Maja Musse 
email: maja.musse@cemagref.fr
  
Stéphane Quellec 
  
Mireille Cambert 
  
Marie-Françoise Devaux 
  
Marc Lahaye 
  
Monitoring the postharvest ripening of tomato fruit using quantitative MRI and NMR Relaxometry

Keywords: tomato, postharvest ripening, MRI, NMR, relaxation

Magnetic Resonance Imaging (MRI) was performed on tomato fruit during two threeweek periods of postharvest ripening. Different image types were acquired to study macroscopic and microscopic structural changes. Air spaces were identified close to seeds and the shrinking of the air spaces during the ripening period was estimated from the spin echo images. The development of the bubbles in the outer pericarp during ripening was estimated from the ratio of the long-and short-echo time gradient echo MRI images and supported by the macrovision imaging. Variations in the transverse (T 2 ) and longitudinal (T 1 ) relaxation times were determined from quantitative MRI images. They depended on the tissue type and matched fairly well between fruit. In the core, placenta, radial and outer pericarp, T 2 decreased by about 25% from the initial values and T 1 by about 25-30% from the initial values during postharvest ripening. In the locular tissue the relaxation times had less marked trends than in other tissues: both T 2 and T 1 increased slightly until the eighth or ninth measurement day and after that it returned to its approximate initial value. Multi-component characteristics of T 2 and T 1 decay were investigated by Nuclear Magnetic Resonance (NMR) * Manuscript Click here to view linked References Relaxometry. They provided information about all major sub-cellular compartments and showed there was water redistribution among compartments during ripening. In addition to the Relaxometry measurements, water content, weight loss and concentration of neutral sugars and acids were measured on some of the tomato fruit. Cell size and organization were investigated by macrovision experiments. Although the overall dependence of the relaxation time on tissue type was to some extent explained by chemical composition and cell dimension, no relationships between trends in MR data and tissue properties were established.

Introduction

The tomato is a climacteric fruit which means that its ripening can take place after harvesting. Fruit grown in a greenhouse are usually harvested at the green stage and left to ripen until they reach the ripe red stage. The time between fruit harvesting and consumption might be several weeks. Several factors have an impact on tomato ripening and several structural changes occur in the fruit during these processes. Understanding of the changes occurring in the tomato is essential for progress in controlled tomato production, such as the ripening process in which the tomatoes are picked green and then allowed to ripen at a controlled rate by subjecting them to specific conditions. Nuclear Magnetic Resonance (NMR) Relaxometry and Imaging (MRI) are appropriate techniques for plant investigations. The NMR parameters such as spin-spin relaxation time (T 2 ) and spin-lattice relaxation (T 1 ) are known to be highly relevant to the study of the microstructure in plant tissue. In addition, one great advantage of MRI is that it allows repeated measurements of several individual fruit at consecutive times and makes it possible to investigate both microscopic and macroscopic changes in structure. NMR Relaxometry and MRI have been used to study several plant tissues [START_REF] Clark | Application of magnetic resonance imaging to pre-and post-harvest studies of fruits and vegetables[END_REF] and their changes during ripening. The growing and ripening processes of several types of fruit have been studied by NMR Relaxometry or Imaging, including the following: persimmon fruit [START_REF] Clark | Quantitative magnetic resonance imaging of 'Fuyu' persimmon fruit during development and ripening[END_REF], cucumber plant [START_REF] Scheenen | Functional imaging of plants: A nuclear magnetic resonance study of a cucumber plant[END_REF], tomato fruit [START_REF] Ishida | 1 H-NMR imaging of tomato fruits[END_REF][START_REF] Saltveit | Determining tomato fruit maturity with nondestructive in vivo nuclear magnetic resonance imaging[END_REF], kiwifruit [START_REF] Clark | Quantitative NMR imaging of kiwifruit (actinidia deliciosa) during growth and ripening[END_REF], mandarin fruit (Clark et al., 1999b), banana fruit [START_REF] Raffo | Ripening of banana fruit monitored by water relaxation and diffusion H-1-NMR measurements[END_REF] and Zantedeschia Spreng. [START_REF] Robinson | Using H-1 magnetic resonance imaging and complementary analytical techniques to characterize developmental changes in the Zantedeschia Spreng[END_REF]. The changes in fruit during storage have been investigated for apples (Clark et al., 1999a), white button mushrooms [START_REF] Donker | Cell water balance of while button mushrooms (Agaricus bisporus) during its post-harvest lifetime studied by quantitative magnetic resonance imaging[END_REF] and pears [START_REF] Nguyen | Finite element modelling and MRI validation of 3D transient water profiles in pears during postharvest storage[END_REF].

The first objective of this study was to provide greater understanding of the postharvest ripening process of the tomato by investigating its structural modifications. We extended the available studies using both NMR Relaxometry and quantitative MRI. Studies were performed on a great number of samples and two sets of experiments were conducted. The second set of experiments was performed in order to confirm the results of the first experiment. Quantitative MRI was used to compute spatially resolved maps of relaxation times. Different types of MRI images were also acquired and analysed to investigate the changes in the organisation of tomato tissues during ripening and the development of gas bubbles in tissues. In addition, relaxation times were measured by NMR Relaxometry, providing access to information about all major sub-cellular compartments and following changes in these compartments through the ripening process for each specific tissue.

The second objective of this study was to investigate physical parameters likely to influence relaxation processes in an attempt to determine what caused the changes in relaxation times observed. The study was thus complemented by macrovision experiments allowing visualisation of the cell organisation, estimation of cell size and investigation of any changes in the tissue morphology during maturation. Biochemical changes were studied by quantification of neutral sugars and acids. Finally, the water content of different tissues and tomato weight loss were measured during the ripening period.

Materials and Methods

Plant material

Tradiro tomatoes (Lycopersicon esculentum Mill. cv Tradiro) grown in a greenhouse were provided by the Ctifl (Centre Technique Interprofessionel des Fruits et Légumes, France) for both sets of experiments. The tomatoes were picked by hand at the late green stage (tomato colour code 3-4, Ctifl, France) and chosen according to size to obtain an approximately homogeneous sample. They were externally defect-free. The tomatoes were picked at the end of May 2006 for the first experiment (Experiment 1) and at the end of June of the same year for the second experiment (Experiment 2).

Postharvest ripening experiment

The tomatoes arrived on the experiment site a few hours after harvesting and were stored in a continuously aerated ripening chamber under controlled conditions (18°C and 55%RH). The tomatoes were kept in the ripening chamber throughout the period of the experiment. The experiments were started the day following fruit harvest and performed nine times within the period of about three weeks. Fruit measurements were performed on days 1, 2, 4, 8, 9, 11, 14, 16 and 18 for Experiment 1 and on days 1, 2, 4, 7, 8, 11, 14, 15 and 17 for Experiment 2. The CDD camera imaging and the chemical analyses were performed only in Experiment 1. The CDD camera images were taken on days 1, 4, 8, 11, 14 and 18 and the chemical analyses were performed on days 1, 8, 11, 14 and 18. As all the parameters studied can be affected by many other factors such as bruising, mealiness and mechanical damage, special care was taken to ensure that the tomatoes were free from such damage throughout the maturation process. MRI acquisition and image pre-treatment MRI measurements were performed using a 0.2 T open electromagnet scanner (Magnetom Open, Siemens, Erlangen, Germany) equipped with the maximum imaging gradients of 15 mT/m along all axes and a multipurpose flexible receiver coil (MP_S). Nine tomatoes were selected and labelled for MRI measurements. Before each measurement, tomatoes were placed on a specially designed support made to fit the shape of the RF coil and each fruit was carefully marked before the first experiment to allow the fruit to be placed in the nearly the same position during subsequent experiments. In order to ensure a constant temperature for the tomatoes (18°C), the support was thermo-insulated. A further guarantee of the constant sample temperature was also setting the temperature of the thermally insulated Faraday cage at 18°C. The median equatorial plane of each tomato was imaged in all MRI experiments. The MRI protocol was the same as described in our previous report [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF]. Briefly, the images were acquired using following protocols:

1. Spin-echo "morphological" images were acquired with TE=15 ms, TR=200 ms, matrix size=128², FOV=90² mm², slice thickness=3 mm, 15 averages, resulting in a total acquisition time of 6 min 40 s.

2. Two spoiled gradient echo images to estimate the gas distribution in tomato fruit were acquired with angle=40°, TR=1 s, matrix size=128², FOV=128² mm², slice thickness=5 mm, 2 averages and TE 1 =9 ms and TE 2 =40 ms, for the first and the second image, respectively, resulting in a total acquisition time of 4 min 18 s.

3. T 2 relaxation maps were acquired using a multi spin echo sequence (MSE) with a first echo equal to inter-echo spacing TE=30 ms, 32 consecutive echoes, TR=10 s, matrix size=128², FOV=128² mm², slice thickness=5 mm, 2 averages and 43 min acquisition time.

4. T 1 relaxation maps were measured using the TOMROP sequence (T One Multiple Read-Out Pulses) [START_REF] Pickup | A novel method for analysis of TOMROP data[END_REF] with TI=210 ms, N TI =32, angle=10°, TR=10 s, matrix size=128², FOV=128² mm², slice thickness=5 mm, 3 averages and an acquisition time of 1h4min. T 1 maps were acquired only on three of nine tomatoes studied, because of the long acquisition time.

The images were corrected for non-uniformity and the relaxation parameters were calculated as previously described [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF].

NMR Relaxometry

NMR Relaxometry measurements were performed on a 20 MHz (0.47 T) spectrometer (Minispec PC-120, Bruker, Karlsruhe, Germany) equipped with a thermostatted probe. The T 2 relaxation time was measured using the Carr-Purcell-Meiboom-Gill (CPMG) sequence: 10000 following echoes were recorded with a 90°-180° pulse spacing of 1 ms. The lengths of the 90° and 180° were 18 μs and 36 μs, respectively. Data were averaged over eight acquisitions and a recycle delay was adjusted for each sample to avoid saturation. The T 1 relaxation time was measured using a fast saturation recovery sequence (SR). One hundred points were acquired from 30 ms to the recovery delay of 10s.

Five tomatoes per measurement day were used for NMR experiments. The core (defined as the tomato center), placenta, outer pericarp and locular tissues were studied in Experiment 1 and the core, placenta and outer pericarp were studied in Experiment 2. A one centimeter thick slice was cut in the equatorial region perpendicular to the pedicle axis, and cylinders (8 mm in diameter) were cut into the specific tissues. Samples were wiped to remove water from the broken cells and then put into 8 mm-diameter NMR tubes closed with a cap. Measurements were performed at 18°C, once the temperature had been stabilized within the sample. While performing measurements on a sample, the other tubes were kept in a thermo-regulated chamber at 18°C and analysed successively.

The NMR T 1 and T 2 relaxation curves were fitted on Scilab software with two different methods: the maximum entropy method (MEM) [START_REF] Mariette | Continuous relaxation time distribution decomposition by MEM[END_REF], which provides a continuous distribution of relaxation components without any assumption concerning their number, and the Levenberg-Marquardt algorithm which will fit the data to a multi-term exponential model. In the latter method, the number of terms that best described the relaxation curve is determined by examining the residual plots and the values of the coefficient of determination. The T 2 relaxation curves were fitted using the Levenberg-Marquardt algorithm according to the equation:
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where I(T 2 ) i is the relative intensity of the i th exponential and T 2,i is the characteristic transverse relaxation time for the i th exponential. The T 1 relaxation curves were fitted using the equation:
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where I(T 1 ) i is the relative intensity of the i th exponential and T 1,i is the characteristic transverse relaxation time for the i th exponential.

Macrovision Imaging

Macrovision Imaging was performed on the samples taken from the core, placenta, outer pericarp and locular tissues. The sample preparation technique and macrovision methodology were described in our previous report [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF]. Four tomatoes were used per measurement day. Tissue sections of 250 µm in thickness were observed using a macrovision system comprising of a CCD camera (Sony XC 8500 CE, Alliance Vision, Montélimar, France) fitted with a 50 mm lens (f 1:1.8 Nikon) and a 20 mm extension tube.

Samples were back-lit using a fibre optic ring-light supplied by Polytec (Pantin, France). The camera and lens were adjusted to observe a 10.7 mm x 14.4 mm area. Images were digitized in 576 x 768 pixels of 18.6² µm². After preliminary observation, samples were placed in an ultrasound bath for 15 s and then the air bubbles were removed by placing the sample in a desiccator for 30 s. Images were compared before and after degassing.

Image resolution did not allow segmentation of cells to measure their size. Images were therefore analysed using image texture analysis that consists in extracting quantified features directly from grey level images. Image texture refers to local variations of grey levels due to the visualisation of objects (the cell in the present case) and their arrangement. Among the methods to quantify image texture, grey level granulometric methods [START_REF] Devaux | Macro-vision and grey level granulometry for quantification of tomato pericarp structure[END_REF] were applied to extract overall information concerning cell size distribution.

Chemical analysis, water content measurements and weight loss

The chemical analyses consisted of the identification and quantification of neutral sugars and acids. Sugars (glucose and fructose) and organic acids (malic and citric acids) were quantified using enzymatic methods with food analysis kits (Boehringer Mannheim Co., Mannheim, Germany). The measurements were performed with an automatic analyser BM-704 (Hitachi, Tokyo, Japan). The analyses were performed on the placenta, outer pericarp and locular tissues. Three tomatoes were used per measurement day and three samples of the placenta and the outer pericarp, and one of the locular tissue were taken per fruit. The samples were frozen and analysed after Experiment 1 was completed.

The water content was estimated from all samples used for NMR experiments by measuring differences in weight after drying in an oven at 103°C for 24 hours. The measurements were performed immediately after each NMR experiment.

After each MRI experiment, tomatoes used for imaging were weighed on a digital balance (Testus PFCD 6000, France) before putting them back into the ripening chamber. Relative weight loss was determined by subtracting sample weights from their initial recorded weight and presented as % of weight loss compared to initial weight.

Data analyses

Analysis of variance was performed using the software package Statgraphics Plus (Centurion) to detect significant differences (P<0.05) between measurements on different days. The one-factor ANOVA test was applied to the NMR results for specific tissues and to the water content measurements (time after harvesting). The multiple range Fisher LSD (Least Significant Difference) test was used to detect significant differences between groups.

A two-factor ANOVA test was performed on the results of MRI relaxation measurements (time after harvesting and tomato sample) and the F-ratio was calculated as an indicator of whether, based on the variability within each sample, the means were different. Differences in the MRI measurements were identified using the LSD test that was also used for the NMR Relaxometry measurements.

Results

MRI Results

Macroscopic analysis

Three types of MR images of the same tomato fruit acquired on days 1, 9 and 18 of Experiment 1 are presented in Fig. 1. The first line (A) corresponds to the "morphological" SE images, the second line (B) to the "short TE" GE images, and the third line (C) to the "long TE" GE images. The SE images (A) acquired on days 1 and 9 revealed many structural details. The placenta, radial and outer pericarps and locular tissue, as well as the seeds, were obvious on these images. The placenta, radial and outer pericarps and locular tissue were also clearly visible on the "long TE" GE images, while the contrast was poor on the "short TE" GE images in which the tissues could hardly be identified. The seeds did not appear on GE images because of insufficient spatial resolution of images. The SE images changed considerably as ripening progressed, while the contrast on the GE images remained almost unchanged.

On the first SE image (Fig. 1 A, day 1) the small areas of signal void corresponding to air spaces can be observed close to seeds. We found by careful image observation that each area void corresponded to one seed. The same air spaces were visible on the "short TE" GE image (Fig. 1 B, day 1), while on the corresponding "long TE" GE (Fig. 1 C, day 1) the susceptibility artefacts were responsible for the image distortions close to these regions. The voxels corresponding to the air spaces were no longer visible on the images acquired on the 9 th and 18 th days. The shrinking of the air spaces was evaluated by measuring the sum of areas of the ROIs corresponding to the voids in the "morphological" SE images. The results of the analyses are presented in Fig 2 . In Experiment 1, the air spaces were observed on the first day images of seven tomatoes. The area of the air spaces decreased continuously during ripening and disappeared entirely in five of seven tomatoes between the eighth and the eleventh days. For the remaining two tomatoes, the air spaces continued to shrink very slowly. The situation was slightly different for Experiment 2. On the eighth measurement day, the air spaces mainly disappeared in only three of nine tomatoes while in the remaining tomatoes the infilling continued.

Estimation of gas bubble content

Although as stated in previous section, the air spaces near the seeds disappeared, very small gas bubbles developed in the outer pericarp of few tomatoes. Gas bubble content (volume of gas bubbles per voxel) was estimated by dividing the 40 ms-echo time images by corresponding 9 ms-echo time images. The relative signal depended on the tomato tissues, according to the results of our previous study [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF]. It remained almost constant throughout the ripening process for each type of tissues (core, placenta, radial pericarp and locular tissues), except the outer pericarp, and for all of the tomatoes studied in both experiments. The relative signal of the outer pericarp was constant for seven of nine tomatoes in Experiment 1. However, for the remaining two tomatoes it was homogeneous at the beginning of the experiment but became grainy as the fruit ripened. 5. The T 2 and T 1 of the core, placenta, radial and outer pericarp decreased as the fruit ripened. Both T 2 and T 1 trends were consistent among the tomatoes. This was confirmed by the F-ratio, which was always higher for the time effect than for the tomato sample effect.

Relaxation times and proton density measurements

The ANOVA tests of the effects of ripening on T 2 confirmed differences between at least four time periods for all the tissues except the locular tissue: an initial period between the beginning of the experiment and the fourth day during which the T 2 remained nearly stable, a second period between the fourth and the ninth days and a third period between the ninth and the sixteenth days (during both of these periods T 2 decreased), and finally a fourth period during which T 2 remained stable. There were statistically significant changes in the T 2 values among these four times periods. The locular tissue was different. Its T 2 increased slightly until the eighth or ninth measurement day and after that it returned to approximately its initial value. For T 1 , the value obtained on the first measurement day did not differ significantly between different tissue types. After that, the T 1 of all tissues except the locular tissue decreased. For the locular tissue first T 1 increased between the first and the ninth measurement days and then it decreased on the last day returning to its initial value. It should be noted that both relaxation parameters measured in the core of tomato N°9, Experiment 1 (Fig. 5) differed from those of other tomatoes and it was removed from the statistical analysis. The reason is probably the difficulty in defining the boundaries of the core tissue.

The proton density maps were calculated from the set of MSE and TOMROP images (i.e. M 0 (T 2 ) and M 0 (T 1 ), respectively). They showed that the locular tissue had the highest proton density, followed by the outer pericarp, radial pericarp, placenta and core. The mean values of M 0 (T 2 ) for these tissue were 0.850.02, 0.830.02, 0.780.03, 0.730.03 and 0.710.03, respectively. No distinct variations were observed with ripeness.

The results of the relaxation times and proton density measurements of Experiment 2 (not shown) agreed well with the results of Experiment 1.

Interpretation of the changes in the "morphological" SE image contrast with ripening

The contrast in "morphological" SE images (Fig 1-A) changed considerably throughout ripening. During the whole period and for all the tissues T 1 was long compared to TR, T 2 was very long compared to TE, and the proton densities were similar and constant.

On the first day, the T 1 values of all tissues were similar. For these conditions, the mathematical expression for the SE sequence signal indicates that the contrast between tissues should be small. This was verified by putting the T 1 , T 2 and proton density measured in different tissues into the expression for the SE sequence signal [START_REF] Collewet | Correction of intensity nonuniformity in spin-echo T1-weighted images[END_REF]. On the last day, the T 1 of the locular tissue had not change significantly from its initial value and the T 1 of the other tissues decreased considerably (see Fig. 5). It was thus expected that the signals from the placenta and outer pericarp would become stronger than the signal from the locular tissue.

The contrast in the images did not follow the expected trend. On the images of the first day, the locular tissue appeared to be significantly brighter than the other tissues.

Consequently, although the strength of the signals from the placenta and the outer pericarp increased during ripening as predicted by the theory, it still remained lower on the last day images than the signal from the locular tissue. This phenomenon was at the origin of the unexpected contrast in the images that should be T 1 -weighted.

We therefore concluded that the signal, and thus the contrast between tissues, cannot be explained only by the relaxation times (T 2 and T 1 ) and the proton density. An additional phenomenon, which tended to diminish the signal from all the tissues except for the locular tissue, contributed to the change in the signal. This phenomenon was probably the signal loss due to the diffusion of the water molecules through local magnetic field gradients produced by the distribution of gas bubbles in the tissues.

NMR Relaxometry

NMR Relaxation provided access to the multi-exponential relaxation decay of tomato tissues as expected [START_REF] Snaar | Probing water compartements and membrane permeability in plant cells by H NMR relaxation measurements[END_REF]. Four T 2 relaxation peaks were identified by both the discrete and the continuous adjustment methods in all tissues and at all maturity levels. It could be assumed that component 1 corresponded to the non-exchangeable solute protons, and components 2, 3 and 4 to the water protons in the cell wall, cytoplasm and vacuole compartments, respectively. However, this hypothesis needs to be confirmed by further experiments. On the other hand, only two T 1 relaxation peaks were identified in the core, placenta and pericarp, while the T 1 -decay of the locular tissue was mono-exponential. These results agree with results of our previous study [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF]. Finally, the relative intensity of the last component of the locular tissue decreased, while the relative intensity of the third and the second components increased during the ripening process.

The T 1 of the second component decreased for the core and the outer pericarp (Fig. 7), while the first component slightly decreased for the core and remained unchanged for the outer pericarp. For both tissues, the relative intensity of the second component decreased while the relative intensity of the first component increased. The T 1 value of the locular tissue increased slightly during ripening. T 1 measurements in the placenta were judged aberrant and therefore not reported. We suggest that this was due to the settling of cells of placenta tissue in the NMR sample tube during T 1 measurements performed at the end of the experiments.

Chemical analysis

The results of the chemical analyses showed that the sugar levels were not significantly different in the placenta and outer pericarp, but they were higher in these tissues than in the locular tissue (Fig. 8 A). In the locular tissue fructose was predominant, the amount remaining stable throughout the experiment, while the amount of glucose decreased. Both sugars were present at similar concentrations in the placenta at the beginning of maturation but the fructose became predominant as the ripening progressed. No trend was observed in the sugar levels in the outer pericarp.

Citric acid level was largely predominant in all tissues, concentrations remaining constant in the placenta and outer pericarp and decreasing in the locular tissue throughout the ripening process (Fig. 8 B). No trend in malic acid level was observed for the placenta, whereas it decreased slightly for the outer pericarp and locular tissue.

Water content measurements

No distinct trend in water content with ripeness was observed. The mean water content calculated from the data obtained throughout the period of Experiment 1 was: 0.9470.001, 0.9580.001, 0.9640.001 and 0.9620.001 for the core, placenta, outer pericarp and locular tissue, respectively. For Experiment 2, the mean water content was: 0.9500.001, 0.9560.001 and 0.9620.001, for the core, placenta and outer pericarp, respectively. The ANOVA test for both experiments showed that differences in water content of the tissues were statistically significant, except for the outer pericarp and locular tissue.

The absence of any temporal trend in water content measured in different tissues showed that water was not redistributed among these tissues. The relationship between mass and time was linear for all the tomatoes in both Experiments 1 and 2 (correlation coefficient r²>0.99). The percentage of weight loss ranged from about 3.5 to 5% for both experiments. The weight loss corresponded to the overall loss of mass, and variations were too small to have any significant effect on water content. This was consistent with the results of the water content measurements.

Weight loss

Macrovision Imaging

No changes in tissue appearance or cell size were observed according to ripeness, except that more gas bubbles were observed in the outer pericarp late in the ripening process compared to at the beginning of the experiment. The macrovision images confirmed that the cell morphology differed between the core (and placenta) and outer pericarp [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF]. While cells were large and mainly elongated perpendicular to the cuticle in the outer pericarp, cells in the core and the placenta were much smaller and no specific orientation was observed. The structure of the locular tissue was atypical: seeds were surrounded by a set of small, elongated cells, enclosed in a set of cells that were not distinguishable at this scale.

The results of the granulometric study showed that cell sizes in the outer pericarp were about 200x600-700 m² and about 100x100 m² in the core and placenta.

Discussion and conclusion

Both MRI and NMR were used to investigate tomato fruit ripening in this study and the approaches complemented each other in the investigation of this complex process.

Quantitative MRI was used to measure mono-exponential relaxation times. MRI also made it possible to study changes in the fruit macrostructure during ripening such as shrinking of air spaces and development of micro bubbles in specific tissue types. The non-destructive and non-invasive character of MRI provided the opportunity to follow individual fruits through the ripening process, and this is particularly useful for tomatoes which, like all biological samples, are characterized by wide diversity. In addition, MRI made it possible to avoid disruption of the tissues which, for fruit and vegetable products, could affect the results. In fact, the following difficulties were encountered when the sampling were performed for the NMR experiments: the core could not be clearly distinguished from the placenta by visual examination of the fruits and, because of its shape, it was impossible to extract the radial pericarp using the sampling method chosen for this study. Finally, results for the placenta may have been affected by sedimentation. On the other hand, the signal to noise ratio and the temporal resolution of multi-echo sequences used for computing T 2 and T 1 did not permit multi-exponential fitting, as is the case in the great majority of MRI investigations. We therefore used non-spatially resolved NMR relaxation measurements to access the multicomponent character of the signal and to obtain more information about the cell microstructure.

This study was performed using a low-field MRI scanner. Because of the relatively poor spatial resolution of MRI scanners, voxels within images contained information from different cells. We hypothesised that cells within a voxel were similar and belonged to a specific tissue. The spatial resolution of 1 mm 2 in the image plane was determined as a compromise between the signal to noise ratio and the acquisition time. It can be increased by using scanners operating at higher magnetic field strengths. However, T 1 differences between tissues would be reduced as the sensitivity of T 1 to molecular interaction is less pronounced at higher frequencies. Furthermore, the accuracy of T 2 measurements decreases for the higher magnetic field strength because of the magnetic susceptibility effects. A compromise has therefore to be made.

In this study, two dimensional images were acquired. We considered a single slice approach to be appropriate to study the changes in tissue microstructure during ripening via measurements of the relaxation times. However, to study more precisely the changes in the fruit macrostructure, such as shrinking of air spaces, further studies are needed using threedimensional MRI acquisition protocols. This would make it possible to estimate the air space volume accurately and thus to improve understanding of the phenomenon observed.

Measurement of relaxation times by both NMR and MRI revealed differences between locular and other tissues. The T 2 and T 1 relaxation times determined using both NMR and MRI decreased during ripening in all tissues except in the locular tissue, and these changes were attributed to the components with the longest T 2 and T 1 . On the other hand, the T 2 of the locular tissue had a more complex trend. NMR measurements showed that all of the T 2 components of locular tissue cells were modified during ripening and that they followed similar patterns. Finally, the NMR measurements showed that the T 1 decay in the locular tissue was mono-exponential, in contrast to the bi-exponential T 1 decay of other tissues. A difference between the structure of the locular tissue and other tissues was observed on the macrovision images. Whereas the core, placenta and outer pericarp were composed of homogeneously distributed cells, the structure of the locular tissue was atypical.

During the period of postharvest ripening, the changes in T 2 were between 180 and 300 ms (MRI values) for different tissue types, while the changes in T 1 were between 380 and 500 ms (about 25% and 25-30% of their initial values, respectively). These changes were relatively significant, and very similar for all the tomato samples studied. The degree of change suggests that both T 2 and T 1 were sensitive to the ripening process. Furthermore, changes in the relative intensities of the multi-exponential signal components were detected by NMR, showing that water redistribution between cell compartments occurred during ripening. It is well known that both T 2 and T 1 of plant tissues are sensitive to water content and sugar concentration, cell dimension and membrane permeability. We demonstrated in a previous study [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF] and confirmed with the present results that the dependency of the relaxation time on tissue type can to some extent be explained by chemical composition and cell dimension. The core and placenta tissues of the tomato were characterized by lower relaxation times than other tissues which corresponded to their lower water content. Moreover, we observed higher concentrations of sugars within the placenta and outer pericarp than within the locular tissue. The T 2 of sugar solutions decreases as sugar content increases and therefore, as excepted, their T 2 relaxation times were shorter. Also as expected for biological tissues, T 2 values were shorter than the T 1 values because of the effect of chemical exchange . Differences in T 2 among tissues could also be explained by differences in cell morphologies which followed the relationship between cell size and T 2 described elsewhere [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 T 2 's of the core and placenta, which were shown by the macrovision measurements to have smaller cells, were lower that the T 2 's of the outer pericarp. Finally, the values of the transverse relaxation times were affected by the presence of gas bubbles in tissues because of the diffusion of spins in magnetic field gradients generated by local inhomogeneities of the magnetic susceptibility coefficients [START_REF] Musse | An investigation of structural aspects of tomato fruits by means of quantitative nuclear magnetic resonance imaging[END_REF].

Although the relaxation times were in part explained by chemical composition and cell dimensions, their changes during ripening were not correlated with these properties. Indeed, the water content did not change whereas the T 2 and T 1 decreased for the majority of tissues. Concentrations of sugars and acids did not change considerably during the ripening period and there was no correlation between concentrations and relaxation times. No variations in cell sizes or organization were observed during ripening and therefore cell size effects could not explain T 2 changes. One explanation could be a variation in membrane permeability since it is theoretically related to T 2 . It would therefore be interesting to investigate the changes in permeability during ripening by pulsed field gradient NMR to validate this assumption. Furthermore, it is likely that concentrations of paramagnetic mineral elements such as K, Na, Mn or Cu vary and affect T 1 relaxation.

The T 1 variations during ripening revealed in this study were in part different from the results obtained on tomatoes by Ishida et al [START_REF] Ishida | 1 H-NMR imaging of tomato fruits[END_REF]. In the latter study tomatoes were harvested at green and mature stages and the T 1 of the outer pericarp was found to be higher for red fruit than for green fruit, while the T 1 of the centre decreased with ripening as in our experiments. This lack of agreement is probably due to differences in the ripening process when it occurs before or after fruit harvesting. Clark et al [START_REF] Clark | Quantitative magnetic resonance imaging of 'Fuyu' persimmon fruit during development and ripening[END_REF] showed that the T 1 of the persimmon increased during development and started to decrease 2.5 weeks after harvesting, whereas the T 2 decreased over the entire period. Using NMR Raffo et al [START_REF] Raffo | Ripening of banana fruit monitored by water relaxation and diffusion H-1-NMR measurements[END_REF] observed an increase in T 2 of both the cytoplasmic and vacuolar water in the banana during its post-harvest ripening and attributed this to the decrease in starch concentration. In kiwi fruit T 1 declined and T 2 increased during post-harvest ripening.

In view of these results, it seems that there is not a single trend in T 2 or T 1 changes during fruit ripening, and that they strongly depend on the fruit variety and ripening conditions.

The results of Experiments 1 and 2 agreed, providing evidence that the changes in tomato fruit during postharvest ripening demonstrated in this study are reproducible for the tomato variety studied. The slight differences between Experiments 1 and 2 involved both the local development of bubbles in the outer pericarp and shrinking of air spaces in the locular tissue. Both phenomena could be explained by different growing conditions before harvesting. Although great care was taken to reproduce the same experimental conditions, some differences in the climatic conditions in the glasshouse during the development of the tomatoes were noted. In fact, the temperature and the water deficit during this time were slightly greater in the case of Experiment 2. Thus the differences in water stress endured by cells during their development may be at the origin of these variations. Saltveit et al [START_REF] Saltveit | Determining tomato fruit maturity with nondestructive in vivo nuclear magnetic resonance imaging[END_REF] observed the decrease in tomato pericarp density with fruit ripening only for fruit grown in the fields during summer. When the same cultivars were grown under cooled conditions in the greenhouse or in the field during spring, Saltveit et al found that density increased during ripening.

In conclusion, this study illustrates the potential of the MRI technique for investigating multi-scale changes in plant tissue. The macroscopic structural changes as well as the changes in the T 2 and T 1 relaxation times with fruit maturity were demonstrated. These results provide important information for further studies of tomatoes and other fruits and contribute in the knowledge of the ripening process. Cell size and chemical composition, expected to influence relaxation processes were not correlated to the changes in T 2 and T 1 .

The changes in T 2 and T 1 were therefore probably caused by changes in membrane permeability or variations in concentrations of paramagnetic ions. An investigation of these contributions to changes in relaxation times must be undertaken in the future. The F-ratio that was calculated is shown on the graphs. Corresponding amplitudes of the fractions in the core (E), placenta (F), outer pericarp (G) and locular tissue (H). 

  The relative images (obtained by division of the 40 ms echo time GE images by corresponding 9 ms echo time images) of one of these two tomatoes on the first and eighteenth days after harvesting are shown in Fig 3 A and B. Note that the changes in the outer pericarp signal were not present in the T 2 maps. They can be interpreted as the development of small gas bubbles in the outer pericarp during ripening. It can be seen in Fig 3 C that the signals of Region of Interest (ROI) 1 and ROI 2 remained constant while the signals of ROI 3 and ROI 4 decreased from the first to the last measurements. Furthermore, a significant difference was observed between the plots corresponding to ROI 3 and ROI 4, showing that the development of gas bubble content was not the same. The modification of the outer pericarp structure was also observed in Experiment 2. Here the phenomenon was amplified, because eight of nine tomatoes were affected by the gas bubble development (results not shown).

  T 2 and T 1 relaxation time maps calculated from the set of MSE and TOMROP images are shown in Fig 4. At the beginning of ripening, the contrast between different tissues was small, since the T 2 values were similar. After 18 days of ripening, all the major regions observed in Fig 1 could be distinguished, except the seeds. This demonstrated that the T 2 change during ripening was tissue-dependent. The tomato core can be distinguished from the placenta in the second and third images in Fig. 4 A by careful observation, in contrast to the images of Fig. 1 in which the core did not appear. The T 1 map on the first measurement day (Fig. 4B, day 1) did not allow any tissue discrimination. However discrimination became possible on the second and third images (Fig. 4B, days 9 and 18), indicating that the T 1 of different tissues diverged as the fruit ripened. The relaxation maps shown in Fig 4 were used to extract mean values of T 2 and T 1 of different tomato tissues on each experiment day. The effects of fruit ripening on the relaxation times T 2 and T 1 measured in nine tomatoes in Experiment 1 are shown in Fig.

  T 2 and T 1 relaxation times measured by NMR and corresponding relative intensities changes during ripening are shown in Fig 6 and Fig. 7, respectively. The T 2 of the core, placenta and outer pericarp had similar trends. The T 2 of the fourth component and the associated relative intensity decreased, while T 2 of the first, second and third components did not change significantly during ripening. The relative intensity of the third component increased for all tissues. It seemed to be correlated with the decrease in the fourth component, suggesting thus an exchange between them. The relative intensity of the second component increased for the outer pericarp. In the locular tissue, the T 2 of all components remained stable at the beginning of ripening and increased slightly after the ninth day.

Fig 9

 9 Fig 9 shows the percentage of weight loss for all the samples studied in Experiment 1.

Figure 1 :

 1 Figure 1 : Typical « morphological » SE image (A) along with short TE (B) and long TE (C) GE images of a tomato fruit at three different ripening stages.

Figure 2 :

 2 Figure 2 :Total area of air spaces measured on SE images in relation to time after tomato harvesting for Experiments 1 (A) and 2 (B).

Figure 3 :

 3 Figure 3: An example of relative images obtained by division of the 40 ms echo time GE images by corresponding 9 ms echo time images on the first (A) and eighteenth days after harvesting (B). Mean relative signal variations calculated in the ROIs shown in (B) during tomato ripening for four regions of the outer pericarp (C).

Figure 4 :

 4 Figure 4 : T 2 (A) and T 1 (B) maps of the same tomato fruit on the first, ninth and eighteenth days after harvesting. T 2 and T 1 relaxation time maps were calculated from the set of MSE and TOMROP images, respectively.

Figure 5 :

 5 Figure 5 : T 2 and T 1 relaxation times calculated in the different tissues of the tomatoes studied in Experiment 1: core (A), placenta (B), radial pericarp (C), outer pericarp (D) and locular tissue (E). T 2 and T 1 relaxation time maps were calculated from the set of MSE and TOMROP images, respectively. Data points marked with different letters for each line are significantly different at p<0.05. The F-ratio that was calculated is shown on the graphs.Measurements in the core tissue of tomato N° 9 was excluded from statistical analyses.

Figure 6 :

 6 Figure 6 : Mean transverse relaxation times (NMR Relaxometry) of four cell compartments in the core (A), placenta (B), outer pericarp (C) and locular tissue (D) for five tomato samples. Values shown by different letters for each line were significantly different at p<0.05. Only the ANOVA results for the components with significant modifications during ripening are shown.

Figure 7 :

 7 Figure 7 : Mean longitudinal relaxation times (NMR Relaxometry) of two compartments in the core (A), outer pericarp (B) and single component in the locular tissue (C) for five tomato

Figure 8 :

 8 Figure 8 : Measurement of neutral sugars (A) and acids (B) from tomato fruit during postharvest ripening. Data are the means of multiple measurements (9 for the placenta and outer pericarp and 3 for the locular tissue) and error bars are the standard deviations.Results correspond, left to right, to measurements performed on days 1, 8, 11, 14 and 18.

Figure 9 :

 9 Figure 9 : Percentage of weight loss in tomato fruit for Experiment 1 over time.
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