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Abstract. Pericarp tissues of tomato varieties Quest and Cameron were studied by low-field nu- 
clear magnetic resonance (NMR) a t a  controlled temperature of 20 ~ The spin-spin relaxation 
times and the water diffusion coefficients were measured with Carr-Parcell-Meiboom-Gill and 
pulsed field gradient mulfi-spin-echo (PFGMSE) NMR sequences. Four relaxing components were 
extracted from the spin-spin relaxation. The components with T~ = 11 ms, T 2 = 65 ms, T 2 = 430 
ms and 7",. = 1500 ms were related to the nonexchangeable protons and water proton in each cell 
compartment (i.e., cell wa[I-extracellular space, cytoplasm and vacuole, respectively). In contrast 
to the relative intensities, the T 2 values appeared insensitive to variety and harvest period. The 
difference in relative intensity was related to the size of the pericarp cell. The water se[f-diffu- 
sion coefficients for each cell compartment were determined simultaneously with the PFGMSE 
sequence. The water self-diffusion coefficients for the vacuole and cytoplasm were not affected 
by the harvest date of variety. However, the water self-diffusion in the cell wall-extracellular space 
was significantly different between the two varieties. 

1 Introduction 

L o w - f i e l d  nuc l ea r  magne t i c  r e sonance  ( N M R )  re laxa t ion  and d i f fus ion  are be-  

c o m i n g  a p r o m i s i n g  t echn iques  to s tudy wa te r  d y n a m i c s  and s t ructura l  m o d i f i -  
ca t ions  in food  products  [1, 2]. In the case  o f  v e g e t a b l e  and fruit ,  N M R  re-  

laxa t ion  and d i f fus ion  have  been  used  to s tudy  mea l ines s  in apples  [3], to dif-  

fe ren t ia te  po ta to  samples  [4], s tudy  wa te r  t ransfer  dur ing  d ry ing  and f r eez ing  
[5, 6], and s tudy  m e m b r a n e  wa te r  p e r m e a b i l i t y  [7-11] .  With  M n  2+ a s a  p robe  

to pene t ra te  apple  p a r e n c h y m a  t issues  Snaar  et al. [9] d e m o n s t r a t e d  that there  
are  three s p i n - s p i n  re laxa t ion  t imes  w h i c h  c o r r e s p o n d  to three w a t e r  compar t -  

men t s  o f  the frui t  cells:  v a c u o l e ,  c y t o p l a s m  and cel l  w a l l - e x t r a c e l l u l a r  space.  

Water  re laxat ion in b io logica l  t issues m a y  have  v a ¡  origins, inc lud ing  chemica l  
e x c h a n g e  f rom wa te r  pro ton  and cel l  m e m b r a n e  pro tons  [12, 13] and m o l e c u l a r  

d i f fus ion  [14]. B r o w n s t e i n  et al. [15] p r o p o s e d  an ana ly t ica l  m o d e l  i nc lud ing  
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volume and surface (cell membrane) relaxation sink. Numerical models have also 
been developed [16, 17]. Relaxation can also increase if the magnetic field B 0 
is not constant in the sample. This is the case for some plant tissues in which 
there is an air network between the cells for respiration purposes which creates 
an in situ magnetic field gradient [14, 18]. Chemical exchange effect and sus- 
ceptibility artefacts are found to be less of  a problem with low-field NMR 
spectrometer. 

Water diffusion coefficients can be measured by NMR with pulsed field gra- 
dients [19-21] and pore size in porous systems and compartment size in cellu- 
lar systems can be deduced from these measurements [22-25]. The self-diffu- 
sion experiment is based on attenuation of the water proton signal according to 
the magnetic field gradient strength. Although determination of self-diffusion is 
commonly achieved when a single relaxation component is detected, complica- 
tions have been observed when water proton relaxation exhibits multiexponential 
behavior. The use of  multi-spin-echo diffusion sequence was proposed to address 
this [26-29]. Van Dusschotten et al. [26] measured water diffusion coefficient 
for vacuoles and cytoplasm in apple parenchyma tissue and showed that a mono- 
echo diffusion sequence was inappropriate in the case of  multi spin-spin relaxa- 
tion time samples. 

Spin-spin relaxation times and water coefficient diffusion measurements of  
tomato pericarp tissues from two varieties~ Cameron and Quest, are presented 
here. A pulsed field gradient multi-spin-echo (PFGMSE) sequence was imple- 
mented and evaluated for this purpose. 

2 Materials and Methods 

2.1 Vegetable 

Two tomato varieties, namely, Quest (De Ruiter) and Cameron (Syngenta), were 
studied. Both were supplied by the CTIFL (Centre Technique Interprofessionnet 
des Fruits et L› France). The vegetables were picked up at early red stage 
(corresponding to 8-9 according to the color code from CTIFL). Two batches 
of  vegetable were studied in 2003, one in June and the other in August, and 
vegetables were harvested one week before NMR measurements. The water con- 
tent of  all the samples was estimated by measuring differences in weight after 
drying in an oven at 103 ~ for 24 h. 

To prepare a sample from a tomato, a 1 cm thick slice was first cut perpen- 
dicularly to the pedicel axis. Then a cylinder (0.5 mm in diameter) was cut into 
the pericap flesh carefully avoiding the skin. After gently wiping the sample to 
remove water coming from the broken cells, it was put into an NMR tube and 
closed with a cap. Samples were prepared 5 min prior to use in order to limit 
dehydration. In June and August, 10 samples from 4 Cameron and 12 samples 
from 4 Quest tomatoes were prepared. 
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2.2 Chemicals 

Dimethyl sulfoxide (DMSO) (Prolabo) and nickel(II) sulphate (NiSQ)  (Prolabo) 
were used as received. Distilled water (AES laboratoire) was used to prepape 
doped water. 

2.3 NMR Spectrometer 

All NMR measurements were performed on a 20 MHz Minispec Mq20 (Bruker) 
spectrometer equipped with a pulsed field gradient probe (maximum gradient 
amplitude of  4 T/m). Typical 90 ~ and 180 ~ pulse durations were 2 and 4 gs, 
respectively, without pulse attenuation, and 3.5 and 7.5 gs with a 8 dB pulse 
attenuation. The NMR measurements were performed at 20 and 40 ~ for to- 
mato and DMSO-water samples, respectively. 

2.4 Spin-Spin Relaxation 

Spin-spin relaxation time measurement T 2 of  each tomato sample was performed 
with the Minispec CPMG (Carr-Parcel l -Meiboom-Gil l )  sequence [30]: 15000 
consecutive echoes were recorded with a time spacing of 0.4 ras between the 
90 ~ and the first 180 ~ pulse. Spin-spin relaxation decay curves were fitted with 
two different methods, the maximum entropy method (MEM) [31], which pro- 
vides a continuous distribution of  relaxation components, and the Levenberg-  
Marquardt algorithm, which allows discrete solution for the fitting (Table Curve, 
Jandel Scientific) [32]. Moreover, no assumptions concerning the number of  re- 
laxation times are necessary with MEM, in contrast to the Levenberg-Marquardt 
algorithm method. 

2.5 Diffusion 

Pulsed field gradient spin echo (PFGSE) and PFGMSE were performed to meas- 
ure diffusion coefficient D. The PFGSE is based on the Hahn echo sequence 
proposed by Skedjal and Tanner [33]. The time spacing between the 90 ~ and 180 ~ 
r, the duration of the gradients 6, the time between the two gradients A, were 
7.5, 0.5 and 7.5 ms, respectively. The self-diffusion coefficient for a single pro- 
ton population is given by l(t, k) = Ioexp(-t/T2)exp(-kD), k = y 2 g Z z £  - 6/3), 
where 7" is the magnetogyric ratio of  proton, t is the echo time, and gz is the 
gradient pulse amplitude. 

The PFGMSE sequence was a homemade sequence composed of a PFGSE 
part followed by 15000 180 ~ pulses (see Fig. 1). The PFGSE part was similar 
to that described above, with r~, 6, A equal to 7.5, 0.5 and 7.5 ms, respectively. 
The spacing between the following 180 ~ pulse 2r  2 was equal to 0.8 ms. Only 
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Fig. 1. PFGMSE sequence. The black and white bars correspond to the gradient and RF pulse, 
respectively. 

the amplitudes of  one out of  10 corresponding echoes were recorded. As for the 
PFGSE, the amplitude of  the gradient pulses varied. The aim of this sequence 
was to distinguish different proton diffusion coefficients Di, corresponding to 
different proton compartments i, of  the sample. With one relaxation time and one 
diffusion per compartment, the amplitudes I of  the recorded echoes are given by 
the following equation 

I ( t, k ) = ~ .  Io, i exp ( - t  / T2,i ) exp(-kDi ). (1) 
i 

2.6 Statistical Analysis 

A multifactor variance analysis (Statgraphic, Jandel Scientific) was performed to 
evaluate the effects of  harvesting and tomato variety on both the NMR relaxation 
parameters and the diffusion coefficient. The significance level was set at 95%. 

3 Spin-Spin Relaxation Results and Discussion 

As for other biological samples, the spin-spin relaxation decay of tomato pericarp 
tissues was not monoexponential. Four relaxation peaks were identified by MEM 
on the June and August batches. An example of  spin-spin relaxation distribu- 
tion is given in Fig. 2. This decomposition into four components was obtained 
for each tomato. Neverthetess, because of  heterogeneity of  the pericarp tissue, 
some NMR signal relaxation decay was characterized by a three-exponential 
model. Since this behavior was rarely observed, these NMR measurements were 
not considered further in the analysis. No significant difference was observed for 
the relaxation time values and relative populations between single tomato veg- 
etable, so average results could be calculated to describe the behavior of  each 
variety. The average spin-spin relaxation times Ta, i and relative intensities I0,i for 
the Quest and Cameron tomatoes are shown in Table 1 for each component  
(i = 0, 1, 2, 3). Multivariance analysis was performed for each compartment of  
the /'2, i and Io.i values. There was no distinction between harvest dates or be- 
tween the two varieties when only relaxation values were considered. Neverthe- 
less, the relative amplitudes of  components numbered 1, 2 and 3 exhibited sig- 
nificant variations according to variety and harvest date. The relative intensity 



NMR Study of Tomato Pericarp Tissue 33 

0.030- 

0.025- 

0.020- 

.'~ 0.015- 

_~ 0.010- �9 

0.005- ' �9149 

0.00~ ~ t 
0 200 400 600 800 1000 1200 

T 2 (ms) 

A 
l 
I 
t 
I 

J 
14()0 1600 1800 2000 

Fig. 2. Spin-spin relaxation distribution (MEM) fora  Quest tomato sample, CPMG pulse spacing 
of 0.4 ms, T= 20 ~ 

I0,3 w a s  l ower  for Ques t  than for  C a m e r o n  tomatoes .  10,3 var ia t ion  b e t w e e n  to- 
mato var ie t ies  was  compensa t ed  by var ia t ions  in the re la t ive  in tens i ty  o f  com-  
ponents  1 and 2. The  per iod  e f fec t  was  on ly  s ign i f ican t  for the Ques t  variety.  

Mul t iexponent ia l  analyses were  also pe r fo rmed  with the L e v e n b e r g - M a r q u a r d t  
a lgori thm. The  adjustments  fai led with four  exponent ia ls  but  res idues  wi th  three 
exponent ia ls  were  randomly distributed. The  re laxat ion decay curve  was fitted for 

each sample  by a three-exponent ia l  mode l  accord ing  to I ( t ) =  ~ l ,2 ,3 [o ,q  

Table I. Average water content and spin-spin relaxation, with relative intensities I0.0, lo, t, Io.2,/o,3 and spin- 
spin relaxation time values T2o T2,1, T2,2, T2. 3 for Quest and Cameron tomatoes by MEM. T = 20 ~ 

Parameter Mean (SD) for variety Multifactor 
variance analysis" 

Quest Cameron 

June August June August 
Pe¡ Variety 

Io,o (%) 2 (1) 2 (1) 2 (I) 1 (0) n.s. n.s. 
Tz, 0 (ms) 11 (4) 11 (4) 9 (3) 9 (5) n.s. n.s. 
Io,t (%) 6 (2) 7 (2) 4 (1) 4 (1) n.s. * 
Tz, , (ms) 64 (21) 73 (14) 62 (12) 68 (13) n.s. n.s. 
Io,2 (%) 13 (3) 17 (2) 10 (1) 12 (1) * ** 
Tz, z (ras) 427 (86) 432 (54) 434 (37) 429 (34) n.s. n.s. 
Io,3 (%) 79 (5) 74 (3) 84 (3) 83 (2) * ** 
Tz, 3 (ras) 1518 (90) 1494 (71) 1524 (71) 1567 (98) n.s. n.s. 
Total water 95.5 (0.5) 97.2 (0.6) 96.0 (0.2) 97.3 (0.4) ** n.s. 
content 

Multifactor variance analysis (95% significance level) with high (**), low (*) and nonsignificant 
(n.s.) effect for relative intensities, relaxation times and water content of tomato samples. 
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The relaxation times and relative intensities were in good agreement between 
the two methods, i.e., MEM and Levenberg-Marquardt, for components 2 and 
3. The two components 0 and 1 identified by MEM were artificially merged with 
the Levenberg-Marquardt fitting method. 

This multiexponential behavior has already been observed on vegetable tissues. 
For apple parenchyma tissue, the CPMG relaxation decay curves were decomposed 
into three relaxation components and attributed to three water cell compartments 
[9, 26, 34, 35]. The first component, with a TE. ~ = 30 ras and I0,1 = 8.4%, was 
attributed to the water protons in the cell wall and extracellular space. The second 
component, with T2.: = 190 ms and Io,2 = 16.4%, was attributed to water protons 
in the cytoplasm. The third component, with TE. 3 = 1020 ms and I0.3 = 75.2% was 
attributed to the water protons in the vacuole [9]. Some differences between the 
T 2 values were observed from one study to another, probably explained by the va- 
riety, ripening stage, level of  dry matter, NMR measurement temperature, etc., of  
the apples. Van Dusschotten et al. [26] found greater relaxation time values, (1300, 
380 and 50 ms at T =  25 ~ while Barreiro et al. [3] found smaller relaxation 
time values. In the latter case, the mean T E decreased (from around 900 to 750 
ms) with increasing mealiness of  apples. Four relaxation components have been 
extracted for potatoes [36], the first (relaxing with a T 2 = 19 fls) was attributed to 
the nonexchangeable starch protons and the other three were attributed to the water 
protons from the different cell compartments, including the exchangeable proton 
from the soluble and nonsoluble polysaccharide. Two components have been ex- 
tracted in carrot parenchyma tissue [5] and attributed to the cell-wall-extracellu- 
lar-space compartment (TE, ~ = 59.5 ms, I0,~ = 2.8%), and to the vacuole compart- 
ment (TE, 2 = 462 ms, I0.2 = 97.2%). More components were found as the samples 
were dried. This behavior was not observed in a similar study of apple parenchyma 
tissue [6]. 

According to these previous studies, we assumed that the attribution of com- 
ponents to the cell compartments can be extrapolated to our case. Components 1, 
2 and 3 were therefore att¡ to the water protons in the cell-wall--extracellu- 
lar-space, in the cytoplasm and in the vacuole compartments, respectively. We 
assumed that the nonexchangeable proton relaxation of molecules inside the cell 
was described by the component labelled 0. Water protons in vacuotes, cytoplasm, 
and cell-wall-extracellular-space compartments hold around 80, 12 and 6% of the 
total NMR signal intensity, respectively. The relaxation times corresponding to each 
component were shorter as their water content decreased, i.e., 1500, 430, and 65 
ms. Assuming this attribution, the relative amplitude change between the Quest and 
Cameron varieties can now be discussed. Firstly, we verified that the total NMR 
signal intensity per sample mass was constant for all the samples, and thus the 
relative intensity change could be explained by a change in the water distribution 
between the cell compartments. Moreover, this was in agreement with the absence 
of  variety effect on the water content (Table I). The relative intensity 10,3, attrib- 
uted for the water in the vacuole, was smaller for the Quest pericarp cells com- 
pared to Cameron pericarp cells. This could be due to the size of  the cells. In- 
deed, the mean cell radius determined from optical microscopy was around 100 
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gm for Quest and 200 p.m for Cameron (M. F. Devaux, National Institute o f  Food 
Research, Nantes, France, pers. commun.). Despite the difference in size o f  cel1.s, 
no effect was observed on the relaxation T2. 3 value of  the vacuole. Numerous stud- 
ies have demonstrated that the re1.axation time o f  water observed in a confinod 
compartment such as a vacuole can be described a s a  function o f  the bu1.k T 2 
(T2,bulk), the radii of  the compartment a1.ong the x-, y-  and z-directions (r x, ry, ~)  
and the net loss o f  magnetization at the compartment boundary, the so-cal1.ed mag- 
netization sink strength H [37]. In the case o f  a spherical compartment with ra- 
dius r, the observed relaxation rate is given by 1/T2, 3 = 1/T2,bulk + 3H/r. 

With T2.buLk = 2 S, the H values for Cameron and Quest were 1.1 �9 10 -5 and 
0.5 .10 -s m/s, respectively. As the T2. 3 va1.ues were identica1, for Quest and Cameron 
tomatoes, the magnetization sink strength H for Quest is smaller. In compafison, it 
was found to be 2.8.1.0 -5 m/s for maize, 4 . 1 0  -5 m/s for pearl millet [37] and 
2.4 .10 -5 rn/s for apples [9]. 

4 Diffusion Resuits and Discussion 

4.1 Validation of the PGMSE Sequence 

The PFGMSE sequence was evaluated on a tube of  water doped with NiSO 4 (2.5 
mmol/l) also containing a smaUer tube filled with DMSO. The proportion of  wa- 
ter was 54.6% (g/f00 g), corresponding to 63.5% of  proton after correction o f  the 
respective water and DMSO proton densities. At T =  40 ~ diffusion coefficients 
and spin-spin relaxation times o f  the single products were measured with spin echo 
and CPMG, respectively. For doped water, they were Dw = (3.08_+0.02). 10 -9 m2/s, 
T2, w = 490_+5 ms, and for DMSO they were DDMso = (0.92--+0.02)" 10 -9 m2/s, 
T2,DMso = 2680_+5 ms. These values were compared with those found by PFGMSE 
on the tube containing both products. The water self-diffusion and relaxation time 
values were obtained from a surface function analysis of  ten diffusion-relaxation 
curves using Eq. (1) with i = 1, 2. The water self-diffusion, proton population and 
relaxation time values were (3.03-+0.1). 10 -9 m2/s, 65.0-+0.1%, 485+_10 ms and 
( 0 . 9 8 + 0 . 1 0 ) - 1 . 0  -9 m2/s, 35.0-+0.1%, 2642-+50 ms for water and DMSO, respec- 
tively. These results validated the PGMSE sequence for the determination o f  self- 
diffusion coefficients associated with specific relaxation components when spin-spin 
re1.axation is undergoing a multiexponential behavior. 

4.2 Diffusion in Tomatoes 

It has previously been shown that water relaxation in tomato tissues can be 
modelled with three water compartments with their own relaxation times. More- 
over, with PFGMSE the first echo was recorded at 15 ms, compared to 0.8 ras 
for CPMG. At 15 ras, the intensity o f  the relaxation component numbered 0 was 
reduced by 75%, and became nondetectable. I f  we assume that there is one dif- 
fusion coefficient per compartment and that exchange between compartments was 
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small on the time scale o f  the N M R  experiment, then echo amplitude is given 
by Eq. (1) with i = 1, 2, 3. 

3 

l ( t ,  k) = ~ lo.i exp(- t  / T2, i) exp(-kD~). (2) 
i=1 

The PFGMSE sequence was used with 10 values o f  the gradient amplitude g= = 0, 
0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, and 2 T/m. 

The independence o f  the spin-spin relaxation time value 7'2, ~ o f  the k values 
were first checked, then it was validated that the echo amplitude I exhibited 
exponential decay as a function o f  k according to Eq. (2). The results are illus- 
trated for one Quest tomato sample. 

Each relaxation-diffusion curve was first adjusted separately with a simple 
three-exponential model with k being constant, 

3 

I ( t )  = ~_I~. i e xp ( - t  / T2,i) 
i = l  

with 

I~,, = Io , , exp( -gD, ) .  (3) 

Then six parameters corresponding to the relaxation times T2. i and diffusion-weighted 
amplitudes [~.i were estimated, and the sensitivity o f  the relaxation time value to k 
was analyzed. For all values o f  k, the relaxation times were constant, with only a 
2% variation for the vacuole compartment (Fig. 3). For the cytoplasm and the cell- 
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Fig. 3. Spin-spin relaxation times for a Quest tomato sample of the three cell compartments (4),, cell 
wall--extracellular space, Tz.~; m, cytoplasm, T:.z; A, vacuole, 7"2.3) according to k for different gradi- 
ent amplitudes of 0, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8 and 2 T/ro. The T 2 values were obtained from 
the fitting of the relaxation-diffusion curves one by one with amplitudes and relaxation times 

as adjusting parameters. T = 20 ~ 
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wall-extracellular-space compartments, the variations were greater, i.e., 13 and 30%, 
respectively. This was expected, since as the proton population per compartment 
decreased, the signal-to-noise ratio increased. The variation should be interpreted 
in relation to the standard deviation for the relaxation for cytoplasm and cell-wall- 
extracellular-space water compartments the maximum values o f  which were 20 and 
30%, respectively. Since the variation was similar to that o f  the standard devia- 
tion, this confirmed that the relaxation time values were independent o f  the k val- 
ues. Therefore, relaxation time values could be imposed in Eq. (2). 

To check the exponential behavior o f  the signal intensity as a function o f  k, 
the relaxation time values were set using the first diffusion-relaxation curve where 
G equals 0 T/m. This case was chosen because the signal-to-noise ratio was 
greater. The relaxation times T2, ~ were slightly different from those measured with 
CPMG. Indeed, the first echo with PFGMSE was recorded at 15 ras compared 
to 0.8 ras for the CPMG. This meant that resolution for the first component  was 
expected to be poorer. An effect from the high value o f  r~ = 7.5 ms which should 
induce extra signal loss can also be expected. 

By adjusting one by one, the 9 other diffusion-relaxation curves a s a  func- 
tion o f  time t while keeping the same T2, i for all k, amplitudes weighted by diffu- 
sion Ik,i, were calculated for the three compartments. On a logarithmic scale, the 
attenuation o f  the echo for each water compartment decreased linearly as a func- 
tion o f  k and could be adjusted with Eq. (3) (Fig. 4). The assumption that only 
one diffusion coefficient per compartment without exchange between themselves 
was validated. 

In the following, the water diffusion coefficients were estimated by this 
method. Indeed, three compartments meant nine possible adjustment parameters 
corresponding to Io,~, T•,i, Di. With so many parameters, numerical inst• 
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Fig. 4. Cell compartment signal intensity weighted by diffusion Ik.i (~', cell wall-extracellular space; 
II, cytoplasm; A, vacuole) asa function of k for a Quest tomato sarnple. Solid lines are the fits by 

Eq. (3). T= 20 ~ 
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Table 2. Average water diffusion coefficients for the three cetl compartments of Quest and Cameron tomato 
cells. T = 20 ~ 

Diffusion Mean (SD) (10 -9 m2/s 2) for variety Multifactor 
coefficient variance analysis ~ 

Quest Cameron 

June August June August 
Period Variety 

D 1 1.3 0.2 1.4 0.2 1.6 0.1 1.7 0.2 n.s. ** 
D 2 1.4 0.2 1.4 0.2 1.6 0.1 1.2 0.2 n.s. n.s. 
D 3 1.8 0.1 1.9 0.1 1.8 0.1 1.9 0.1 n.s. n.s. 

Multifactor variance analysis (95% significance level) with high (**) and nonsignificant (n.s.) ef- 
fect for water diffusion coefficients of  tomato samples. 

can be expected. For this reason, the direct surface analysis of  the ten diffu- 
sion-relaxation curves with Eq. (2) failed to give consistent results from one 
sample to another. This lack of accuracy has already been reported [26]. 

Table 2 shows the average values and their standard deviations correspond- 
ing to the water diffusion coefficients of the three compartments. 

The vacuole compartment h a d a  water self-diffusion coefficient ((1.9_0.1) • 
10 -9  m 2 / s )  close to that of free water (2.0. 10 -9  m2 / s ) .  This was expected as the 
dry matter in a vacuole is low and vacuole size is large compared to the diffu- 
sion distance probed (5 gm). Boundary effects were therefore negligible. Water 
self-diffusion in the cell-wall-extracellular-space and cytoplasm compartments was 
lower. The range of  self-diffusion coefficient values was in agreement with pre- 
vious results. For example, with a multi-spin echo diffusion sequence (diffusion 
analysis by relaxation time separated putsed field gradient NMR), Van Dusschoten 
et al. [26] found (1.4+0.3). 10 -9, (1.0• 10 -9, (1.7+0.2). 10 -9 m2/s for the 
cell-watl-extracellular-space, cytoplasm, and vacuole compartments of  apple tis- 
sue at T =  25 ~ 

No period effect was observed. Similar results were found in June and in 
August for the three self-diffusion coefficients. A significant difference between 
the Quest and Cameron varieties was observed for the self-diffusion of  water in 
the cell wall-extracellular space. The water self-diffusion D~ for Quest was less 
whatever the harvest period. There could be a correlation between this result and 
the magnetization sink strength. Indeed, H and D~ were both smaller for the Quest 
tomato variety. Since the relaxation sink parameter had already been compared 
to a permeability coefficient [37], we could assume that the water transport 
through plasmalemma and tonoplast membranes was reduced because of  com- 
mon molecular composition or organisation. Consequently, water self-diffusion and 
relaxation NMR could be a useful technique to discriminate the molecular wall 
organisation or composition between different tomato varieties. 
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5 Conclusion 

Four spin-spin relaxation components were found, three corresponding to com- 
partments o f  the tomato pericarp cells. Variety and harvest period had no effect 
on the spin-spin relaxation time values. A significant difference between the two 
varieties was noted for the relative intensity o f  the vacuole compartment,  related 
to size o f  the cell for each variety. Moreover, we demonstrated that the water 
compartment used for describing relaxation behavior could also be used to de- 
scribe water self-diffusion. The water self-diffusion for each compartment  was 
therefore calculated simultaneously. The water diffusion coefficient for the vacu- 
ole was the same for both varieties and close to that o f  free water. Cytoplasm 
and cell-wall-extracellular-space water diffusion coefficients were smaller than 
the water diffusion of  the vacuole. A variety effect was detected for the water 
diffusion coefficients in the cell wall-extracellular space. The relaxation and dif- 
fusion experiments appear to be complementary ways to probe the water in veg- 
etal cell compartments since no variety effect was detected for the same water 
compartment. The discrimination in the self-diffusion experiment was provided 
by the water diffusion in the cell wall-extracellular space, while for relaxation 
experiments the water T 2 relaxation in the vacuole was the discriminating vari- 
able. However, the structure o f  the membrane is proposed to explain the relaxa- 
tion and diffusion properties o f  the two tomato varieties. Further studies will be 
carried out in order to analyze the composition of  the wall, to relate the NMR 
parameters to the texture properties o f  the tomato and to relate the nonexchange- 
able proton relaxation to specific molecules. 
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