and third peaks correspond to vacuoles of different sizes, i. e. to compartments with similar composition and pH values (in opposite to what is expected if they represent pure cytoplasmic and vacuolar water, respectively).

In Fig. 3, the sum of the signal intensities of the relaxation peaks measured in the tomato pericarp I(tot) is presented as a function of the inverse of temperature. I(tot) decreased linearly with the temperature as did the signals for the pure water and acid and neutral solutions, thus obeying Curie's law [START_REF] Coey | Magnetism and magnetic materials[END_REF]. The fact that I(tot) decreased linearly with temperature, demonstrated that the same numbers of protons were contributing to the signal and that the TR applied ensured that T1-weighting of the relaxation signal was negligible in the temperature range studied. Therefore, given that in both experiments the relative intensity of the first peak remained almost unchanged, it can be deduced that the longest T2 peak observed at the lowest temperatures (7/8°C) split into two peaks with temperature rise.

Evaluation of the effects of temperature on bulk transverse relaxation

If chemical exchanges between protons from water and solute molecules are the sole factor considered, the T2 of the vacuolar liquid in tomato pericarp can be expected to increase linearly with temperature, in accordance with observations for sugar solutions at acidic pH under similar experimental conditions [11]. However, in the case of compartmented water pools such as those found in plant cells, it is important to consider not only the exchanges of water protons with the protons from solutes, but also diffusional exchanges of water molecules between neighboring compartments within the cell, as well as possible chemical exchanges of water protons with the protons from molecules within the membrane (phospholipids and proteins). In order to distinguish the contribution made by the effects of chemical exchanges on the bulk T2 of the vacuolar liquid from those of other phenomena, the T2 of the vacuolar liquid was compared to the T2 of the simple systems (pure water and acid and neutral solutions with a chemical composition similar to that of the vacuolar liquid).

The effects of chemical exchanges on transverse relaxation were assessed by measuring the dispersion curves (relaxation rate (R2=1/T2) as a function of 1/TE) at 8°C, as at lower temperature the impact of TE on T2 was enhanced (Fig. 4). It can be observed that for the vacuolar liquid, R2L as a function of TE remained nearly unchanged in both Experiments 1 and 2. R2 for the acid solution, formulated to simulate the vacuolar liquid, also remained almost unchanged with the increase in TE. This was probably due to the high value of the exchange rate (kb) between sugar and water protons compared to 1/TE observed for low pH values, leading to the fast exchange regime. By contrast, a marked decrease in R2 was observed as TE increased from 6.5 to 20ms in the case of the solution with the same composition as that of the acid solution, but with a neutral pH. Indeed, for the neutral pH , kb tends towards its minimum [START_REF] Hills | [END_REF], leading to the slow exchange regime when (kb<<1/TE) and the noticeable dispersion effect in the echo time range analyzed. Last, as expected, the observed variations in water R2 were insignificant (less than 2%) and were attributed to the diffusion of water molecules in the background and imaging gradients and to RF pulse imperfections. As these T2-reducing contributions were considered to be similar in all systems studied, they were excluded from the analysis.

Although the dispersion curves measured in tomato pericarp and the acid solution showed similar trends, the relaxation rate of the acid solution was lower (~20%) than that of the vacuolar water pool. This difference was expected because 1) the vacuolar liquid did not contain only the soluble components found by the HPLC but probably also amino acids and paramagnetic ions; 2) its pH could be slightly higher than 4.4, as this value was determined from the extracted cell liquid by assuming that the vacuole represented the major part of the cell liquid (see Materials and Methods section) and 3) in addition to the proton exchanges between water and solute molecules, diffusional exchanges of water molecules between vacuole and cytoplasm and surface relaxation of water in contact with phospholipids and proteins from the tonoplast is thought to contribute to sink effect for water relaxation in the vacuole. Given the similar dispersion behavior of the slowest-relaxing component measured in the tomato pericarp and the acid solution (almost constant R2), it was assumed that the acid solution provided a sufficiently accurate simulation of the bulk vacuolar water for further analysis to be carried out.

Additional insight into the chemical exchange effects on relaxation time distributions was gained by fitting the experimental dispersion curves measured for the solutions with the two-site expression of the Carver and Richards model [33] described in Appendix. Here, the following approximations were used: glucose and fructose were modelled as a single sugar and citrate and malate were disregarded due to their relatively low concentrations. It is true that, for a single sugar solution, each hydroxyl group does not necessarily have the same electronic environment and therefore the same chemical shift value. However, it has been demonstrated that 1/T2 of the 50:50 fructose and glucose solution is equal to the weighted 1/T2 average of the two pure sugar solutions at the same concentration and pH [11]. The fitting was carried out by using the Levenberg-Marquardt algorithm in the Datafit function of the Scilab 5 software, as described in [11]. The fit was performed for the solution at neutral pH with the following outputs: solute exchangeable proton population (Pb), rate of proton exchange between water and solutes (kb), difference in chemical shift between the protons from water and solutes (Δω, in ppm), and transverse relaxation time of solute protons (T2b), with the water relaxation time (T2a) fixed at the value recorded for 8°C (1.61s). The parameters estimated from the fitting were: Pb=0.0088, kb=256s -1 , Δω=1.0ppm and T2b=21ms. The values of Pb and kb were in accordance with those obtained for fructose and glucose solutions at the same concentration, temperature and pH [11], while Δω corresponded to the mean of glucose and fructose chemical shifts (0.8 and 1.2ppm respectively). As a result, for the relatively low chemical exchange rate of the neutral pH solution, the limit of the long echo times (1/TE<<kb/2) was not reached and, consequently, T2 varied significantly between TE=6.5ms and TE=20ms (from 625ms to 486ms). This indicates that, under these experimental conditions, the effects of chemical exchanges on the relaxation times are significantly impacted by TE. As shown in Supplementary Data 2, T2 varied between TEs of 6.5ms and 20ms in the whole temperature range analyzed. In the case of the acid solution, it was not possible to fit the Carver and Richards's model on the experimental data, as variations in R2 with 1/TE were too low. However, for Pb, Δω and T2b set to the values obtained from the fit corresponding to the neutral solution data, the best correspondence between the model and experimental data was found for kb of about 6000s -1 . The increase in the exchange rate when the pH deviated from the neutral value, was expected in line with [START_REF] Hills | [END_REF]. For the solution at acid pH, the almost constant R2 between TEs of 6.5 and 20ms was explained by the considerably higher exchange rate when compared with the difference in the chemical shifts between water and solute protons (kb>>δω, with δω=2πB0Δω, where B0 is the main magnetic field strength), thus indicating the fast exchange regime. Across the range of echo times explored, the long echo time limit was reached (1/TE<< kb) leading to an R2 plateau. Since kb increases with temperature according to Eyring's law, the long echo time limit was reached for all temperatures above 8°C and, consequently, an R2 plateau was observed across the whole temperature range (Supplementary data 2). Fig. 5 shows the evolution of T2 with the inverse of temperature for water and for the acid and neutral solutions, along with the longest T2 peak associated with the vacuolar water compartments measured in the tomato pericarp (T2L). The well-known linear relationship between ln(T2) and the inverse of temperature (Arrhenius plot) was seen for pure water. This linear relationship was also observed for the acid solution, with a similar slope to that of the water, as expected in the case of the fast exchange regime [11,[START_REF] Hills | [END_REF]. By contrast, the T2 of the neutral solution varied with temperature in a complex way, decreasing with the temperature rise from 9 to 15°C and then increasing up to 35°C. This was attributed to the transition between intermediate and fast regimes at temperatures over 15°C resulting from the increase in exchange rate during heating, which was much more pronounced than the increase in Δω. As a result, the dispersion curves (Supplementary Material 2) show a specific behavior.

For the vacuolar water pool in the tomato pericarp, T2L remained stable in Experiment 1, while it increased only between 8 and 15°C in Experiment 2 (see Table 2). By comparing these results to those obtained from the acid solution, it could be deduced that additional mechanisms compensated for the expected increase in T2 for the tomato pericarp.

Apparent diffusion coefficient

Fig. 6 shows the ADC maps for tomatoes at different temperatures. The placenta was easily distinguishable from other tomato tissues due to its lower ADC, while radial pericarp and locular tissues were discernible only on some tomatoes, resembling the observable features of the T2-weighted images (Fig. 1). The diffusion coefficients measured in the tomatoes, solutions and water all showed a similar relationship with temperature, resulting in an ADC that doubled in value between 7°C and 32°C for tomatoes and 9°C and 35°C for solutions and water. Indeed, at the lowest temperatures analyzed, the ADC of the water, solutions and tomatoes was 1.44±0.01, 1.35x10 -9 m 2 .s -1 and 1.17±0.01 x10 -9 m 2 .s - 1 respectively (Fig. 5), and reached 2.90±0.04x10 -9 m 2 .s -1 , 2.72x10 -9 m 2 .s -1 and 2.23±0.07x10 -9 m 2 .s -1 respectively at the highest temperatures analyzed. A possible explanation for the higher ADC values in the solutions compared with those of the tomato pericarp is provided by the fact that the ADC was computed from a mono-exponential model assuming a single component because the experimental conditions did not allow the extraction of a multi-exponential diffusion signal. The ADC would therefore correspond to the average apparent diffusion coefficients of the two water relaxation components T2M and T2L. The component T2S was not considered because of a significant T2 weighting effect. The bias resulting from this approximation was estimated, taking into account the fact that at 20°C, the ADC of the T2M and T2L water compartments was about 1.9x10 -9 m 2 .s -1 and 1.4x10 -9 m 2 .s -1 respectively according to [34], and that these water pools represented, respectively, 80 and 20% of the total signal relaxing at 680 and 320ms (see experimental data from Table 1). By taking into account a non-negligible T2-weighting effect for TE= 91ms, the bias was estimated to about 7%. The same slope was observed for the linear relationship between the ADC and temperatures for tomatoes, water and solutions (Fig. 7). This indicates that, at the relatively short observation time employed (Δ=60ms), a free diffusion regime was observed in which the time was not sufficiently long for all the water molecules to reach the compartment boundaries. The vacuolated cells of tomato pericarp are relatively large, with a shortest dimension up to 200μm and a length perpendicular to the cuticle that falls within a range of up to 600-700μm [27]. For the higher ADC measured (that of pure water at 32°C), the upper limit for restricted diffusion was 31 µm, which was considerably lower than the smallest dimension of the tomato pericarp cells (200μm).

Discussion

The multi-exponential transverse relaxation signal at all temperatures analyzed indicated that water exchange between components was slow or intermediate with respect to T2 and that the cell membranes therefore acted as barriers, at least partially. Unexpectedly, the transition from two to three peaks in the T2 distribution occurred between 7(8)°C and 15°C for most of the tomatoes analyzed (Fig. 2). This differed from what had been observed in apple samples [8], where the number of T2 peaks for temperatures between 5 and 22°C remained unchanged. On the other hand, and in contrast to the T2 of the acid solution simulating vacuolar bulk relaxation, T2L (Table 2, Fig. 5) remained stable with temperature (Experiment 1) or changed only between 8 and 15°C (Experiment 2). This means that the relationship between T2L and temperature cannot be explained by the chemical exchanges between the water and the solutes dissolved in the vacuolar fluid. One mechanism that might give rise to these unexpected results is the loss of the water magnetization at the membrane. The degree of T2 reduction depends on the surface to volume ratio of the compartment and the surface relaxivity of the membranes (ρ2). The hypothesis that the loss of the magnetization of vacuolar water molecules at the membrane is due to the passage of the membrane and entry into the cytoplasm with considerably shorter T2, and that ρ2 of the vacuolar compartment is linearly related to the water permeability of the tonoplast, has been put forward in [35]. Temperature increase modifies cell membrane lipid interactions [36] impacting cell membrane permeability and fluidity [37] and would therefore favor diffusive exchange of molecules between neighboring compartments. This means that at increasing temperature, the diffusion exchange between compartments would be enhanced, due to cumulative effects of changes in membrane permeability and the increase in diffusion coefficient. Under the assumption that the second and third peaks correspond to the vacuoles of two cell populations with distinct volume distributions, the changes in diffusive exchange between the vacuole and cytoplasm compartments with relatively concentrated fluid potentially affects relaxation in all compartments, and would be emphasized for second peak (T2M) attributed to water is smaller vacuoles. Moreover, T2 of cytoplasm liquid characterized by neutral pH [START_REF] Rolin | [END_REF] could potentially be reduced with increasing temperature, resulting in an increased sink effect for water relaxation in the vacuole. These phenomena related to the loss of the magnetization of vacuolar water molecules at the membrane may partially explain the transition from two to three peaks in the T2 distribution occurred between 7(8)°C and 15°C. It might also be possible that the temperature impacts characteristics of membrane proteins, which would affect the chemical exchange between protons from proteins embedded in the phospholipid bilayer of the membranes and vacuole liquid, thus modifying the membrane sink NMR relaxation. In this case, the same reasoning applies to relaxation peaks (T2M and T2L) attributed to vacuoles of two cell populations with distinct volume distributions. Further in-depth investigations would be necessary to elucidate the mechanisms at the origin of the loss of the water magnetization at the membrane, particularly by taking into account the relatively large size of tomato pericarp cells.

Another important consideration is that the vacuolar pH, considered to be constant over the entire temperature range explored in this study, could potentially change with temperature [38,39] due to modifications in the activity of the proteins (H + -ATPase and H + -PPase) regulating the acidity within the vacuole. In this case, slight variations of pH [START_REF] Hills | [END_REF]40] could also impact significantly the variations in vacuolar liquid T2.

A comparison of the results of the present experiment with the small number of studies from the literature addressing the dependence of relaxation time on temperature reveals the relationship between the multi exponential relaxation times and temperature to be complex [8,9]. Indeed, divergent results have been reported in the literature. Hills et al. [8] showed that an increase in the temperature of the apple parenchyma from 5°C to 22°C resulted in an increase in the T2 of the vacuole liquid from 521 to 652ms. However, given the acid pH of apples [41] and the experimental conditions (TD-NMR, 100MHz, TE=0.4ms) favoring the fast exchange regime, more marked changes in T2 with temperature might be expected [40]. In potato tubers [9], a decrease in T2 measured by TD-NMR (23.2MHz, TE=0.3ms) was observed for both short and long components between 25 and 45°C, the long component decreasing from 450 to 375ms. This decrease in T2 was interpreted as being caused by the increase in the exchange rate between the protons from water molecules and from hydroxyls in the starch. It has been demonstrated that the relationship between T2 and temperature is complex when there is a shift in chemical exchanges regime, defined by the ratio kb/δω, from fast to slow regime [11]. However, at low field and for the relatively high temperature range analyzed in [9], it seems unlikely that the chemical exchange regime deviates from the fast regime as it might at high field.

In this study, the effects of temperature on relaxation times were evaluated using MR imaging, which enables further investigations into thermal transformations in fleshy fruits. Indeed, the imaging approach has the advantage of being non-invasive, and the follow-up to the experiment can be carried out using the same processing samples. In applying the conclusions to different experimental conditions, all variables relative to the tissues under investigations and the MRI experiment should be taken into account.

Conclusion

The present study demonstrated the complexity of the relationship between multi-exponential relaxation times and temperature in compartmentalized structures such as the pericarp tissue of fleshy fruits. Counter-intuitively, the increase in temperature made it possible to better distinguish the different T2 components associated with water pools, reflecting cell compartmentation and probably tissue heterogeneity. The contributions of chemical exchange mechanisms to bulk transverse relaxation, analyzed comparing the results obtained from tomatoes and from aqueous solutions simulating vacuolar liquid, showed that an additional mechanism contributes to the relationship between vacuolar T2 and temperature. The hypotheses that the loss of the water magnetization at the membrane explain the unexpected dependence of T2 on temperature is discussed. The monitoring and understanding of the role of the temperature variations in the NMR signal has relevance for processing and outdoor measurements, as variations in plant temperature affecting the relaxation signal have the potential to induce interpretation errors. 
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Table 2 :

 2 Mean T2 values and corresponding relative intensities for four tomatoes measured using the MSE sequence (TR=20s, TE=6.5ms, 256 echoes, pixel size=1.2²mm² and slice thickness=5mm) and calculated by the MEM algorithm. Values are the means ± SD of the four tomatoes in each experiment at 7(8), 15, 24(23), and 32(31)°C respectively.
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APPENDIX

The effects of chemical exchange between two spin species (a, b) in homogeneous sugar systems can be estimated using the theoretical dispersion curves (variation of relaxation rate with interpulse spacing of the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence) provided by the Carver and Richard's equations and corrected by Hills [33,42]:

+ ln[√D + . cosh 2 ξ -D -. cos 2 η + √D + . sinh 2 ξ + D -. sin 2 η] with:

 TE : echo time (time between two 180° RF pulses) 

 ∆𝜔 = 𝜔 𝑏 -𝜔 𝑎 : Chemical shift difference given in units of radial frequency rad s -1 .

The chemical shift ∆𝜔 is given in units of radial frequency (rad s - Water 32°C