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Abstract

Water status and distribution at subcellular level in whole apple fruit were evaluated by
Magnetic Resonance Imaging (MRI) measurement of the multi-exponential transverse (T>)
relaxation of water protons. Apparent microporosity, also estimated by MRI, provided
mapping of gas distribution in fruit tissues. Measuring for the first time the multi-exponential
relaxation of water and apparent tissue microporosity in whole fruit and combining these with
histological measurements provided a more reliable interpretation of the origins of variations
in the transverse relaxation time (T,) and better characterization of the fruit tissue.
Measurements were performed on 54 fruit from 3 different cultivars. Fruit of different sizes
were selected for each cultivar to provide tissues with cells of different dimensions.
Macrovision measurements were carried out on parenchymal tissue from all fruit to

investigate the impact of cell morphology and cell size of all samples on T, value.

The results showed that the MRI transverse relaxation signal is well fitted by a tri-exponential
decay curve that reflects cell compartmentalization. Variations in cell size partially explained
the different T, observed. This study highlighted the heterogeneity of apple tissues in terms of
relaxation parameters, apparent microporosity and cell morphology and in relation to specific

variations between fruit of different cultivars.


http://ees.elsevier.com/mri/viewRCResults.aspx?pdf=1&docID=3616&rev=1&fileID=115777&msid={E7ACDC29-B89F-433B-8C72-7D4070B82EA7}

1 Introduction

Apple fruit has been widely studied because of its economic importance. Among the
different tissues making up this fleshy fruit (Fig. 1), the parenchyma is very important as it is
the main consumable part. Its texture depends on cellular structure and organization as well as
on the biochemical composition of the tissue [1]. The histological features of the apple
parenchyma have already been described [2,3]; parenchyma cells situated immediately under
the cuticle are relatively small and round. Cells rapidly increase in size in the first millimeters
under the cuticle and then elongate with distance from the cuticle. As for many fleshy fruit,
the size of the apple fruit depends on cell number and cell size [4-6]. In addition to cells, the
apple parenchyma contains intercellular spaces that form pores, increasing in occurrence
towards the cuticle, except for the region immediately under it [3,7]. This microporosity
increases with fruit size [6] though it appears to be related to orchard management [8].

Nuclear Magnetic Resonance (NMR) relaxation and Magnetic Resonance Imaging
(MRI) have been used in several studies to investigate water in plant tissues [9]. The NMR
signal of water is characterized by longitudinal (T;) and transverse (T>) relaxation times that
are governed by contributions from different factors [10,11]. First, bulk relaxation is related to
the mobility of water and is affected by the chemical exchange of water protons with
macromolecules and solid surfaces. Water in different cell compartments thus has different
bulk relaxation times due to distinct concentrations and the nature of osmolites. Secondly,
relaxation times are modified by diffusional exchange of molecules between compartments
through permeable membranes. In the case of slow diffusional exchange, the resulting water
relaxation signal is multi-exponential, reflecting water compartmentalization. Three or four
components have been obtained in the apple, depending on the NMR protocol. These have

been assigned to the vacuole, the cytoplasm and the wall/extracellular water [12-14]. NMR



relaxation measurements can be used to estimate the relative proportions and the properties of
water in different compartments. T, relaxation time is used for plant cell investigations rather
than T4, as differences in T, are more pronounced for the different cell compartments [10].
Due to the contributions of the different factors described above, compartment size affects T,
relaxation times [15,16]. According to the NMR relaxation model in porous media adapted by
Van Der Weerd et al. to plant cells, the T, of water (T,ops) confined in a vacuolar
compartment can be defined as a function of the bulk T, (T2puk), the radii of the vacuole
along spatial directions (Ry, Ry, R;) and the sink strength (H) describing the rate of the loss of

magnetization at the membrane boundary:

! =H(L+Ri+i)+ - Eq. (1)
.

Ts obs By Ry T buik

In general, H is affected by the exchange of water with molecules from an adjacent
compartment with different T, through the permeable membrane, and by direct interaction
with the membrane acting as a sink for relaxation. The wide variation in cell size in pearl
millet and maize stems allowed the demonstration of Eq. (1) for plant cells, assuming that the
mono-exponential adjustment of the T, relaxation curve reflects only the T, from the vacuole
compartment [16].

In addition to the complexity of the phenomena that affect T, values, other mechanisms also
modulate the T, measured [17]. The latter is reduced by diffusion in the presence of random
field gradients generated by susceptibility inhomogeneities and, in the case of MRI
measurement, by diffusion in the presence of imaging gradients [17,18]. In fruit, the magnetic
susceptibility inhomogeneities originate mainly from gas associated with the microporosity of
the sample; this is accentuated at higher magnetic fields and has to be considered in
interpretation of the T, since considerable reduction in the T, has been recorded with

increased magnetic field strength [18,19].



MRI studies of apples reported in the literature have mainly focused on the

development of techniques for detection of metabolic disorders and the non-destructive nature
of the method has been particularly highlighted. T, has been used as a local marker of tissue
modification [20,21] and T, weighted images or T, maps have therefore been established in
apples to study fruit quality and defects and as a probe for defects happening over time. For
example, development of watercore [22-24] and internal browning [22,25,26], both linked to
changes in microstructure implying flooding of intercellular pores [7,27,28] and collapse of
cell wall and cells for browning disorder [29], were at the origin of changes in T,. Mealiness
was also linked to changes in relaxation times [30-32]. The use of a T, map to study the
microstructural heterogeneity of healthy apple parenchyma has been less widely explored.
This aspect was recently addressed by Defraeye et al. [33] in measuring T, in regions of
interest in parenchyma and core tissues and showed differences in T, between the two tissues.
T, was also used to extract quantitative information in the recently proposed method for
measurements of microporosity [19]. This method exploits the susceptibility effects induced
by small gas bubbles on the MRI relaxation signal. Using a combination of T, and T,  maps,
Musse et al. showed that a microporosity map can be quantified in fruit.
All MRI T, mapping on fruit to date has been limited to the estimation of mono-exponential
relaxation. An MRI method allowing assessment of spatially resolved multi-exponential T,
has recently been proposed [34] and applied to apples. Using this MRI method, the multi-
exponential T, and their relative amplitudes can be directly computed in different regions of
interest.

The techniques commonly used for the analysis of fruit tissue structure (i.e.
microscopy and X-ray microtomography) have a local character and therefore do not provide
a global view of the whole fruit. Additional spatially resolved information on the relative

proportions and properties of water in cell compartments and on the microporosity of tissues



would therefore increase understanding of fruit microstructure and help to understand factors
affecting its texture. The main aim of the study presented here was to evaluate the
microstructure of apple parenchyma via spatially resolved multi-exponential T, relaxation
measurements. As apple tissue is known to be very porous, microporosity maps were
computed and considered in the analyses of relaxation parameters. The sensitivity of T, to the
cell dimensions in the range of cell sizes found in apple parenchyma was investigated to
improve our understanding of the MRI signal in fruit. The second aim was to investigate
variations in both T, and microporosity inside apple fruit, with a focus on the parenchyma
tissues. Multi-exponential T, and microporosity maps were established in 54 fruit from 3
different cultivars. Fruit of different sizes were selected for each cultivar to provide cells of
different dimensions. Macrovision measurements [35] were carried out on all fruit to

investigate cell morphology and to estimate the cell size of the samples.

2 Materials and Methods

1. Fruit and sampling

Apples were studied from three different cultivars (Fuji, Ariane, Jonagored) harvested at

maturity. Their horizontal and vertical circumference (C,and C,) were measured with a
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measuring tape and volumes were estimated as V = 37 ((

weighed on a digital balance (Testus PFCD 6000, France) and sorted for weight:

1) Fruit from the Fuji cultivar consisted of 9 large (290 £ 23 g), 9 medium (185 = 21 g) and 9

small (124 £ 27 g) apples (standard deviation corresponds to the dispersion of apple weights).



2) Fruit from the Ariane cultivar consisted of 6 medium (187 + 12 g) and 3 small (133 £ 3 g)

apples.

3) Fruit from the Jonagored cultivar consisted of 7 large (301 g £ 21 g) and 7 small (131 + 16

g) apples.

Fuji and Ariane apples were grown at an experimental station (INRA, Angers) and were
stored at 2°C for two months. Jonagored apples were obtained from a local organic farmer

and stored at 2°C for five months.

Three samples were taken from the outer pericarp of 9 Fuji fruit (3 of each size) and 3 Ariane
fruit (2 small and 1 medium) to measure water content (WC). WC was expressed as

difference in weight after lyophylisation (Cosmos, Cryotec, Saint-Gély-du-Fesc, France).

2. MRI

1. Acaquisition

MRI measurements were carried out on a 1.5T MRI scanner (Magnetom, Avanto,
Siemens, Erlangen, Germany). Fruit were maintained at a constant temperature (20 + 0.5°C)
during acquisitions. The median planes of fruit (transverse section at middle height of fruit)
were imaged with a pixel size of 1.19 mm?, a slice thickness of 5 mm and a repetition time of
10 s. Two MRI sequences were performed: (i) a multi spin echo (MSE) sequence, with inter-
echo spacing (ATE) of 7.1 ms, bandwidth 260 Hz, 1 scan and 512 echoes per echo train for
estimation of T, and (ii) a multi gradient echo (MGE) sequence, with first echo time (TE1) of

2.8 ms and ATE 1.6 ms, bandwidth 1096 Hz, 12 echoes and 2 averages for estimation of T,*.



2. Image processing

The T, and T,* of apple parenchyma were computed by both pixel-by-pixel- and Region
of Interest (ROI)- based approaches, as described above. First, a pixel-by-pixel approach was
used to calculate T, and T,* maps using Scilab software. Prior to fitting, seeds and core tissue
around them together with the image background were masked using Otsu’s thresholding
method [36]. Mono-exponential T, maps were generated by performing pixel-to-pixel fitting
via the Levenberg-Marquardt algorithm for chi-square minimization according to Eq. (2) (for

i=1).

L

A(t) =", A, Xe "5 + const Eq. (2)

where t is the time, 4; the amplitude, T, the transverse relaxation time of each component of

the signal and const a value modeling the background offset. T,* maps were computed as
described for T, maps by substituting T, by T,* in Eqg. (2). Apparent microporosity maps

were then computed from T, and T,* maps according to Musse et al [19].

An ROI-based approach was used for estimation of multi-exponential relaxation
parameters as it improved the Signal to Noise Ratio (SNR) [34]. ROIs were selected manually
on homogeneous regions of mono-exponential T, maps using ImageJ software [37]. Regions
with homogeneous mono-exponential T, were considered to have homogeneous multi-
exponential T,. The outer and inner parenchyma regions were selected to be close to the
cuticle and the core, respectively (Fig. 2A). Selection of the outer parenchyma region avoided
the first 2 mm region under the cuticle while selection of the inner parenchyma avoided the
principal vascular bundles. The mean ROI signals were computed with ImageJ software for

all the MSE images of the series and then fitted via the Levenberg-Marquardt algorithm for



chi-square minimization with TableCurve 2D software according to a tri-exponential decay

curve (Eq. (2), i=3).

Values of the apparent microporosity used for statistics were estimated for the same ROIs as
selected for estimation of multi-exponential T,. In order to improve accuracy, T, and T,*
required for microporosity estimation were computed from the mean ROI intensity values

rather than on a pixel-to-pixel basis.

3. Macro-vision imaging

1. Sampling and acquisition

Two days after MRI measurements, samples were taken from each fruit for macrovision
imaging. The sampling protocol consisted of cutting a 1 cm slice, corresponding to twice the
MRI virtual slice, at the equator of the fruit. Two 1 cm wide rectangular samples were then
taken from the parenchyma (see Fig. 2B, gray line) and kept for two months at 4°C in a
solution composed of 85:10:5% (v/v) ethanol 96%, formaldehyde 37% solution and acetic
acid. Before imaging, tissue was rehydrated by placing the sample in successive ethanol baths
(70%, 50% and 30%). Finally, 200 pm thick sections were cut from the middle of each
sample using a vibrating blade microtome (MICROM, HM 650V, Microm International
GmbH, Walldrof, Germany). They were degassed for 30 s under mild vacuum to remove
remaining air bubbles. Sections were then imaged under water using a macro-vision system
[35] comprising 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 fiber-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 and images were digitized in 1620 x1220

pixels (pixels of 3.6x3.6 um?).



2. Image processing

Two to four images per fruit were selected for image analysis. Images were considered for
visual texture analysis according to both cell morphology and arrangement as they did not
allow segmentation of cells. Image pixels were coded from 0 (black) to 255 (white). Gray
level granulometric methods were applied using MatLab software to extract overall
information concerning distribution of cell dimensions[35] on ROIs of the inner and outer
regions of the parenchyma (see Fig. 2B). ROIs were selected (MatLab software) to
correspond to MRI ROIs. Outer ROIs began at 1.5 mm from the cuticle and ended at 40% of
the image length. Inner ROIs began at 60% of the image length from the cuticle and were
80% of the outer ROI length wide. By applying successive morphological closings on ROIs,
dark objects on the image smaller than the structuring element were filled by the mean pixel
value under the mask. A curve V; was constructed by measuring the sum of gray levels after
each closing step versus the size of the structuring element. The raw curve was normalized

according to the sum of the initial (Vinitiar) and final (Vsina) gray levels and written as:
gi = (Vi Vier)/ (Vinitiar—Vinal) Eq 3.

where g(i) is the percentage of variation in gray level for the i* step. The maximum size of the

structuring element was set at 200 pixels, corresponding to 726 pm.

Horizontal and vertical linear structuring elements were applied, allowing analysis of cell
dimensions in both directions. To compare the results from the different fruit, granulometric
curves of gray levels were summarized for each direction by computing mean gray level sizes
as the weighted sums bellow, thus providing the mean cell length (I) in the direction under

consideration:



— imax ghilsloglt;)
L= exp (Ef:l 100 ) Eq 4.
where t; is the size of the structuring element in um and imax the number of closing steps. This

mean was considered to emphasize the smallest size.

Cell volume was estimated by considering the cells to be cylinders with the height (h) radial
to the cuticle (cells were radially elongated) and the radius (r) parallel to the cuticle:

V =nar? x h.

As they were based on variations in gray level of pixels, granulometric curves did not
measure the actual cell dimensions but a combination of cell dimensions and gray levels in
which cells and pores could not be distinguished. Cell dimensions and consequently volume

were therefore subject to uncertainty.

4. Statistics

ANOVA tests were performed using Statgraphics (Centurion) software to detect
significant differences (p < 0.01) between measurements. The multifactor ANOVA test was
applied to evaluate the differences between fruit sizes (small, medium and large) and between
the inner and outer regions. Fruit size, region and cultivar, taking into account both cultivar
and storage period, were used as factors. F-tests were performed on the results to assess the

significance of the differences observed.

3 Results and discussion
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1. Spatial distribution of T,

Typical mono-exponential T, maps of Fuji and Ariane apples of different sizes are shown
in Fig 3. The maps reflect the heterogeneity of the apple tissues. A pattern of radial variation
was observed, with a progressive increase in T, values from the center of the fruit (~300 ms)
to the region near the cuticle (~ 450 to 600 ms). The average T, in the inner parenchyma was
about 350 ms, whereas it was about 600 ms in the outer parenchyma. In some apples,
independently of fruit size or cultivar, the T, of the core and of the middle parenchyma were
close and made it possible to distinguish the core from other tissues (e.g. medium Ariane fruit
Fig 3). The vascular bundles were seen in some Fuji apples as their T, values contrasted from
the surrounding tissue, the T, values being either higher or lower depending on the bundle
(large Fuji, Fig 3). Vascular bundles are known to be composed of small cells and lignified
cell walls. They should thus have lower T, values than the surrounding tissues and the
contrast should generally emphasize dry bundles. The high T, (up to 800 ms) observed in the
vascular bundle areas probably corresponded to water-filled large vessels. In some fruit,
differences between fruit sides were observed (for example, differences between the top and
bottom in the T, map for the Ariane cultivar, Fig. 3). Fruit development conditions such as
sun exposure may have been at the origin of these differences between the two sides of the

fruit.

Independently of fruit size, T, maps showed similar radial T, variations. However, when
comparing fruit of different sizes, a global increase in T, value with fruit size was observed
for parenchyma tissues. In particular, T, in the outer parenchyma region were about 450 ms

for small fruit and up to 600 ms for large fruit.

The Jonagored cultivar (Supplementary data 1) showed a very similar global aspect, in

terms of both the T, map pattern and the relationship between T, and fruit size.

11



In order to investigate sub-cellular water status and distribution, multi-exponential fitting
was performed on the mean signal from the ROIs (Fig 2 A) corresponding to the outer and
inner parenchyma. The results for all fruit are given in Table 1. In all cases, the multi-
exponential T, parameters consisted of one short T, component (< 80 ms) with low relative
intensity (< 10 %), an intermediate T, component (100 to 220 ms) with 14 to 20% of signal
intensity and a long T, component (400 to 550 ms) representing 70 to 80% of the signal. For
comparison, the mono-exponential value measured on the same ROIs (T2mono) IS given in
Table 1. The standard deviations did not increase between the mono- and the multi-
exponential results, indicating there was no degradation of the fit although seven variables
were used for fitting instead of three. The relationship between Tomeno and T,z was

linear, (y = 1.12 X x,7* = 0.97) while none was found between Tz, and Tamono OF T21 and

T2mono, demonstrating that the variations observed with mono-exponential T, mainly reflected
changes in the vacuole compartment. However, Tomono Underestimated the T, of the vacuole

compartment and did not provide access to other compartments.

Table 2 shows the results of the ANOVA test performed on mono- and multi-exponential
data, with gray cells corresponding to significant variations. The mono-exponential T, was
found to be discriminating for all parameters studied with a relatively high F-factor for the
position, confirming observations from mono-exponential T, maps (Fig 3). In the case of the
multi-exponential parameters, the most discriminating parameter depended on the variation
considered. Tp3 had the most significant variations when comparing different positions, in
agreement with the analysis performed on mono-exponential data, and reflecting a change in
vacuole water status. The relative intensities of components 3 and 2 (los, lo2) also varied
significantly between the inner and outer parenchyma. According to the attribution of the

different T, components proposed by Snaar et al. [12], this means that the proportion of
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vacuole water was higher and the proportion of cytoplasm water was lower in cells of the
outer parenchyma than in cells of the inner parenchyma. Finally, T,, was also found to vary
significantly between the inner and outer parenchyma, reflecting changes in the cytoplasm
water status in addition to the proportion of water enclosed.

The parameters for fruit size were less affected. Only variations in T,z and lo, were
significant, the relaxation time being lower and proportion of water enclosed in the cytoplasm
being greater in the inner parenchyma.

On the other hand, variations between apple cultivars significantly affected all
components of the multi-exponential T, signal, with relatively high F-factors which were not
observed with the mono-exponential T,. The parameters associated with the first component
varied very significantly between cultivars but not between the outer and inner parenchyma
tissue or between fruit of different sizes, suggesting that the amount of water and the
relaxation time attributed to the cell wall were cultivar specific. Besides genetic factors, these
differences might also have originated from pre-harvest conditions and storage time before
measurement as the Jonagored cultivar was mainly responsible for these differences. Fruit
from this cultivar were studied after 5 months’ cold storage whereas the others were analyzed

after 2 months’ cold storage.

The water content did not explain variations in T, values: it was 82.8 +1.3% and
82.1 £ 0.7% in the outer parenchyma tissue of Fuji and Ariane fruit, respectively, and no
significant variations were observed with size differences for the Fuji cultivar. Due to
experimental constraints the water content was not measured for the inner parenchyma tissue
but, in light of the T, variations observed, very significant changes in water content would be

necessary, which were most unlikely [13].

As microporosity is also known to affect T, it was calculated to check its influence on the

variations in T, observed.
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2. Apparent microporosity and its impact on T,

The heterogeneity of the apparent microporosity in apple tissues of Fuji and Ariane
cultivars is depicted in Fig 4. Vascular bundles were the least porous parts of the fruit and
were situated in a low microporosity region, highlighting the border between the core and the
parenchyma tissues. Microporosity increased from this border to the outer parenchyma region
and then decreased near the cuticle. For example, apparent microporosity values were about
15% of gas in the tissue for the core, from about 30 to 40 % for the parenchyma and about
10% in the vascular bundles of Ariane fruit. The same pattern was observed for the Jonagored
cultivar (Supplementary data 1). The apparent microporosity measurements on ROIs from the
outer and inner parenchyma are presented in Table 1 and confirm results from microporosity
maps. Indeed, apparent microporosity in the outer parenchyma region was higher than in the
inner parenchyma region. The result of an ANOVA-test (Table 2) showed this variation to be

significant.

On looking at different fruit sizes, apparent microporosity of the outer parenchyma
increased with the dimensions of fruit for all cultivars (Table 1). Microporosity of the inner
parenchyma showed smaller variations with fruit size, in particular for Ariane fruit. In
contrast, the greatest variations in the outer parenchyma were found between small and
medium Ariane apples, although these fruit did not vary much in size. The microporosity of
Fuji apples increased between the small and medium sizes but not between the medium and
large sizes. These results confirmed the increase in apparent microporosity reported with fruit
size for Royal Gala apples [6] and also highlighted that maximum microporosity can be
reached, according to the cultivar. This upper limit may explain the absence of variations in

microporosity in Empire apples reported by Goffinet et al. [8]: as fruit thinning had been used
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to increase fruit size, the different sizes studied may have corresponded to fruit which had

already reached a maximum and constant microporosity.

Herremans et al. [7] used X-Ray micro-CT to measure microporosity in three regions of
Braeburn apples: Region 1, corresponding to a mix of outer parenchyma and under-cuticle
regions as defined in the present paper, Region 2, corresponding to a mix of outer and inner
parenchyma tissue, and Region 3, corresponding to the core tissue. They reported apparent
microporosity values of 15, 18 and 19.9% for regions 1 to 3, respectively. Our results are in
good agreement with these findings. The core tissues of Ariane, Fuji and Jonagored apples
had the lowest microporosity; the low microporosity observed in the under-cuticle region in
the three cultivars support the lower microporosity of Region 1 compared to the middle cortex
reported in Braeburn apples [6]. The microporosity of Fuji apples estimated using X-Ray
microtomography was 29% for an under-cuticle/outer parenchyma region [38], which was
lower than our measurements (39% for outer parenchyma). However, numerous aspects
should be considered when comparing microporosity values calculated from different
techniques. First, from a biological point of view : studies on different apple cultivars have
shown that microporosity values are cultivar dependent and vary according to pre- and post-
harvest conditions and maturity [3,7,8]. For example, the microporosity estimated in the
middle parenchyma tissue of Braeburn and Jonica apples was 10 % and 16%, respectively, the
former increasing during 3 months storage to 18%, the latter decreasing to 14% [3]. The
measurement method is another factor: X-Ray microtomography values depend on the
measurement protocol. The microporosity varied between 19 and 29% in parenchyma tissue
of Jonagold apples depending on the image resolution and representative elementary volume
used for the analysis [39]. Similar variations can be expected for MRI since the apparent
microporosity depends on the main magnetic field strength [18]. Comparison of

microporosity values from different experiments is therefore difficult, especially as the
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regions considered for microporosity quantification differ between studies. To circumvent this
last limitation, MRI represents a more suitable approach for the analysis of fruit structure as it

allows the measurement of the spatial distribution of microporosity in a whole fruit.

Both apparent microporosity and T, maps were characterized by specific radial variations
(Figs. 3 and 4) with relatively similar aspects. The T3, T2, and microporosity values were
higher in the outer than in the inner parenchyma region (Table 1). Since higher microporosity
induces lower T, [18], microporosity was thus not the main factor explaining the variations in
T,, and T,3. However, as microporosity was considerably higher in the outer than in the inner
parenchyma, the T, and especially T,3 value ranges were probably underestimated and
differences in relaxation times between the parenchyma were very probably reduced.
Defraeye et al. [33] used a high field MRI scanner (11.7 T) and an MSE sequence with a 7 ms
echo time very close to the echo time we used (7.1 ms). They found relatively low T, values
(between 25 and 40 ms) that were higher in the inner parenchyma than in the outer
parenchyma. This discordance with our results is probably due to the effects of microporosity-
induced susceptibility inhomogeneities at high field and the relatively long TE used [18,34].
As microporosity was found to have more impact on T, in tissue rich in air [19], higher
microporosity of the outer parenchyma shortened T, values, resulting in lower T, values than
for the inner parenchyma. This explanation is supported by their low T, values, as the T, of
porous fruit was shown to decrease with the increase in the magnitude of the main magnetic
field [19]. The T, values measured by Defraeye et al. therefore seem to reflect changes in

microporosity rather than changes in water status.

3. Tissue histology and MRI measurements
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Fig 5 shows the macrovision images of parenchyma of Fuji and Ariane cultivars with
zooms on the regions corresponding to the ROIs used for MRI analyses in the outer and inner
parenchyma tissue. The parenchyma tissue was heterogeneous in terms both of cell size and
shape. Under the cuticle, an approximately 2 mm wide region was composed of small cells
with sizes increasing with distance from the cuticle. This region matched the first peripheral
pixels of T, and microporosity maps (Figs. 3 and 4) characterized by lower apparent
microporosity and T, values than the rest of the parenchyma tissue. As the cells were small,
there was more light diffusion on the image and the region appears whiter compared to other
regions. The outer parenchyma tissue was characterized by round cells of roughly 180 pum.
For most fruit studied, the cells tended to elongate in a direction perpendicular to the cuticle
when the distance from the cuticle increased. Some inner parenchyma tissues included non-
elongated cells (Fig. 5 D). The elongated cells observed close to the vascular bundles were
often oriented (Fig. 5, A, B) in the direction of the closest vascular bundle. The border
between the parenchyma and core tissues (Fig. 5 A, B and C, arrows) was a compact tissue
with smaller cells, appearing slightly brighter as in mature fruit [40,41]. These findings agree
with previous studies on apple parenchyma histology, showing the tissue cell morphology
dependency on location [2,3,42]. They highlighted heterogeneity of the higher tissue structure
of the inner parenchyma compared to the outer parenchyma tissue for fruit of the same size
and cultivar. When comparing fruit of different sizes, large fruit appeared visually to be richer
in intercellular spaces in the outer part of the pericarp (Fig. 5). The cell shape of small fruit

tended to be more heterogeneous in the inner parenchyma tissue.

The cell morphology of the Jonagored cultivar was similar and varied in the same way

between the outer and inner regions (Supplementary data 2).

The image texture algorithms used to analyze macrovision images Yyielded size

distributions of dark objects, which were used to estimate mean cell sizes, assuming that dark
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objects were all cells. Cell volume was estimated by computing the estimations of horizontal
and vertical cell sizes (Eq. (4)). An ANOVA revealed a significant variation in cell volume
between the inner and the outer parenchyma tissues (F=18.40, p=0.000), the outer
parenchyma cells being larger than the inner parenchyma cells, and between the outer
parenchyma of fruit of different sizes (F = 10.17, p = 0.000). The tissue heterogeneity within
apple cultivars reduced the differences between the different apple varieties. The
heterogeneity was greater in the inner parenchyma tissue due to cell elongation and the
presence of vascular bundles. Further analysis was therefore focused on the outer
parenchyma. As the thickness of the section was 200 pum (although cell size varied), fruit with
small cells had more cell layers, which resulted in underestimation of cell size for such fruit
(Fig. 5C). However, underestimation was limited as the granulometric analysis was based on

gray levels.

Fig. 6 depicts cell volume of the outer parenchyma region as a function of fruit weight.
As the relationship between weight (w) and volume (V) was linear

(w =1.18 x V, r* = 0.93), fruit weight was used instead of estimation of fruit volume, the

measurement of which was less precise. The relationship between cell size and fruit size
depended on the cultivar being studied. The graph shows that cell size slightly increased with
fruit size only for the Fuji cultivar and in the small and medium fruit range. These results
confirm that the size of the fruit can depend on the cell number and size [4,5], or on both
parameters, and underline the significant dependency of this relationship on cultivars.
ANOVA performed only on the Fuji cultivar resulted in an F-value of 20.64, confirming the
relationship between cell volume and fruit size.

According to Van der Weerd et al. [16] the relaxation rate of the third component (1/T3)

depends on the vacuole size (Eq. (1)), the latter being approximated by cell size in vacuolated
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cells. The relationship between 1/T,3 and cell size was investigated for the outer parenchyma
of Fuji cultivar, for which both T3 and cell volume differed between apples of different sizes.
There was considerable data dispersion and consequently a relatively weak linear relationship

was established (r* = 0.59). The relatively weak association between 1/T»; and cell

dimensions was at least in part linked to the narrow range of cell sizes found in this study.
Indeed, Van der Weerd et al. studied pearl millet and maize stems with approximate cell radii
of a few micrometers to a hundred micrometers (factor 20) while the radii of apple cells of
this study ranged from 145 pum to 220 um (factor 1.5). Nevertheless, the intercept of the fitted
line in Fig. 7, corresponding to the bulk T, of the vacuole, was about 2.12 s, as expected (T>
for water at 20°C was 2.08 s) and the slope of the line linked to the magnetization sink

strength parameter was H = 9.0 x 107* m.s ™1, The value of H obtained in this study was

higher than the values observed on maize and pearl millet (2.8 x 107° m.s7!

and 4.0 X 107°m.s™'  respectively) [16], on Cameron and Quest tomatoes

(1.1 x 107°and 0.5 x 107°, respectively) [43] and on Granny Smith cultivar apples

(1.0 x 107°) [10]. However, differences in protocols may be at the origin of these variations.

First, Van der Weerd et al. [16] considered the mono-exponential T, to be the vacuolar T,
while the vacuolar T, in the present study was estimated from the multi-exponential
relaxation. A T, computed with a mono-exponential fit as in Van der Weerd’s study resulted

in a higher H value (H,,,, = 10.0 X 107° m.s~*). Furthermore, measurements in the

present study were performed on a higher field and with longer TE, thus underestimating T,

because of the impact of microporosity [18,34]. Using a relationship established between
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NMR (20 MHz, TE =0.1 ms) T, and MRI T, [34], new values of H could be approximated:

Hyug = 38 X 107 m.s™! and Hyyg mone = 4.0 X 107* m.s™%. The latter values are

closer to each other than the original values, indicating that the porosity effect on T, was
corrected. Moreover, the latter values are in the range of H values from previous studies.
However, as illustrated by the change in H value between the MRI and NMR methods, it is

difficult to compare the values obtained by different methods.

On the other hand, when looking at the whole data set, including both inner and outer
parenchyma data, the relationship between cell dimensions and T,3 (Eq. (1)) no longer exists
even for the Fuji cultivar. This result indicates that variations in T, within parenchyma cannot
be explained only by changes in cell sizes. Other phenomena may be the causes of these
variations [10]. For instance, the permeability of cell membranes may vary inside tissues and
between cultivars. Further, different plant cell components (sugars, proteins and other
macromoleculs) may alter relaxation times via chemical exchange [11]. Raffo et al. [44]
investigated the relationship between transverse relaxation and changes in chemical
composition occurring during ripening of banana fruit. They demonstrated that an increase in
T, was linked to the decrease in starch concentration, while the increasing sugar concentration
produced only minor effects. On the other hand, studies on kiwifruit [45] or Asian
persimmon [46] did not shown any obvious relationship between the monoexponential T,
relaxation time and the tested cell solutes. The impact of the chemical composition on the T,

relaxation has therefore to be elucidated.

4  Conclusion

We demonstrated in this study that a combined quantitative MRI approach based on

multi-exponential T, and porosity measurements provided better discrimination between
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tissues than the previous mono-exponential T, map approaches. Indeed, multi-exponential
fitting allowed investigation of water status and distribution at the subcellular level.
Moreover, a reliable interpretation of T, was ensured, taking into account tissue porosity. It
was also shown that measurements at a relatively low magnetic field (1.5 T) make it more
possible to discriminate tissues than measurements performed at a high field where strong

effects of magnetic susceptibility prevent reliable T, mapping.

Investigating apple fruit on a millimeter scale using mono-exponential T, and porosity
maps confirmed the heterogeneous structure of apple parenchyma tissue and identified two
homogeneous regions in parenchyma (inner and outer parenchyma). Differences between the
regions were then assessed for all the parameters measured (multi-exponential relaxation
times and associated relative amplitudes, apparent microporosity and cell size) for the three
cultivars, providing information at the subcellular and tissue level. As relaxation components
were linked to cell compartments, these differences were interpreted in terms of modification
of the water distribution between the vacuole and the cytoplasm and modification of
membrane permeability. Moreover, a difference in the T, attributed to the cell wall (T2y),
observed between cultivars suggests that MRI measurements could be used for the
characterization of tissue texture as this might be related to turgor pressure, supported by the

cell wall.

Multi-exponential fitting was performed on ROIs in this study. The challenge for
better characterization of fruit tissue will be to apply the same approach to individual pixels in
order to compute maps corresponding to the T, and associated signal intensity of the different
components. This would require a higher signal to noise ratio and probably improving the

image processing method used.
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As mentioned above, specific variations were also observed between cultivars in
addition to the relaxation times and porosity distributions inside fruit. The same pre-harvest
conditions, maturity at harvest and storage conditions (shown to affect porosity and relaxation
times) for all cultivars would be required to generalize these results. Further investigations

will therefore be necessary to assess specific cultivar features.

As T, differences were also observed between fruit of different sizes, the results of
MRI and histological measurements were compared to investigate the sources of these
variations. These showed that variation in cell size might be linked to the vacuole-associated
T,, as correlations were established between cell size and T,3. However, compartment size
only partially explains the variations in T, and several other parameters may be the causes of
these variations. Measuring and mapping the diffusion coefficients, as well as measuring

concentrations of cell solutes could contribute to the better understanding of the signal.

The MRI mapping of apparent microporosity in this study and determination of the spatially
resolved multi-exponential T, relaxation demonstrated the high value of these approaches in
the non-destructive determination of apple microstructure. These methods will be particularly
valuable for the sampling of specific tissues to further investigations into the origins of T,

contrast and the impact of tissue microstructure on fruit texture.
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LEGENDS:

Figure 1: Diagram of the equatorial plane of an apple showing the internal structure of the

fruit.

Figure 2: MRI T,-weighted image showing (A) the regions of interest used for MRI multi-
exponential fitting corresponding to the outer (white) and inner (black) parenchyma tissue and
(B) the region of sampling used for the macrovision imaging (gray) with the outer (white) and

inner (black) areas used for granulometric analysis.

Figure 3: Mono-exponential T, maps of Ariane and Fuji cultivars of different sizes. The
reader is referred to the web version of this article for interpretation of the references to color

in this figure legend.

Figure 4: Apparent microporosity maps of Ariane and Fuji cultivars of different sizes. The
reader is referred to the web version of this article for interpretation of the references to color

in this figure legend.

Figure 5: Macrovision images of two sizes of Fuji (A-B) and Ariane (C-D) cultivars,
corresponding to the whole parenchyma region, and zoom-in on regions in the inner and outer

parenchyma as analyzed using granulometric methods. Scale bar is 2 mm.

Figure 6: Plot of cell volume as a function of fruit weight for the three cultivars studied.

Figure 7: Plot of the vacuole compartment-associated T, (T,3) as a function of cell dimensions

for the Fuiji cultivar. The linear fit is indicated as a line (r* = 0.60).
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SUPPLEMENTARY DATA:
Figure 1: Monoexponential T2 (A) and apparent microporosity (B) maps of Jonagored
cultivar for the different sizes. The reader is referred to the web version of this article for

interpretation of the references to color in this figure legend.

Figure 2: Macrovision images of two sizes of Jonagored cultivar corresponding to the whole
parenchyma region and zoom-in on regions in the inner and outer parenchyma as analyzed

using granulometric methods. Scale bar is 2 mm.
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A: Fuji, caliber 3

B: Fuiji, caliber 1
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supplementary figure 2

A: Jonagored, caliber 3

B: Jonagored, caliber 1




Table 1

Table 1. Multi-exponential fit parameters and estimations of microporosity in parenchyma of apple

A. Outer Parenchyma
Cultivar  Size 1p1[%] Ta[ms] 102[%] Ta[ms] loz[%] Ta[ms]  Tamono [MS] Porosity [%6]

Ariane 30 31+4 17+0 139+9  80+1  531+22 469+23 42+4
3+0 2242 15+1 129+8  82+1 524126 469+18 34+2

L 3+0 25+2 14+1 136+4  82+1 549+7 494+5 39+2

Fuji M 30 23+2 14+1 126+6 831 522424 471+23 39+2
S 2+1 20+4 14+0  115+11 83+1  482+34 437+30 33+3

Jonagored 7+4 65+22 19+1  214+69  74+5  512+30 451+22 3414
J 7+4 67+21 14+3  187+41 78+2 46524 42024 2816

B. Inner Parenchyma
Cultivar Size lo1 [%] T [ms] lo2 [%] Ty [ms] los [%] To3 [ms] Tomono [mS] Porosity [%]

Ariane 3+0 18+4 21+1 104+5 761  407%26 351+24 2816
30 19+4 17+0 107+4  80+0  451+20 401+17 28+2

L 3+1 18+4 18+1 113+8  79+1  465%25 410+22 26+3

Fuji M 3+0 18+3 17+1 104+7  80+1  439+26 390+22 28+2
S 3+1 16+3 16+1 98+6 81+1  410+22 368+20 25+4

Jonagored 8+4 5719 19+2 17547 7243  454+21 395+17 25+3
14+4 8012 14+6  210+50 71+6  414+24 362+24 19+4

Results of the fit using the Levenberg-Marquardt algorithm are presented for outer (A) and inner (B)
parenchyma ROIs of each cultivar.




Table 2

Table 2. Analysis of variance for MRI parameters with position within parenchyma, size and fruit

lo1 Ta lo2 Ta los Tas T2mono Porosity

F P F P F P F P F P F P F P F P

Position 3.3 0.07 48 0.03 252000 119 0.00 326 0.00 198.6 0.00 230.8 0.00 203.5 0.00
Caliber 22 0.11 1.3 0.27 16.3 0.00 0.5 0.60 3.6 0.03 32.8 0.00 24.2 0.00 20.0 0.00
Cultivar 64.2 0.00 166.1 0.00 10.8 0.00 659 0.00 77.2 0.00 7.1 0.00 10.9 0.00 12.4 0.00

F-test value (F) and probability for the null hypothesis (P) are presented for each MRI parameter.




