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Our understanding of the gas exchange mechanisms in plant organs critically depends on insights in the three-dimensional
(3-D) structural arrangement of cells and voids. Using synchrotron radiation x-ray tomography, we obtained for the first time
high-contrast 3-D absorption images of in vivo fruit tissues of high moisture content at 1.4-mm resolution and 3-D phase
contrast images of cell assemblies at a resolution as low as 0.7 mm, enabling visualization of individual cell morphology, cell
walls, and entire void networks that were previously unknown. Intercellular spaces were always clear of water. The apple
(Malus domestica) cortex contains considerably larger parenchyma cells and voids than pear (Pyrus communis) parenchyma.
Voids in apple often are larger than the surrounding cells and some cells are not connected to void spaces. The main voids in
apple stretch hundreds of micrometers but are disconnected. Voids in pear cortex tissue are always smaller than parenchyma
cells, but each cell is surrounded by a tight and continuous network of voids, except near brachyssclereid groups. Vascular and
dermal tissues were also measured. The visualized network architecture was consistent over different picking dates and shelf
life. The differences in void fraction (5.1% for pear cortex and 23.0% for apple cortex) and in gas network architecture helps
explain the ability of tissues to facilitate or impede gas exchange. Structural changes and anisotropy of tissues may eventually
lead to physiological disorders. A combined tomography and internal gas analysis during growth are needed to make progress
on the understanding of void formation in fruit.

Gas exchange of plants with their environment is
essential for metabolic processes such as photosynthe-
sis and respiration. In roots and bulky storage organs
such as fruit and tubers, insufficient exchange of O2
and CO2 might lead to anoxia, physiological changes,
and eventually cell death (Denison, 1992; Drew, 1997;
Geigenberger et al., 2000; Franck et al., 2007). Because
gas exchange to a large extent depends on the struc-
tural arrangement of cells and intercellular spaces
(Parkhurst and Mott, 1990; Aalto and Juurola, 2002;
Cloetens et al., 2006; Mendoza et al., 2007), visualiza-

tion and quantification of the tissue microstructure
improves our understanding of exchange mechanisms.

The complex three-dimensional (3-D) organization
of cells in tissues is today recognized as an important
aspect of cell biology research (Abbott, 2003). The
interest in 3-D imaging techniques at micrometer and
submicrometer scales to visualize biological micro-
structures has consequently grown, today even at
nanometer scales in individual cells (Larabell and Le
Gros, 2003; Attwood, 2006). In tissues, the structural
arrangements of cells create specific pathways for
transport of chemical compounds to and from cells.
Visualization of these pathways by x-ray microtomog-
raphy of tissues in their natural state has been difficult,
because of the low contrast and limited resolution
(Westneat et al., 2003; Kuroki et al., 2004; Kim et al.,
2006; Rau et al., 2006; Mendoza et al., 2007). Important
features such as small voids between cells, vascular
capillaries, or cell walls could therefore not be visual-
ized, rendering incorrect connectivity information.
Further, individual cells have not yet been distin-
guished in images obtained by absorption mode x-ray
tomography.

Phase contrast imaging has been developed for edge
enhancement on tomographs with low absorption
mode contrast (Davis et al., 1995; Cloetens et al.,
1999). High-resolution phase tomography of biological
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tissues at a pixel size close to 1 mm has only recently
been achieved (Plouraboue et al., 2004; Thurner et al.,
2005), but required sample preparation to improve
contrast on the images. For in vivo observations, high-
resolution phase tomography has so far only been
applied to relatively dry- or hard-biological samples,
such as plant seeds (Stuppy et al., 2003; Cloetens et al.,
2006). Wet, soft samples are more susceptible to dam-
age by the x-rays. Diffraction imaging has been
achieved on individual cells at resolutions better
than x-ray optical devices (Miao et al., 2003; Shapiro
et al., 2005), but larger samples that represent entire
tissues require other techniques (Cloetens et al., 2006).

High resolution phase tomography using synchro-
tron radiation is used here to explore at submicrometer
resolution 3-D plant tissues with high water content in
their natural state. As explained by Salvo et al. (2003),
synchrotron radiation x-ray tomography has impor-
tant advantages over x-ray tube tomography. X-ray
tube tomography produces a divergent beam; there-
fore the resolution is limited by the beam angle and the
required field of view. The beam angle may also pro-
duce artefacts in the reconstructed images. The paral-
lel beam produced by synchrotron radiation with good
spatial coherence makes a quantitative reconstruc-
tion, free of geometrical and beam hardening artefacts,
possible. These conditions can only be achieved at
large-scale facilities that produce high-energy flux
sources and long distances between source and tomog-
raphy setup (on the order of 100 m). The facility at the
European Synchrotron Radiation Facility (Grenoble,
France) was accessible to the authors on the basis of a
successful research proposal.

In plants, tissue structure determines to a large
extent the internal pathways for gas exchange
(Colmer, 2003). Insufficient exchange of O2 and CO2
leads to altered cellular metabolism and can dramat-
ically change plant growth (Drew, 1997; Fukao and
Bailey-Serres, 2004). The effect of the actual 3-D tissue
structure of plant organs has long been put forward
but not yet quantified for explaining gas exchange in
plant tissues (Parkhurst and Mott, 1990; Lawson and
Morison, 2006). In this research we have considered
fruits of apple (Malus 3 domestica ‘Jonagold’) and pear
(Pyrus communis ‘Conference’) because their gas ex-
change properties have been shown to be very differ-
ent (Schotsmans et al., 2004; Ho et al., 2006). The
storage life of these fruits and, hence, their year-round
availability to consumers critically depends on their
gas exchange properties (Ho et al., 2006). In some
fruits such as pears, which are typically stored under a
controlled atmosphere with reduced O2 and increased
CO2 levels to extend their commercial storage life,
anoxia and consequent physical disorders such as
browning may occur, eventually leading to cell death
and loss of the product (Franck et al., 2007). Similar
atmosphere conditions, however, do not seem to affect
other fruit such as apples appreciably (Saquet et al.,
2000). Although it is likely that this is related to
differences in concentration gradients resulting from

differences in tissue diffusivity and respiratory activ-
ity, there is little information about such gas gradients
in fruit in the literature. Such knowledge would be,
nevertheless, very valuable both to understand gas
exchange in plant tissue but also to guide commercial
storage practices because disorders under controlled
atmosphere related to fermentation are a prime cause
of concern.

Fresh samples from skin tissue, cortex tissue, and
vascular tissue of the fruits were imaged. To directly
observe voids in the different tissues of the fruit, we
obtained high-resolution and high-contrast absorption
mode x-ray images of fresh fruit samples using syn-
chrotron x-rays at 1.4 and 5.1 mm pixel resolution.
Next, phase contrast x-ray tomography allowed for
edge enhancement of fresh fruit sample images at
submicrometer pixel dimensions of 0.7 mm, enabling
visualization of individual cell morphology, cell walls,
and void networks. In addition to improving the
resolution of void imaging significantly, the experi-
ments were aimed to improve image contrast between
voids and cells. Voids much smaller than 1-mm wide
were, however, excluded from this study.

RESULTS

3-D Architecture of Pome Fruit Tissue

Figure 1 displays two-dimensional (2-D) tomo-
graphic slices of the cortex of apple and pear fruit at
different spatial resolutions. In absorption imaging
mode, the contrast between intercellular spaces and
the cells was excellent (Fig. 1A). Phase contrast to-
mography at submicron pixel resolution results in
images with sharp edges between voids and cells (Fig.
1B). Cell walls between adjacent cells are visible in the
phase contrast images, allowing segmentation of tis-
sues into individual cells. The apple cortex contains
considerably larger parenchyma cells and voids than
pear parenchyma. Voids in apple often appear larger
than surrounding cells and some cells are not con-
nected to an intercellular space. Voids in pear cortex
tissue, in contrast, are always smaller than paren-
chyma cells, but each cell is surrounded by voids.
Parenchyma cells in pear have a round shape without
distinctive corners, thus leaving a space for voids
that have, from small to large, triangular, rectangular,
and few polygonal cross sections with concave sides,
suggesting mainly schizogenous void formation
(Raven, 1996). Apple parenchyma cells more often
appear in distorted shapes and one is more likely to
find touching cell corners in apple without an air void.
The majority of the voids in apple cortex tissue have
large polygonal concave cross sections, indicating a
lysigenous origin (Raven, 1996).

Figure 2 presents the 3-D rendering of parenchyma
cells and the surrounding voids of apple and pear
fruit, respectively, as obtained by segmenting the
phase contrast images (Supplemental Movies S1a
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and S1b). Apart from the size and shape difference, the
difference in void-to-cell connection is especially ap-
parent. Although the voids lie like wires of a tight net
around the pear cell (Fig. 2B), a small number of larger
voids connect in an irregular disconnected pattern to
the apple cell (Fig. 2A).

Void Networks

Segmentation of the void network of pome fruit was
achieved using a manually chosen constant threshold
on absorption images. 3-D representations of the void

networks in the cortex of different fruit are given in
Figure 3 (see also Supplemental Movies S2a and S2b).
We show for the first time that not only the shape and
size of the voids differ between apple and pear. The
connectivity of the network is substantially different
in the two fruits. Voids between apple parenchyma
form an incompletely connected network (Fig. 3A),
confirming previous results (Mendoza et al., 2007)
but now with much better contrast and resolution.
Void spaces can be long and may stretch over several
hundreds of micrometers in the tissue. These voids do
not connect or split, but are surrounded by smaller

Figure 1. A to D, Tomographic images of the cortex of
apple (A and C) and pear (B and D). Shown are slices
(512 3 512 pixels) obtained by absorption tomogra-
phy (A and B), at 5- and 1.4-mm pixel resolution for
apple and pear, respectively, and phase contrast to-
mography (C and D) at 700-nm pixel size. Dark
regions are gas-filled intercellular spaces; light regions
are cells. Cell walls (indicated by arrows) between
adjacent cells can be distinguished in the phase
contrast images and are specifically clear in apple
cortex.

Figure 2. A and B, 3-D rendering of parenchyma
tissue and single cells (in yellow) of apple (A) and pear
(B) with adjacent voids (in blue). Images obtained
from phase contrast tomography. While the voids lie
like wires of a tight net around the pear cell, a small
number of larger voids connect in an irregular dis-
connected pattern to the apple cell.
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individual voids without preferential direction. On the
equator of the apple fruit where the samples were
taken, the axes of the long voids in the cortex tissue are
preferentially oriented in the radial direction into the
fruit.

In contrast, although the void fraction of pear is very
small, the pores form a complete network throughout
the cortex sample without preferential direction (Fig.
3B). Figure 3B essentially exists of structural units as
shown in Figure 2B. The degree of connectivity ex-
ceeds that found in seeds (Cloetens et al., 2006) or
other fruit (Kuroki et al., 2004). However, one partic-
ular feature disturbs the network pattern to a large
extent. The characteristic brachysclereids (stone cells)
that appear frequently in pear fruit cortex have a large
effect on the void network architecture. Figure 3B

displays in the bottom right corner the radially ori-
ented stretched voids that surround a brachysclereid
group. Sclereids are small cells that cease growth
during fruit maturation, which is associated with a
strong lignification of the cell wall. The surrounding
cells that continue to grow evolve into elongated
shapes, leading to the observed void network pattern.
There are very little or no voids in between the
brachysclereids themselves.

The other tissues show very similar differences
between apple and pear. The void architecture of the
subepidermis outer cortex layers is similar to the main
cortex region in both fruits (Fig. 4). However, the cells
of the outer cortex are smaller and packed in a denser
pattern. This results in a less connected void network
for pear, and a smaller volume fraction of the voids in

Figure 3. A and B, 3-D rendering of the void network
of apple (A) and pear (B) fruit cortex. The marked
components are the intercellular void spaces (int) and
the brachysclereids (bra). While the voids between
apple parenchyma are large and form an incompletely
connected network, those of pear are very small and
form a complete network throughout the cortex sam-
ple without preferential direction.

Figure 4. A and B, Epidermis and outer cortex of
apple (A) and pear (B), obtained from phase contrast
imaging at 700-nm voxel resolution. The components
are marked as cuticle (cut), epidermis (epi), hypoder-
mis (hypo), cortex (cor), intercellular spaces (int), and
brachysclereids (bra). The top figures are raw tomo-
graphic 2-D slices (512 3 512 pixels) taken through
the sample, showing the transition from cortex to
hypodermis (apple) and to epidermis (pear). C and D,
Structural 3-D models obtained from the images.
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both fruits (Drazeta et al., 2004a; Schotsmans et al.,
2004). Furthermore, brachysclereids (Fig. 4, B and D)
are seen much more abundantly just beneath the
epidermis of pear, resulting in many interrupted radial
void networks of the type discussed in the previous
paragraph. In apple fruit (Fig. 4, A and C) we found
four layers of tightly packed collenchyma cells below
the epidermis. The considerably thickened cell walls
are clearly visible from the phase contrast images,
mainly at the cell corners. This region is completely
without voids. In pear, the void network extends to the
epidermis, which itself could not be distinguished
from the cuticle (Fig. 4, B and D). Cell wall thickening
does not occur in the pear hypodermis.

The vascular bundles of the fruit run from the stem
to the calyx through the cortex. The 3-D void and
cellular architecture of vascular tissue in apple and
pear fruit is displayed in Figure 5. In harvested pear
fruit (Fig. 5, B and D), the xylem vessels are voids, and
their characteristic lignified cell wall exhibits a spiral
thickening pattern. Twenty to 30 vessels are grouped
with dense elongated xylem parenchyma without
voids (Lang and Ryan, 1994). The concentric phloem
consists of cells stacked in a tight pattern without
intercellular void spaces. The phloem cells are filled
with liquid. The bundle is surrounded by cortex tissue
consisting of increasingly larger cells away from the
bundle, and with the typical void architecture. Vascu-
lar tissue of apple is similar (Fig. 5, A and C), but
contains less but wider vessels that are sometimes
discontinuous in the axial direction, which has been
observed to occur during growth (Drazeta et al.,
2004b). The surrounding phloem does not contain
voids and the voids of the neighboring parenchyma
are not connected. The individual void volumes in the

parenchyma tissue are considerably smaller than the
voids of the cortex (Fig. 3A).

Fruits of different maturity were analyzed. A total of
three cortex samples from each of three different fruits
for each development stage were measured. The
resulting evolution in porosity is given in Figure 6.
We did not find a significant difference in porosity
between the fruits of the different development stages
approaching and beyond picking maturity. Another
remarkable result is that the ripening of the fruit in
shelf life does not affect the porosity of the cortex.
Although pears left on the shelf for 6 d soften signif-
icantly, the cells maintain their structure and water
loss into the intercellular void space does not occur.

DISCUSSION

With this method we are able to visualize air voids
that are as small as 1 mm. This should be sufficient to
identify voids of lysigenous origin, producing air
spaces where cells have died. Schizogenous aeren-
chyma results from cells separating, and the control
mechanism for its development is not well understood
(Jackson and Armstrong, 1999; Evans, 2003). However,
as the middle lamellae separate during formation of
these intercellular spaces, these pores have an infini-
tesimal small size limit at their time of birth. These
smallest pores cannot be visualized with this method,
but it is unlikely that they will be important for gas
exchange. One, they are too small to add a significant
contribution to the overall diffusion. Two, they would
probably be isolated from the main pore network. For
the mature fruits that were measured, the question,
however, arises whether void spaces are still generated

Figure 5. A to D, 3-D rendering of the vascular tissue
of apple (A and C) and pear (B and D). The images are
obtained from tomography in absorption mode at 1.4-
mm voxel resolution (A and C) and at 5-mm voxel
resolution (B). Image D is segmented from phase
contrast images at 700-nm voxel size. The compo-
nents are marked as cortex (cor), intercellular spaces
(int), xylem vessels (ves), and phloem (phl). Image C is
a raw 2-D horizontal tomographic slice (400 3 400
pixels) through the apple sample.
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and growing at this development stage. If not, it is
unlikely that there are any such very small pores in the
fruit. Considering the results in Figure 6, we can
assume that at maturity void formation has completed
because no effect of the maturity stage is seen on void
fraction. Fruit at different growth stages should be
analyzed next to investigate the organogenesis of
aerenchyma in earlier stages of development.

This is, to our knowledge, the first work that quan-
tifies 3-D voids in pome fruit at different development
stages. Furthermore, these results also contribute to
make progress in understanding and describing void
formation in fruits. Current research questions in this
field are dedicated to the processes initiating and
regulating cell separation and cell death leading to
specialized aerenchyma in plant tissues (Evans, 2003).
The measurements support the hypothesis that aeren-
chyma formation in plant organs is mainly a result of a
programmed process that is part of their development.
The following reasons can be given. First, the void
networks in pear and apple fruit are totally different,
although both fruits are grown in similar climate and

soil conditions. Second, the particular void structure is
consistent over different samples and fruits.

The schizogeny in pear is similar throughout the
cortex, indicating that all parenchyma cells have a
control mechanism of ordered growth and division to
create a continuous gas space. Synchrotron x-ray com-
puted tomography can next be applied to visualize the
cell growth and separation in early stages of pear fruit
development to help unravel the development process.

This study provides no evidence whether the void
network in apple stems from extreme schizogeny or
lysigeny, and whether this is a constitutive mechanism
or induced by other stimuli. First, from research on
roots we know that it is difficult to observe any struc-
tural features that set cortex cells dedicated to die apart
from their neighbors, which could be in support of
lysigenous void formation (Inada et al., 2002). The
mechanism of formation of lysigenous aerenchyma by
induction from external and internal factors is currently
receiving considerable support in the literature (Evans,
2003). In roots, hypoxia has been suggested as an
important condition for void formation (Jackson et al.,
1985). The cell death is not merely due to the oxygen
starvation (Gunawardena et al., 2001): rather it is a
result from the initiation of a cell death pathway that
can be triggered also by other factors such as ethylene,
or deficiency of nitrate and phosphate (Drew et al.,
1989). Low oxygen stress may occur as the fruit grows
and the resistance to diffusion of oxygen from the
atmosphere through the skin and the thickening cell
layers of the cortex becomes significant. O2 gradients
have been observed in plant organs such as roots,
tubers, stems, inflorescences, seeds, and fruit (Sinclair
and Goudriaan, 1981; Drew, 1997; Porterfield et al.,
1999; Geigenberger et al., 2000; Seymour, 2001;
Lammertyn et al., 2003; Van Dongen et al., 2003). In
bulky storage organs such as fruit, where the length of
the diffusion path may be considerable, hypoxic con-
ditions have been demonstrated (Ho et al., 2008).

Aerenchyma formation under hypoxia is stimulated
by a number of stresses. Among factors inducing cell
death, ethylene has been attributed a major role
(Gunawardena et al., 2001). It has been suggested
that cells programmed to die are equipped with ap-

Figure 6. Volume porosity of the cortex parenchyma tissue of apple (A)
and pear (B) as a function of maturity. Fruits were harvested from 14 d
before (EARLY) to 14 d after (LATE) the commercial preclimacteric
picking date (OPTIMAL). OPT-S6 corresponds to fruits that were
measured after 6 d of shelf life at room temperature. The other fruits
were preserved optimally in controlled atmosphere conditions at low
temperature. [See online article for color version of this figure.]

Table I. Mean values and SD of apparent oxygen diffusivity in the
cortex and the skin of apple Jonagold and pear Conference

DO2

Apple Peara

Cortex Skin Cortex Skin

(31029 m2 s21)

Radial 7.1 6 4.6 0.19 6 0.13 0.28 6 0.15 0.10 6 0.03
(n 5 8) (n 5 8) (n 5 8) (n 5 8)

Vertical 2.1 6 1.0 – – –
(n 5 7)

Vascular 4.2 6 2.2 1.1 6 0.7
(n 5 9) (n 5 7)

aHo et al. (2006).
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propriate receptors for ethylene (Evans, 2003). Ethylene
is present in fruit where it initiates the ripening process
of climacteric fruits, such as pear and apple, after
growth (Génard and Gouble, 2005), and increases
sharply at this stage. Because apple fruit at different
stages of maturity did not show any difference in void
space, it is not likely that ripening affects void forma-
tion. There is, however, little information on internal
ethylene levels and gradients during fruit growth.
Further, recent studies provided evidence that effects
thought to be caused by ethylene are rather caused by
nitric oxide (Igamberdiev and Hill, 2004; Borisjuk et al.,
2007). Nitric oxide, in turn, is known to induce pro-
grammed cell death (Hoeberichts and Woltering, 2002;
Neill et al., 2003). A combined tomography and inter-
nal gas analysis during fruit growth is hence needed to
make progress on the understanding of void formation
in fruit.

The mean calculated volume fraction of voids in the
images of the cortex equals 5.1% 6 1.5% (SD) for pear
and 23.0% 6 4.0% (SD) for apple, confirming previous
studies (Ho et al., 2006; Mendoza et al., 2007). The
ability of the cortex tissue to facilitate oxygen ex-
change, expressed by the apparent oxygen diffusivity,
does not scale linearly with this value: the apparent
radial oxygen diffusivity of pear (Ho et al., 2006) and
apple cortex in the preclimacteric development stage
and position in the two fruits equals 2.8 6 1.5 3
10210 (SD) m2 s21 (n 5 6) and 70.9 6 45.6 (SD) 3 10210 m2

s21 (n 5 8), respectively. Measurements also indicate
that oxygen diffusivity of apple cortex is higher in the
radial direction than in the axial direction (Table I),
which is confirmed by the preferential orientation of
the void spaces found in the tomographic images. The
structure of the other tissues also relate in a complex
manner to gas exchange mechanisms. Skin tissue sam-
ples, comprising cuticle, epidermis, and outer cortex,
have a smaller effective diffusivity than cortex tissue.
However, the values for pear and apple are in the same
range: 1.0 6 0.3 3 10210 (SD) m2 s21 (n 5 8) for pear (Ho
et al., 2006) and 1.9 6 1.3 3 10210 (SD) m2 s21 (n 5 8) for
apple (Table I). The differences in microstructure of
pear and apple in the skin region, therefore, appear to
be less important for the global gas exchange of the
fruit. The skin barrier for gas exchange is large in both
fruits due to the dense tissue structure (with a void
volume fraction of ,5% in both fruits) and the cuticle.
Axial diffusivity of vascular tissue of pear was found
previously to be considerably larger than that of cortex
tissue: a value of 11.1 6 7.1 (SD) 3 10210 m2 s21 (n 5 7)
was measured (Ho et al., 2006). The presence of empty
xylem vessels without considerable tortuosity does
confirm this observation. In apple, the measurements
reveal a nonsignificant difference between apparent
diffusivity of vascular and cortex tissue (Table I). The
discontinuity of the vessels and the dense phloem and
cortex tissue in this region with a small amount of air
voids (Fig. 5) are in line with this measured result.

In terms of facilitating gas exchange, the network
pattern of the voids in pears (Fig. 3B) is by far not

sufficient to compensate for the large size and volume
fraction difference with the unconnected void struc-
ture we find in apple (Fig. 3A). Indeed, regardless of its
ingenious architecture, even the partial breakdown of
such networks will quickly lead to an internal gas
imbalance. These results will at least partially explain
the larger sensitivity of pears to physiological disor-
ders related to gas exchange (Lammertyn et al., 2003;
Ho et al., 2008). Surprisingly, physiological disorders
that appear during storage, such as browning, initiate
in or near the vascular tissue (Lammertyn et al., 2003),
although this tissue has larger diffusivity for gases. We
believe this is related to the high resistance for gas
exchange and low oxygen concentration of the phloem
and supporting cells of the xylem as a result of the
complete lack of voids in these zones (Van Dongen
et al., 2003), in addition to the small void fraction in the
nearest layers of parenchyma cells (Fig. 5).

The images obtained here provide the necessary
geometric information to use in a theoretical frame-
work to confirm the results for gas exchange (Wood
et al., 2000). To achieve this goal, advanced image
analysis tools are today available to characterize the
void structure in terms of pore size distribution and
connectivity (Mendoza et al., 2007), and to transform
the images into computer models by means of tessel-
lation algorithms (Mebatsion et al., 2006).

Synchrotron x-ray tomography permitted noninva-
sive 3-D inspection of samples in their natural state.
The field of view of the presented images was on the
order of 1 mm; the samples were cylinders of 5-mm
diameter. The measurement time for each sample was
close to 15 min, after which reconstruction and seg-
mentation of the images had to be performed by
dedicated software and trained personnel. With this
resolution and contrast, it is impossible to view intra-
cellular features, or quantify the thickness and struc-
ture of cell walls. This is a drawback in comparison to
electron tomography (ET) that, however, works on
even much smaller samples. Therefore, the applicabil-
ity of ET for investigating mesoscale structures such as
void networks that extend throughout tissue is lim-
ited. ET will be appropriate for studying subcellular
aspects. O’Toole et al. (1999) used ET to visualize
organelles in cultured yeast cells at a resolution of 5
nm. The method requires cell preparation, slicing,
staining, and coating. The method has only recently
been introduced to plant sciences for investigating cell
wall structure and cell organelles (Otegui et al., 2001;
Seguı́-Simarro et al., 2004; Xu et al., 2007).

MATERIALS AND METHODS

Tomography Experiments

Samples

Pears (Pyrus communis ‘Conference’) were harvested on September 13,

2006, at the experimental station Fruitteeltcentrum (Rillaar, Belgium). Apples

Malus 3 domestica ‘Jonagold’) were picked at the preclimacteric stage on

September 25, 2006, at the experimental station PCFruit (Velm, Belgium).
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Fruits of ‘‘Early’’ and ‘‘Late’’ picking dates were harvested 14 d before and

after the given dates, respectively. All fruits were cooled and stored under

controlled atmosphere conditions (2.5 kPa O2, 0.7 kPa CO2 21�C for pear;

1 kPa O2, 2 kPa CO2 0.8�C for apple) up to the time of the experiment on

November 3 to 6, 2006. Picking data and cooling procedures are optimal

commercial practices to preserve fruit quality during long-term storage.

Cylindrical samples of 5-mm diameter and 1- to 2-cm length were removed

from the different tissues of the fruits using a cork bore in the radial direction

on the equator of the fruit. The samples were mounted in a polymethyl

methacrylate tube and covered with polymer foil to avoid dehydration.

Synchrotron X-Ray Tomography

The experiments were conducted at beamline ID19 of the European

Synchrotron Radiation Facility, i.e. a long (150-m) imaging beamline where

the spatial coherence of the beam is particularly large (transverse coherence

length on the order of 100 mm). This large coherence allows phase-contrast

imaging where the phase of the x-ray beam transmitted by the sample is

shifted due to the interaction with the electrons in the material. Imaging using

phase contrast, as opposed to absorption contrast, is a powerful method for

the investigation of light materials, but also to distinguish, in absorbing

materials, phases with very similar x-ray attenuation but different electron

densities (Cloetens et al., 1999, 2006). In this study, it is efficiently used for edge

detection at cell-cell interfaces where absorption images have insufficient

contrast.

The x-ray beam, generated from an 11-pole, variable gap, high-magnetic

field wiggler, was monochromatized to 18 keV using an artificial multilayer

monochromator. The selected detector device comprised a FReLoN camera; a

14-bit dynamic CCD camera with a 2,048 3 2,048 pixel chip. The camera was

assisted by a shutter, an x-ray/visible light converter, and an optic system

providing a field of view of 1.43 3 1.43 mm2 and, without binning, an image

pixel size of 0.7 mm. A total of 1,200 projections with an exposure time of 0.5 s

was acquired for each sample during a continuous rotation over 180�. The

incident x-ray flux was reduced below the threshold for unrecoverable

specimen damage. A sample-detector distance of 35 mm was chosen to

operate in phase contrast mode. The tomographic reconstruction was per-

formed with a filtered back-projection algorithm using the PyHST (ESRF)

software, after correction for sample motion using GNU Octave software

(http://www.gnu.org/software/octave/). Volume renderings and quantita-

tive measurements on the sample were obtained by 3-D image segmentation

and isosurface representations with Amira (Mercury Computer Systems).

Apparent Oxygen Diffusivity of Apple Cortex Tissue

Samples

Jonagold apples were harvested at the preclimacteric stage on September 9,

2006 at the experimental garden of PCFruit in Velm, Belgium. Apples were

cooled and stored in optimal controlled atmosphere conditions (1% O2, 2.5%

CO2) at 1�C, until they were used for experiments. Picking data and cooling

procedures are optimal commercial practices to preserve fruit quality during

long-term storage.

Samples of cortex tissue were first cut with a professional slice cutter (EH

158-L; Graef), from which cylinders with a diameter of 2.5 cm were cut with a

cork borer. The thickness of samples ranged from 2 to 3 mm, measured with a

digital caliper (accuracy 60.01 mm; Mitutoyo). Cortex tissue samples were

taken in the radial and vertical direction at the equatorial region of the apple.

Skin samples were taken as outlined above, but included only cuticle to outer

cortex cell layers. Cylindrical samples with a thickness on the order of 1 mm

were obtained by means of a razor blade. Vascular samples were taken near

the apex and the stem of the fruit, and outside the core.

Diffusivity Measurement

Apparent diffusivity along the axial direction of the samples was measured

with the setup and procedures developed by Ho et al. (2006). The measured

value comprises the combined effects of basic gas diffusivities in air and water

and tissue microstructure. The system used to measure gas transport prop-

erties of fruit tissue consisted of two chambers (measurement chamber and

flushing chamber) separated by the disc-shaped tissue sample. The chambers

were metal cylinders screwed together, holding a polyvinyl chloride ring

glued to the sample with cyano-acrylate glue. A rubber O-ring was used to

seal the polyvinyl chloride ring between the two chambers and to ensure that

all gas transport between the two chambers took place through the tissue

sample. Two inlet and outlet gas channels were used to flush the gases in the

measurement chamber and flushing chamber. Pressure sensors (PMP 4070,

accuracy 60.04%; GE Druck) monitored the pressure changes in each chamber

during the measurements. The temperature of the system was kept constant at

20.0 6 0.5�C by submerging the setup in a temperature-controlled water bath

(F10-HC, accuracy 60.5�C; Julabo Labor Technik GmbH). Sealing of chambers

was checked and validated before the experiments.

Once the sample was attached to the diffusion cell, the measurement and

the flushing chambers were flushed with, respectively, 69 kPa N2, 30 kPa O2,

1 kPa CO2 and 85 kPa N2, 10 kPa O2, 5 kPa CO2, at 10 L h21 humidified and

passed through a heat exchanger to prevent the sample from drying and

cooling down while flushing the two chambers. After 30 min, the inlet and

outlet valves of the measurement chamber were closed, and the decrease in O2

partial pressure, the increase in CO2 partial pressure, and total pressure of the

measurement chamber was monitored for 6 h with steps of 20 s. The O2 and

CO2 concentrations were measured in the measurement chamber with fluo-

rescent optical probes (Foxy-Resp and FCO2-R; Ocean Optics). The difference

in total pressure between the two chambers was logged (PMP 4070; GE Druck)

and was kept smaller than 1.5 kPa to minimize permeation.

Do2 and Dco2 were estimated by fitting the solution of the following

transport equation for O2 and CO2 to the measured concentration profiles in

the measurement chamber:

@C

@t
5 D=

2C 1 R ð1Þ

D
@C

@n
5 hðCN 2 CÞ at G ð2Þ

where @=@n denotes partial derivative in the outward normal direction; C is

the oxygen or carbon dioxide concentration (mol m23); D is the diffusion

coefficient (m2 s21); R is the oxygen consumption or carbon dioxide produc-

tion (mol m23 s21); =2 is the Laplace operator (m22); h is the convective mass

transfer coefficient (m s21); t is the time (s); and G is the surface of the tissue

exposed to the flushing chamber. Index N refers the gas atmosphere in the

flushing chamber.

Equations 1 and 2 were solved using the finite element method in one

dimension using the Comsol finite element code (COMSOL Multiphysics).

The gas in the measurement chamber and the sample tissue were considered

as two materials consisting of 20 elements each resulting in 41 nodes in total.

The diffusion coefficient of the gas molecules in air at 20�C was equal to 6 3

1025 m2 s21. The sample was modeled as the second material, for which the

diffusion coefficient was to be estimated. The gas transfer from the flushing

chamber to the tissue or the skin was expressed by Equation 2 as a convection

boundary condition. The convective mass transfer coefficient was taken very

high (1 3 106 m/s). This means it was assumed that no resistance to gas

transport occurred at this interface.

An iterative least squares estimation procedure written in MATLAB (The

Mathworks) was used to determine gas diffusivities of the pear tissues by

fitting the model solutions to the measured O2 and CO2 concentration change

profiles.

Respiration Kinetics

A noncompetitive inhibition model (Ho et al., 2006) was used to describe

the respiration rates R of the tissue. Samples of fruit cortex tissue were first cut

with a professional slice cutter (EH 158-L; Graef), from which cylinders with a

diameter of 2.5 cm were cut with a cork borer. Cylindrical samples were taken

with a thickness of 2 to 3 cm, which was measured with a digital caliper

(accuracy 60.01 mm; Mitutoyo). Apple tissue samples were placed in airtight

glass jars. Three jars of the same gas mixture and temperature according to the

experimental design were connected in series. Then, the jar headspace was

flushed continuously with a gas mixture at a flow rate of 20 L/h for an

adaptation period of 1 1/2 h. After that, the jars were closed and the initial

headspace was measured for O2 and CO2 partial pressure (kPa) with a gas

analyzer (CheckMate II; PBI Dansensor) and for total pressure (PTX1400;

Druck). The headspace was measured again after 12, 30, and 48 h of incubation

for samples incubated at a temperature of 20�C, 10�C, and 5�C, respectively.

Because the respiration rate was calculated as mol s21 m23, the difference in

partial pressure was converted to molar concentration using the ideal gas law;

the free gas volume in the respiration jar was calculated by subtracting the
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total jar volume from the total sample volume. The sample volume was

calculated by multiplying the tissue weight with the density of the apple fruit.

The density of the fruit was measured by the water displacement method. The

measured respiration rate at different gas concentrations was used to estimate

the parameters of the respiration kinetics described in Ho et al. (2006).

Respiration model parameters were estimated by fitting the model equations

to the experimental data using the nonlinear least square estimation proce-

dure of Matlab (Matlab 7.0; The Mathworks).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Movie S1. 3-D rendering of single cells (in magenta) of

apple (a) and pear (b) with adjacent voids (in yellow).

Supplemental Movie S2. 3-D rendering of the void network of apple (a)

and pear (b) cortex.
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