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ABSTRACT

The effective diffusivity is a key engineering property of fruit that affects transport of metabolic gases and, hence,
ripening. It strongly depends on the microstructure of the fruit. In bulky fruit such as tomato, porosity and pore
structure differ between tissues and change during maturation and ripening. Knowledge of the relationship be-
tween gas diffusivity and microstructure of tomato will aid management and control of postharvest operations.
By using mathematical models of mass transport that incorporate the 3-D microscopic tissue geometry obtained
from micro-computed tomography (u-CT), the relationship between microstructural features and gas diffusivity
may be computed in a direct way. In this study, a previously validated pore-scale network model (PNM) was used
to simulate the effective gas diffusivity of O,, CO, and ethylene for five types of tomato fruit tissues (i.e., outer
mesocarp, inner mesocarp, septa, placenta and columella) at different maturation and ripeness stages. The effec-
tive gas diffusivity of the placenta and columella was large during the entire ripening process as these tissues con-
tained more interconnected open intercellular spaces. The effective diffusivity of the inner mesocarp increased
with increasing porosity during ripening while the microstructural changes of the outer mesocarp lagged com-
pared to those of the inner mesocarp region, resulting in a delayed increase of the effective gas diffusivity with
ripening. Regression models between the effective diffusivity of O,, CO, and ethylene as a function of porosity,
open porosity or tortuosity were established. This study provides a quantitative basis for further gas exchange
modeling in intact tomato fruit to predict their ripening process.

1. Introduction

Climacteric fruits are still undergoing ripening after harvest. Sup-
pression of ripening and extension of storage period of climacteric fruits
to reduce postharvest losses is one of the main concerns of the fruit in-
dustry. The climacteric vegetable fruit tomato is produced and con-
sumed around the world. According to FAO (https://www.fao.org/), in
2020, the world production of tomato ranked first among all vegetables
produced. Due to its perishable nature, a large portion of the produc-
tion is wasted, which is partly related to its rapid postharvest ripening.
To reduce the wastage, advanced gene editing techniques do produce
more firm tomato cultivars that are less susceptible to postharvest dam-
age or rotting (Shi et al., 2021). Postharvest control methods include
controlling temperature and other environmental factors. Maturation
and ripening of climacteric fruit involves transport of different meta-
bolic gases. Studies have shown that low O, or high CO, concentrations
facilitate the storage of climacteric fruits because it inhibits the respira-

tion and related losses (Klieber et al., 1996). Besides O, and CO,, the
ripening hormone ethylene (C,H,) is involved (Van de Poel et al,
2014). O, is a substrate for the ethylene biosynthesis pathway, and CO,
has been reported to have an inhibitory effect on ethylene biosynthesis
(De Wild et al., 2003). When treated with unsuitable gas concentra-
tions, unfavorable consequences may also be induced, such as accumu-
lation of fermentative ethanol and further cell death in tissues, and loss
of flavor, all related to the distributions of O,, CO, and C,H, within the
fruits. Computational tools that predict the respiration process in the
fruit in response to storage conditions assist the design and optimiza-
tion of postharvest technologies that are aimed to prevent losses and ex-
tend the storage life (Verreydt et al., 2022). To this end, the gas ex-
change properties of the fruit should be known.

Fruit do not have an active gas circulation system, the relevant gases
are transported through the intercellular space and cells by passive dif-
fusion. Diffusion follows Fick's law with gradients in gas concentration
as driving force. These gradients originate from sinks or sources due to
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gas consumption or production, respectively, by the cellular metabo-
lism. The diffusivity of gases in simple materials such as water and air
can be obtained from theoretical formulas. For complex materials such
as fruit tissue, a so-called effective diffusivity is defined as a lumped pa-
rameter that describes the relationship between macroscopic gas trans-
port and gas concentration gradient without explicitly taking into ac-
count the microstructure of the material. The microstructure of fruit tis-
sue is defined as the overall arrangement of cells and pores in the tissue
and can conveniently be imaged by X-ray micro CT (p-CT) (Piovesan et
al., 2021). Our previous study on tomato fruit has shown that the mi-
crostructure of core tissues is different from that of the outer tissues of
the fruit, with cells and pores having different shapes and sizes that are
connected differently in each tissue type (Xiao et al., 2021).

The effective diffusivity of a gas in fruit tissue is conventionally
measured by placing a small fruit tissue disk between a diffusion and a
measurement chamber, with a gas sensor placed inside the measure-
ment chamber to record changes in gas concentration (Ho et al., 2007).
Such experiments are difficult, as leakage of the gas or liquid (when
performed in liquid) must be avoided at all times. Also, cell breakdown
or tissue rupture may happen during the experiment, especially in the
case of fragile tissue types such as those of ripe tomato tissues, possibly
resulting in inaccurate values. In addition, fruit tissues still undergo
biochemical reactions after harvest and excision, so independent esti-
mates or experiments on the involved reaction rates are also required in
such experiments. Alternatively, computational materials approaches
can be used by simulating gas transport in a small sample of fruit tissue
while explicitly taking into account its microstructure. The effective dif-
fusivity is then computed as the ratio of flux through the sample with
respect to the gas concentration gradient. u-CT voxel based geometrical
models in combination with finite volume simulations have been used
for this purpose but at a high computational cost because of the typi-
cally large number of voxels that is needed to accurately represent the
tissue microstructure (Ho et al., 2011). To be able to consider larger,
more representative tissue samples while still keeping the computa-
tional time feasible, a pore-scale network modeling approach (PNM)
was developed, which takes into account the morphometric parameters
of cells and intercellular spaces obtained from the raw geometry to con-
struct equivalent networks of cells and pores that are interconnected,
and then solving diffusion models locally on the network (Ho et al.,
2014). Once the network is generated, the computation of gas transport
is much faster compared to voxel based approaches, and the model can
handle larger geometries with relatively smaller computational load.
PNM is appropriate in particular for tomato fruit, whose tissues contain
large cells but small intercellular spaces that require high resolution
and at the same time large sample volumes.

While PNM is suitable to compute diffusivity directly from a given
tissue microstructure, the final aim is to develop simple regression
models between effective gas diffusivity of O,, CO, and C,H,, and tissue
characteristics such as porosity. Such surrogate models would be a sim-
pler and less time-consuming approach to compute effective diffusivity
values for macroscale simulations of gas transport directly from macro-
scopic X-ray CT images. Research relating the effective diffusivity to
features of a porous microstructure dates back many years when early
studies found that the experimentally determined effective diffusivity
was linked to the porosity of the material (Buckingham E., 1904). Ef-
forts were then made to include tortuosity in the models (Dogu and
Smith, 1975). This approach has become more popular with the
progress in three dimensional (3D) imaging techniques such as scan-
ning electron microscopy and p-CT and computational power. A gen-
eral framework for calculating the effective O, diffusivity from morpho-
metric parameters obtained by X-ray CT was developed recently and
shown to be applicable to different fruit species (Nugraha et al., 2021).
However, so far, no predictive model has been reported for CO, and
C,H, in fruits, the two main gases involved in conventional and adapted
controlled atmosphere (CA) storage of climacteric and non-climacteric
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fruits, and in ripening of climacteric fruits. Furthermore as tomato
ripening has been shown to induce changes in the tissue microstructure
(Xiao et al., 2021), the effects of these changes on predictive models of
diffusivity should be explored.

In this article we aim to understand how tissue microstructure
changes observed in ripening tomato fruit affect metabolic gas ex-
change properties, and to develop regression equations for the effective
diffusivity of multiple metabolic gases based on microstructural para-
meters. Hereto we will compute effective O,, C,H, and CO, diffusivities
using a pore-scale network model for different tomato tissues and dif-
ferent maturity and ripening stages. Based on p-CT images, we will then
develop regression equations for predicting effective gas diffusivity of
0,, CoH,4 and CO, based on morphometric parameters such as porosity
and tortuosity, and verify whether these regression equations are gener-
alizable for different gases.

2. Materials and methods
2.1. Tomato tissue samples and u-CT

Tomatoes cv ‘Merlice’ of different maturation and ripening stages
(i.e., medium-sized, immature green, mature green, orange, red ripe;
samples are shown in Fig. S1) harvested from the greenhouse located at
Heverlee, Belgium (latitude 50°51'35.3”N, longitude 4°40'48.4"E) in
the summer seasons of 2021 and 2022 were used in this study. Septa,
placenta and columella tissue samples of approximately
4 x 4 x 10 mm were prepared with a sharp razor blade and were
scanned using a Phoenix Nanotom S p-CT scanner (General Electric,
Heidelberg, Germany) with voxel resolutions of 2.955 pm (for early
stages, i.e., medium-sized and immature green) and 3.25 pum (for the re-
maining stages, i.e., mature green, orange and red ripe). Projection im-
ages were reconstructed using the filtered back-projection method in
the Phoenix CT software (Waygate Technologies, Huerth, Germany) as
described in Xiao et al. (2021). Pericarp tissue samples from cuticle to
endocarp (5 mm X 5 mm X thickness of pericarp from cuticle to en-
docarp) were excised. However, the Nanotom S p-CT scanner was un-
able to provide sufficiently high scanning resolution for the whole sam-
ple, and the scanning time was long resulting in cell damage. Thus, a
Unitom HR p-CT scanner (TESCAN ORSAY HOLDING, Brno, Czech Re-
public) on a 14-bit 1920 x 1512 detector with voxel resolutions of
2.493 pm (for early stages, i.e., medium-sized and immature green) and
3.506 pm (for the remaining stages, i.e., mature green, orange and red
ripe) was used for the pericarp tissue samples. Detailed settings for p-CT
are listed in Table S1. Projection images from the Unitom HR were re-
constructed using the filtered back-projection method in the AquilaTM
Software (TESCAN ORSAY HOLDING, Brno, Czech Republic) with ap-
propriate parameters for spot filter, ring filter and beam hardening cor-
rection. For each maturity stage, at least three samples of each tissue
type were scanned. A schematic diagram of the tomato fruit anatomy
with different tissue types is shown in Fig. 1.

2.2. Image processing and analysis

The reconstructed image stacks were imported into Avizo 2020
(Thermo Fisher Scientific, Waltham, MA, USA), The outside dead cell
zone was edited out of each sample's images, and a 3D median filter was
applied to reduce the image noise. The Otsu thresholding method was
used to generate binary images of cell and intercellular regions, from
which the representative element volume (REV) was analyzed by calcu-
lating the tissue porosity at different volume sizes. Since a significant
difference in pore structure was found in the outer and inner mesocarp,
the REV was analyzed in both zones for this tissue type. Finally, a vol-
ume of 500 x 500 x 500 in voxels was used for further pore network
model generation and microscale gas diffusion simulations (Fig. S2).
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Fig. 1. (a) A schematic diagram of tomato fruit anotomy. Different colors indicate different tissue types. Cu, cuticle; OM, outer-mesocarp; IM, inner-mesocarp; En, en-
docarp; GS, gel and seeds; Pl, placenta; Se, septa; Co, columella. The black dots between outer-mesocarp and inner-mesocarp indicate the position of vascular bun-

dles. (b) A schematic diagram of pericarp tissue of tomato fruit.

The binary images of the cell region and pore region of each sample
were imported into Matlab 2020b (MathWorks, Natick, MA, USA) for
the analysis of porosity (the ratio of the volume of all pores to the total
analyzed volume), open porosity (the ratio of the volume of pores con-
nected to the boundaries in a specific direction, i.e., open pores, to the
total analyzed volume) and tortuosity (the ratio of the average length of
all open pores to the thickness of the analyzed volume in a specific di-
rection). A watershed segmentation was applied to both cell and inter-
cellular regions to obtain individual cells (or cell clusters, further called
cells) and pores. Individual cells and pores were labelled and processed
for calculating morphological characteristics including centroid posi-
tion, volume, and the radius of the maximum inscribed sphere.

2.3. Pore-scale network construction and microscale gas diffusion

Pore-scale networks (PN) were then constructed based on the calcu-
lated morphological parameters. The PN is made up of nodes and
throats, which represent the volumetric elements (cells or pores) and
the node-to-node contact area and distance, respectively. The position
of each node was determined by the analyzed centroid position of the
segmented cell or pore, while the size of each node was described by the
radius of maximum inscribed sphere in each node region. The position
and size of the throat were determined by a dilation operation (Ho et
al., 2014). The connection between the two nodes through the throat is
composed of a biconical channel, which consists of a set of cylinders
with a thickness equal to that of one voxel that change diameter when
approaching the throat (Piovesan et al., 2019). The molar flow rate Q
(mol s~1) of diffusion between nodes was assumed to be governed by
Fick's law of diffusion with the concentration gradient as the driving
force:
Qm—m = _Kmn (Cn - Cm) (1)

where, K,,,, (m3 s~1) is the gas conductance between nodes m and n;
C,, (mol m—3) and C, (mol m~3) are the gas concentrations at nodes m
and n, respectively.

The mass balance for O, or C,H, in node m is calculated as:

N
al, == = ;Km,, (Cy = Co) Ny 2
Where, « (-) is the gas capacity, it equals 1 when node m is a pore,
and it equals RTH when node m is a cell, R (J mol~! K-1) is the universal
gas constant, T (K) is temperature, and H (mol m—3 Pa~1) is the Henry's
law constant; V,, (m?3) is the volume of node m; S is the total number of
nodes in the analyzed volume; N,,, (=) is an indicator of connectivity of
node m and equals 1 when n is connected to m, otherwise it equals 0.
CO, can dissolve in cells in the form of carbonic acid that is then dis-
sociated as bicarbonate. The latter anion was, therefore, also included
in the model. The transport equations for CO,:

aCCO ,m
av, 0[2

N
= ZKmn (CCOZ,n_CCOZ,m) Nmn+VmB (3)
n=1

and for HCO3~ (in cell nodes):

aCHCO;,m S

V——" = YK, ( Curcor.
m at r; mn ( 3 n (4)

- CHCO;,m) Nmn - VmB

where K, () for HCO3~ equals O when either node m or n is a pore.
B (mol m~3 s71) is the hydration of CO, in cells (liquid phase):

[H]* Chcos

B=k = ()

—k1Ceo,c

where k; (s71) is the CO, hydration rate constant; k, (s~!) is the
H,COj; dehydration rate constant; K (mol L-1) is the acid dissociation
constant of H,CO3; [H]*+ (mol L-1) is the proton concentration; CHCO;,C
(mol m-3) and Cco,.c (mol m-3) are the HCO5~ and CO, concentration
in the cell, respectively.

The gas balance between the liquid phase and gas phase was as-
sumed to follow Henry's law. A gas partial pressure difference (2 kPa)
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was applied between two opposite boundaries of the analyzed volume,
while other boundaries were assumed to be impermeable. The
schematic diagram of the process is shown in Fig. 2. The parameters
used in the simulation are listed in Table 1 and 2, and the details of the
network and parameters used are given in the supplementary file.

(a) Segmentation
i
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The linear system of equations for each gas was iteratively solved by
a generalized minimal residual (GMRES) method in MATLAB 2020b
(MathWorks, Natick, MA, USA). The PN generation and model solution
were run on a node of the High-Performance Computer (HPC, Genius
cluster) of KU Leuven (Leuven, Belgium), with 36 cores and 5 GB RAM
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Fig. 2. (a) A schematic diagram of network generation is illustrated in two-dimensional form, nodes n;-ng are neighboring contact nodes of node m. (b) A repre-
sentation of the connection between two nodes (m and n), which is composed of a set of cylinders with a thickness equal to that of one voxel. 7y is the radius of
the throat; 7 and 7 are the radii of the cross-sectional area of node m and n, respectively; L,, and L, are the distances from central nodes m and n to the throat, re-
spectively; i and j indicate the position of the centroids of the two neighboring nodes. (¢) Three dimensional overview of the computation of the pore-scale network
model (PNM). u-CT images of tomato tissue were binarized into cell and pore regions, each region was segmented into individual objects (cells or pores), morphomet-
ric parameters of each object were analyzed, and segmented cell and pore images were combined to determine the connectivity between objects (i.e. cell-to-cells,
pore-to-pore, cell-to-pore). The network was generated based on the connectivity, on which microscale steady-state gas diffusion was simulated, and the effective gas
diffusivity (Deﬁr) was calculated based on the simulated total gas flow (Q), applied gas concentration (AC), volume length in the diffusion direction (L), and cross-
sectional area perpendicular to the diffusion direction (4). Detailed explanations are given in supplementary file.



H. Xiao et al.

Table 1
Parameters for gas diffusion simulations with pore network models.
Parameters 0, CoHy CO,
T  Temperature (K) 293.15
P Pressure (atm) 1
R Universal gas constant (m? Pa 8.3144

K-! mol-1)

H Henry's law constant (mol m—3  1.38 x 10> 6.48 x 10-> 3.90 x 10~

Pa 1) [1]

D, Diffusivity in pore (m2s1) [2] 1.99 x 10> 1.47 x 105 1.51 x 105

1.93 x 102 1.35 x 102 1.63 x 10~

D,, Diffusivity in cell wall (m? s~1) 1.30 x 10711 4.26 x 1011 3.10 x 10-10
[4]

D,, Diffusivity in cell membrane (m? 2.36 x 1010 2.52 x 10-10 2.01 x 1010
s71) [5]

t, Cell wall thickness (m) [6] 6.85 x 107

tn, Cell membrane thickness (m) [4] 8.00 x 10-°

D, Diffusivity in cell (m? s~1) [3]

[1] Burkholder et al., 2015; [2] Welty et al., 2014; [3] Coker and Ludwig, 2007;
[4] Ho et al., 2016; [5] Uchida et al., 1992; [6] Diels et al., 2019.

Table 2
Parameters of CO, hydration and HCO5diffusion.
Parameters HCO5~

D, Diffusivity in cell (m2 s™1) [1] 1.05 x 10=°
P, Permeance of cell membrane (m s1) [2] 9.41 x 107
k; CO, hydration rate constant (s~1) [3] 2.25 X 102
ks H,CO3 dehydration rate constant (s™1) [3] 15.70
K Acid dissociation constant of H,CO5 (mol L-1) [4] 2.5 x 10~
[H]*  Proton concentration (mol L-1) [5] 1 x 104

[1] Coury, 1999; Robinson and Stokes, 1970; Zeebe, 2011; [2] Chow et al.,
1976; [3] Wang et al., 2010 [4] Ho et al., 2016; [5] calculated from the pH of
tomato juices (supplementary file).

per core, and the whole generation for each sample took 6-13 h to com-
plete, depending on the total number of cells and pores in the network.
Once solved, the effective diffusivity Dy of each gas was calculated by
Fick's law of diffusion with the total PNM computed flowrate Q, the
thickness L and cross-sectional area A of the analyzed volume, and the
applied concentration difference AC over the volume:

oL
—__¥ 6
Dy T.AC (6)

2.4. Estimation models of effective diffusivity

The microstructure of tomato tissues is very variable. Different re-
gression equations between the effective gas diffusivity (D) of O,
C,H, and CO, and the tissue morphometric parameters porosity (¢),
open porosity (€0) and geometrical tortuosity (z) were evaluated. In a
first approach, Nugraha's equations (Nugraha et al., 2021) were evalu-
ated:

D = &"D, + (1 — €) D,RTH @

Dy =¢,"Dy+ (1 —€,) Dy o ®
13

Dy = —Dg +(1 = &) DRTH 9
60

Doy = —Dg + (1—¢,) Doy 10)

where, D; . considered the closed pores as inclusions in the liquid
phase by incorporating the 2-phase Maxwell-Garnett equation
(Maxwell, 1904):
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3(Dg — D/\RTH) &, an
Dy +2DRTH — (Dg — D\RTH) &,

Dioss = D,RTH<1 +

£—¢g,

E .1 =
ol 1,

(12)
The models in Equations (7) and (8) were fitted to the values of D
that were computed using the PNM for each gas to estimate n. Equa-
tions (9) and (10) did not provide better regression results compared to
those with only porosity and a fitting parameter in Nugraha's study for
effective O, diffusivity (Nugraha et al., 2021). Still, tortuosity does play
a role in the diffusion of gases in porous materials; thus, other relation-
ships between tortuosity and effective diffusivity were considered. The
single-phase Wheeler's equation (Epstein, 1989) was incorporated into
Equation (7) and Equation (8) to yield a new set of equations:

£
Dy = =Dy + (1 — &) DRTH (13)

13
Dy = T—‘Z’Dg + (=)D a4

In this model D scales with the inverse of the square of the tortuos-
ity.

2.5. Statistical analysis

Statistical analysis was carried out in JMP Pro 16 (SAS Institute Inc.,
USA). For two-group comparison, a t-test was used at 95% confidence
level. For multigroup comparison, normally distributed data sets were
analyzed by the Tukey HSD test. Data that were not normally distrib-
uted were analyzed using the nonparametric Kruskal-Wallis test.

3. Results
3.1. Microstructure of tomato during maturation and ripening

Our pervious study of microstructure of tomato tissues revealed that
the center tissues (i.e., placenta and columella) contained smaller cells,
while the number and volume of intercellular spaces were larger com-
pared to those of mesocarp and septa (Xiao et al., 2021). The porosity of
mesocarp increased during ripening but with a relatively large standard
deviation, and less open pores were found at the red ripe stage com-
pared to the mature green and orange stage, which caught our atten-
tion. As pericarp tissue is getting soft and fragile during ripening, it can-
not withstand prolonged CT scans. By using a better CT scanner we
were able to scan the entire pericarp in a much shorter scan time
(<25 min) and avoid scanning artefacts.

CT images of equatorial sections of tomato pericarp tissue were re-
constructed (Fig. 3a). The topology of the intercellular space, the most
important gas diffusion pathway, was found to vary in different regions
and different ripening stages of the mesocarp (Fig. 3b). In the early
stages of maturation, the cells throughout the mesocarp were tightly
packed, resulting in a small amount of small pores that seem to be dis-
connected. As cells further enlarged, the pore volume slightly increased
in the inner mesocarp (region between vascular bundles and endocarp).
The amount and volume remained small in the outer mesocarp (the re-
gion between the cuticle and vascular bundles). In the mature green
stage, more intercellular spaces can be seen in the inner mesocarp. In
the orange and red stages, the volume of the intercellular space in-
creased in both the inner and outer mesocarp due to the ripening-
induced cell breakdown and separation of the middle lamellae (Xiao et
al., 2021).

A more detailed analysis of porosity, open porosity and tortuosity
(Fig. 4) showed that in the outer mesocarp region, the porosity re-
mained low until the orange stage, and no open pores were present in
this tissue during this period. In the late-ripening, the porosity signifi-
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M) = GO0 = 6 in voxel numbers

Fig. 3. p-CT scans of tomato fruit pericarp. (a) Reconstructed longitudinal slices of tomato pericarp tissue (from cuticle at the top to endocarp at the bottom for
each slice) by p-CT at medium-sized, immature green, mature green, orange and red ripe stages. The vascular bundles on each slice are indicated by red dotted cir-
cles. (b) Volume rendering of intercellular space in outer mesocarp and inner mesocarp tissues. Resolution equals 2.493 pm and 3.506 pm for the first two and

later stages, respectively.
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Fig. 4. Morphometric parameters of outer mesocarp (a, b, ¢) and inner mesocarp (d, e, f) at five ripening stages. MS, medium-sized; IG, immature green; MG, ma-
ture green; O, orange; RR, red ripe. Each red dot represents each individual sample and the dotted line represents the average value. Different upper case charac-

ter in each figure indicate significant differences among different stages.

cantly increased and open porosity was introduced (Fig. 4a and b). In
contrast, in the inner mesocarp, the porosity and open-porosity
markedly increased throughout, and the tortuosity of the open pores
continued to decrease. The porosity and open porosity of the outer
mesocarp and inner mesocarp did not significantly differ at the
medium-sized stage. Due to dramatic changes of the microstructure in
the inner mesocarp during ripening, both parameters were significantly
higher than in the outer mesocarp from the immature green to the finial
red ripe stage.

Considering the significant differences in the morphometric para-
meters of the intercellular space between two regions (inner and outer

mesocarp) and their importance in gas diffusion during maturation and
ripening, we, therefore, decided to further analyze these two regions as
separate tissues together with other tissue types, i.e., septa, placenta
and columella.

3.2. Effective gas diffusivity

The effective gas diffusivity is a lumped parameter describing the
specific gas diffusion rate in fruit tissues. Although it is not affected by
the applied concentration difference, it is unique for different fruit and
different tissues because it incorporates the tissue microstructure fea-
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tures. The computed effective O, C,H, and CO, diffusivities of different
tissues at different maturity stages are given in Tables 3-5, respectively.
The effective diffusivities of all gases were higher in the placenta and
columella tissue compared to other tissues. For the placenta and col-
umella, the effective O, diffusivity ranged from (1.41 + 0.36) x 107
to (9.97 + 1.48) x 1077 m? s! and from (8.49 = 1.29) X 107 to
(1.27 + 0.20) x 10-6 m?2 s~1, respectively. The effective C,H, diffusiv-
ity ranged from (1.07 + 0.27) x 107 to (7.55 = 1.12) X 107 m2s-!
and from (6.42 + 0.98) X 10-7 to (9.61 * 1.54) x 107 m2 s~! for
the placenta and columella, respectively. The effective CO, diffusivity
of placenta and columella were between (1.10 + 0.26) x 10-7 and
(7.41 = 1.11) X 1077 m? s~! and between (6.30 = 0.95) x 10-7 and
(9.42 = 1.50) x 1077 m? s~1, respectively. There was no significant
change in the effective diffusivity of each gas within the two tissues
during maturation and ripening, and no significant difference between
the two tissues at each stage. In these tissues with a large number of

Table 3
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open pores, the total gas diffusion is dominated by its diffusion in the
gas phase. The diffusion rate of O, in the gas phase (2.47 X 10->m?s~1)
was approximately 1.3 times that of C;H, (1.84 x 10-> m?s~1) and CO,
(1.87 x 1075 m2s-1). Therefore, in both tissues, the effective O, diffu-
sivity was higher than that of the other two gases. Further, although the
diffusivity of C,H, is slightly higher in the gas phase than that of CO,, at
the immature green stage the effective C,H, diffusivity of the placenta
was slightly lower than that of CO,. This is because the liquid-phase dif-
fusion rate of C,H, is much lower than that of CO,. This suggests that
for tissue samples that include open pores but have relatively low over-
all porosity (8.0-8.6% for immature green placental tissue), CO, diffu-
sion in the liquid phase also contributes to the overall CO, diffusion.
The effective diffusivity of all gases varied significantly over time in
both the outer and inner mesocarp according to the same pattern, dif-
fering only in order of magnitude. The effective gas diffusivity of outer
mesocarp remained low in the early stages, ranging from

Computed apparent O, diffusivity (m? s~1) of five tissue types from different maturity stages. (mean * SD).

Medium-sized

Immature green

Mature green

Orange

Red ripe

Outer mesocarp (8.65 + 1.38) x 1011 (1.07 + 0.16) x 10 —10
(Aa) (AB a)

Inner mesocarp (1.11 = 0.20) x 10-10 (2.78 = 2.61) x 108
(A ab) (AB ab)

Septa (2.59 + 4.84) x 10-8 (4.72 + 9.51) x 107°
(A ab) (A ab)

Placenta (9.97 = 1.48) x 107 (1.41 = 0.36) x 107
(ADb) (B be)

Columella (8.49 = 1.29) x 107 (1.27 = 0.20) x 10-°
(Ab) (Ao

(1.02 + 0.13) x 1010

(4.08 + 7.37) x 108

(8.03 + 1.05) x 10-8

(AB a) (B a) (B a)

(8.08 = 7.22) x 107 (2.57 = 0.90) x 107 (3.07 = 1.02) x 1077
(AB ab) (B ab) (B a)

(7.02 + 8.42) x 108 (5.55 + 5.90) x 10-8 (7.51 = 6.34) x 1077
(A ab) (A ab) (A a)

(5.79 = 1.91) x 107 (8.50 = 2.87) x 107 (4.90 = 2.44) x 1077
(AB b) (Ab) (AB a)

(1.26 + 0.68) x 10-°
(ADb)

(8.71 + 6.69) x 1077
(A D)

(9.16 = 0.70) x 1077
(A a)

Different upper case characters in the same row indicate significant differences (P < 0.05) among different stages for the same tissue type; Different lower case char-

acter in the same column indicate significant differences among different tissues at the same stage.

Table 4

Computed apparent C,H, diffusivity (m? s~1) of five tissue types from different maturity stages. (mean *+ SD).

Medium-sized

Immature green

Mature green

Orange

Red ripe

Outer mesocarp (2.84 = 0.45) x 10710

(3.49 + 0.49) x 1010

(Aa) (AB a)

Inner mesocarp (3.65 + 0.66) x 10710 (2.15 = 1.97) x 10-8
(A ab) (AB ab)

Septa (2.01 = 3.66) x 108 (3.90 = 7.30) x 102
(A ab) (A ab)

Placenta (7.55 = 1.12) x 1077 (1.07 = 0.27) x 107
(ADb) (B bc)

columella (6.42 = 0.98) x 107 (9.61 = 1.54) x 107
(ADb) (Ao

(3.35 = 0.44) x 1010

(3.15 + 5.56) x 108

(6.15 = 7.92) x 108

(AB a) (B a) (B a)

(6.17 = 5.45) x 10-8 (1.95 = 0.68) x 107 (2.33 £ 0.77) x 1077
(AB ab) (B ab) (AB a)

(5.35 = 6.36) x 108 (4.24 = 4.47) x 108 (5.72 = 4.79) x 108
(A ab) (A ab) (A a)

(4.38 = 1.45) x 1077 (6.43 = 2.17) x 1077 (3.71 = 1.85) x 107
(AB b) (ADb) (AB a)

(9.55 * 5.15) x 1077
(A b)

(6.59 + 5.05) x 1077
(A ab)

(6.93 = 0.53) x 1077
(Aa)

Different upper case characters in the same row indicate significant differences (P < 0.05) among different stages for the same tissue type; Different lower case char-

acter in the same column indicate significant differences among different tissues at the same stage.

Table 5

Computed apparent CO, diffusivity (m? s~1) of five tissue types from different maturity stages. (mean + + SD).

Medium-sized

Immature green

Mature green

Orange

Red ripe

Outer mesocarp (2.06 + 0.23) x 10-° (2.49 + 0.31) x 10-°
(Aa) (AB a)

Inner Mesocarp (2.63 = 0.47) x 102 (2.51 = 1.93) x 10-8
(A ab) (AB ab)

Septa (2.29 + 3.59) x 108 (6.44 = 7.85) x 1072
(A ab) (A ac)

Placenta (7.41 = 1.11) x 1077 (1.10 = 0.26) x 1077
(Ab) (B be)

Columella (6.30 = 0.95) x 1077 (9.42 = 1.50) x 107
(A b) (A b)

(2.41 * 0.30) x 10~

(3.56 * 5.42) x 108

(6.58 + 7.61) x 108

(AB a) (B abc) (AB a)

(6.49 + 5.32) x 10-8 (1.96 + 0.67) x 1077 (2.33 = 0.75) x 1077
(AB ab) (B abc) (AB a)

(5.54 = 6.21) x 108 (4.51 = 4.51) x 10-8 (5.95 + 4.69) x 108
(A ab) (ADb) (A a)

(4.32 = 1.41) x 1077 (6.32 = 2.12) x 1077 (3.66 = 1.81) x 1077
(AB b) (Aco) (AB a)

(9.36 = 5.02) x 107 (6.50 + 4.89) x 1077 (6.80 = 0.52) x 1077
(A b) (A abc) (A a)

Different upper case characters in the same row indicate significant differences (P < 0.05) among different stages for the same tissue type; Different lower case char-

acter in the same column indicate significant differences among different tissues at the same stage.
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(8.65 = 1.38) x 1011 to (1.07 = 0.16) x 10710 m2 s~1 for O,, from
(2.84 = 0.45) x 10-10to0 (3.49 = 0.49) x 10-19m? s~ for C,H,, and
from (2.06 + 0.23) x 1079 to (2.49 = 0.31) X 10~2 m2 s~ for CO.,.
After the mature green stage, the value significantly increased to
(4.08 = 7.37) x 1078 for O,, (3.15 = 5.56) x 10-8 for Cy,H,, and
(3.56 + 5.42) x 10-8 for CO, at the orange stage, then continuously
increased to (8.03 = 1.05) x 10-7 for Oy, (6.15 * 7.92) x 10-8 for
C,Hy, and (6.58 *= 7.61) x 10-8 for CO, at the red ripe stage. This was
consistent with the observation that open pores started to appear in the
outer mesocarp at orange stages, but not in all replicates. There were
still some samples without open pores during ripening, so the variation
of the diffusivity was relatively large within this tissue type. The effec-
tive diffusivity of the inner mesocarp changed earlier compared to the
outer mesocarp, as did its porosity and open porosity, with a decreasing
trend in standard deviation, because more pores tended to be connected
with each other in later stages. When no open gas channels are present
and the overall porosity is small, the gas diffusion in the tissue is domi-
nated by diffusion in the cells; the effective diffusivity of CO, is then the
largest, followed by that of C,H, and finally that of O,.
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The average gas diffusivity of different tissue types for each gas and
each stage were mapped on one tomato cross-sectional slice, shown in
Fig. 5. The diffusivity of water was used for the gel parts, as it is watery
tissue in the final stages of maturation and ripening. The maps show
how the microstructural changes, mainly in the mesocarp, drastically
change the capacity of the fruit to transport metabolic gases across the
different tissues.

3.3. Regression models for effective diffusivity

Six regression models were evaluated to explore the relationship be-
tween the effective diffusivity of O,, C,H,, and CO, of tomato tissues
and their morphometric parameters. The corresponding measured and
predicted diffusivities are plotted in Figs. 6-8 for O,, C,H,4, and CO,, re-
spectively. The estimates of n, residual errors and adjusted R2 values are
given in Table 6.

Equation (7) provided a good fit for the effective diffusivity with an
R? of 0.913, although it overestimated the value for the low diffusivity
samples. By introducing the open porosity into the model and consider-

Co,

Depp (m? )
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1 1=10°
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Fig. 5. Effective diffusivity maps of O,, C;H4 and CO, in tomato fruit, with water diffusivity used in gel parts. (a) medium-sized, (b) immature green, (c) mature

green, (d) orange, (e) red ripe.
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Fig. 6. Scatter plots of measured versus predicted effective O, diffusivity using regression equations. (a) Equation (7), (b) Equation (8), (¢) Equation (9), (d) Equa-
tion (10), (e) Equation (13), (f) Equation (14). The solid line on each plot indicates y = x.
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Fig. 7. Scatter plots of measured versus predicted effective C,H, diffusivity using regression equations. (a) Equation (7) Equation (8) Equation (9), (d) Equation
(10), (e) Equation (13), (f) Equation (14). The solid line on each plot indicates y = x.

ing the closed pores as inclusions in the cell patches, the best fit was ob-
tained with Equation (8) (Figs. 6b, 7b and 8b for O,, C,Hy, and CO,, re-
spectively) with an R2 of 0.914-0.915 for all gases. Compared to Equa-
tion (7), the regression model of Equation (8) gave better predictions,
especially for samples with no or low open porosity, as the effect of
those closed pores contributed little to the gas diffusion through the
whole tissue volume. However, the effective gas diffusivity of a col-
umella tissue that has a relatively high porosity (total porosity of
14.34%, open porosity of 14.09%) was still overestimated and re-
mained outside the prediction confidence limits in Fig. S3b (1)-(3).
This may have been due to the tortuous diffusion path in this sample
that caused the effective diffusivity to be smaller than predicted. This
was confirmed by taking the tortuosity into account in models of Equa-
tions (9) and (10). While the outlier did move closer to the other data
points, the overall prediction accuracy decreased, with an R2 of about
0.58 for all gases. In Fig. 6¢ and d, Fig. 7c and d and Fig. 8c and d, al-
most all samples with effective diffusivities higher than 10-° m? s~1 for
0O, and C,Hy, 10-8 m? s~! for CO, were above the reference diagonal,

suggesting that Equations (9) and (10) overestimated the effective gas
diffusivity of these samples. Finally, the results of the parameter estima-
tion obtained with regression models of Equations (13) and (14) are
shown in Fig. 6e and f, Fig. 7e and f and Fig. 8e and f. Compared to the
two previous equations, Equations (13) and (14) provided higher fits
for all gases with an increase in R? to 0.80. Note that models of Equa-
tions (9) and (13) do not include open porosity, but still gave good pre-
dictions for samples with low effective diffusivity, because tortuosity
already accounts for open pores (for samples with no connected path,
the tortuosity is infinite).

Next, the average relative errors of prediction for different gases and
ranges of porosity and open porosity were analyzed. The average rela-
tive error was calculated as the ratio of the absolute value of the differ-
ence between the predicted and measured effective diffusivity of each
sample. The distributions of the prediction accuracy for each formula
are shown in Fig. 9. Except for very high errors for low porosity samples
(porosity in the range of 0-2.5%), the regression model of Equation (7)
gave good prediction accuracy across the range, and especially for high
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Fig. 8. Scatter plots of measured versus predicted effective CO, diffusivity using regression equations. (a) Equation (7), (b) Equation (8), (c) Equation (9), (d) Equa-
tion (10), (e) Equation (13), (f) Equation (14). The solid line on each plot indicates y = x.

Table 6
Adjusted coefficient of determination (R?) and root mean square error (RMSE, in m?s~!) for the predicted effective gas diffusivity via the regression equations.
Model type 0, CoH, CO,
n R? RMSE (m? s™) n R? RMSE (m? s™) n R? RMSE (m2 s~1)
Mean + SD Mean + SD Mean + SD
Equation (7) 1.71 + 0.0137 0.913 1.28 x 1077 1.71 = 0.0136 0.913 9.64 x 108 1.71 = 0.0136 0.913 9.43 x 108
Equation (8) 1.71 + 0.0136 0.914 1.27 x 1077 1.71 + 0.0136 0.915 9.62 x 1078 1.70 = 0.0135 0.915 9.42 x 108
Equation (9) - 0.580 5.57 x 1077 - 0.580 4.21 x 1077 - 0.584 4.09 x 1077
Equation (10) - 0.584 5.53 x 1077 - 0.584 418 x 1077 - 0.588 4.06 x 1077
Equation (13) - 0.796 2.63 X 1077 - 0.795 1.99 x 1077 - 0.796 1.94 x 1077
Equation (14) - 0.794 2.64 x 1077 - 0.794 2.00 x 107 - 0.795 1.94 x 1077

porosity samples (porosity >10%). By examining the distribution of er-
rors with respect to open porosity, it became apparent that the larger
prediction error of the first model is mainly due to the samples without
open pores (0% open porosity). For all other tissue porosity values, the
mean relative error was smaller than that of other models. For C,H,, a
similar observation can be made, with a smaller mean relative error for
samples without open pores. For CO,, the diffusivity through cells is
also relevant, and the mean relative error at 0% open porosity is also
small. The large error for samples with 0% open porosity disappears if
the formula Equation (8) is used. This is relevant for O, and C,H,, but
not for CO,.

Of the other correlation equations, the regression model of Equation
(9) performed worst, mainly for samples with porosity <5%, but often
also at higher porosity. The regression model of Equation (14) im-
proved the error distribution, but never outperformed the models of
Equation (7) and Equation (8) that included porosity (or open porosity)
and a fitted exponent.

4. Discussion
4.1. Pore structure in mesocarp during tomato maturation

The mesocarp tissue of tomato fruit consists of all cell layers be-
tween the exocarp, which is composed of an epidermal cell layer and
several small layers of hypodermis cells next to the fruit cuticle, and the
endocarp, which is the cell layer next to the gel region. Cell size differ-
ences in the different cell layers of mesocarp have been reported previ-
ously, with small cells located next to the exocarp and endocarp while

10

the largest cells are located in the center of mesocarp (Musseau et al.,
2017). It has been reported that, while the mesocarp cells are undergo-
ing cell expansion, the exocarp cells are still dividing and entering the
cell expansion phase later than mesocarp cells, and a more detailed
gene expression analysis revealed that the expression of genes related
to cell elongation, auxin transport and responsive proteins is relatively
low and late in the exocarp. Also, these genes follow a gradient of ex-
pression from the fruit center (columella) to the exocarp (Lemaire-
Chamley et al., 2005). Since cell expansion dramatically alters the posi-
tion and shape of cells in the tissue, their effect on intercellular space is
significant. The expression gradient of elongation-related genes in the
pericarp may indicate the lag of the entry of the outer-mesocarp into
cell expansion, which thus may explain the lag of pore development in
the outer mesocarp relative to that of the inner mesocarp during the im-
mature green stage.

After that, the position of each cell is almost fixed, thus the change
in intercellular space is caused by cell breakdown and changes in cell-
to-cell adhesion (cell separation). Huysamer et al. (1997) examined the
cell wall compositions of the outer 2-mm of the pericarp (including cu-
ticle) and the inner 2-mm tissue region next to it in both mature green
and light red tomatoes. They found that the ratio of uronide to neutral
sugar of inner discs increased from 4.3 to 6.5 while the ratio remained
constant at 6.4 for outer discs during ripening. They concluded that
ripening-related hydrolysis of pectin side chains is a feature of ripening-
related cell wall change of inner but not of outer mesocarp. In addition
to this, previous studies have shown that ripening-related gene expres-
sion begins in the gel region and then radiates out to other tissues, and
that transcriptomic reprogramming associated with the transition from
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Fig. 9. Relative errors (mean *+ standard deviation) of the predictions of the effective diffusivity of (a) O,, (b) C,H, and (c) CO, by regression models (i.e. the cor-
relation of the effective gas diffusivity with porosity, open porosity, porosity/tortuosity, and porosity/tortuosity?) for different ranges of porosity (%) and open
porosity (%). Red reference line on each figure indicates that the relative error is equal to 1.

pre-ripening to ripening occurs first in the gel region at mature green
stage and then extends to the pericarp (Chirinos et al., 2022). In this
study, the porosity of the outer mesocarp gradually increased and
tended to reach the same level as that of the inner mesocarp. Whether
the change of porosity is caused by ripening, and whether the lag of
porosity increase in outer mesocarp region implies a lag in ripening still
needs to be investigated.

4.2. Diffusivity of metabolic gases in tomato tissues

The results show that O, diffuses faster in the center tissues (pla-
centa and columella) of a tomato throughout maturation and ripening.
In contrast, in outer tissues, the effective O, diffusivity is small in the
early stages but increases with ripening. During early development, al-
though the effective O, diffusivity of mesocarp tissue is low, a limited
number of stomata are found on tomato skin and fruit is capable of pho-
tosynthesis. This promotes the O, supply and reduces the risk of hy-
poxia. As maturation and ripening progress, photosynthesis activity di-
minishes and respiration increases. At the same time, the O, permeabil-
ity of tomato skin during ripening is relatively low (Lendzian, 1982).
Thus, O, influx to the fruit must come mainly from the pedicel, and the
0O, supply to mesocarp tissue must occur through a longer pathway.
Also, O, is partially consumed by cells along the pathway. An increase
in the effective O, diffusivity of mesocarp would then facilitate the O,
supply during ripening.

CO, and C,H, are produced during maturation and ripening.
Compared to O,, CO, is more soluble in cells, and its effective diffu-
sivity in tissues with low porosity is comparatively higher. During
development, CO, is produced by respiration in the mitochondria of
the cells. The produced CO, either stays in cells for photosynthesis
or enters the intercellular space. Although tomato fruit do not show
net CO, fixation during development, they have a high ability of
photosynthesis and a high activity of phosphoenolpyruvate carboxy-
lase (PEPC). This indicates that respiratory CO, may be fixated again
and reused by the respiration pathway (Lytovchenko et al., 2011).
CO, accumulation in tomato tissues may, therefore, not be high dur-
ing development. As photosynthesis activity and cuticle permeability

decrease while respiration increases during ripening, CO, may accu-
mulate in tomato tissues, especially in the gel region, because of its
low effective CO, diffusivity and the potential of fermentative CO,
build-up. C,H, production is affected by both O, and CO, concentra-
tions, because O, is one of the substrates in its final step of, and CO,
has activation and inhibition (De Wild et al., 2003) effects on ethyl-
ene biosynthesis. Moreover, other substrate concentrations or en-
zyme activities may be rate limiting factors in ethylene biosynthesis,
and they are unevenly distributed in tomato fruit (Van de Poel et al.,
2014). Therefore, understanding the distribution of C,H,; requires
further study.

4.3. Regression models for effective gas diffusivity

The effective gas diffusivity is a key parameter for understanding
gas diffusion processes in fruit. Since fruit tissue is also a porous struc-
ture, the diffusion of gases through it follows the fundamental physics
of transport in porous media. The use of simple regression equations
may avoid the need of computationally demanding microscale simula-
tions or measurements. Although many theoretical principles and em-
pirical models have been proposed for the effective diffusivity of porous
media, there is limited work on relevant effective gas diffusivity models
of plant tissues based on their morphometric parameters. This is due to
the fact that such work requires a large amount of data covering a rela-
tively large porosity. Here we evaluated the usefulness of these models
for tomato fruit. The structure of tomato fruit is heterogeneous, and the
microstructure of tissues within one fruit varies greatly with porosities
from O to 25%.

The classic equation of effective gas diffusivity involving some
power n of the porosity (¢”) was proposed by Buckingham (1904). In his
study of soils n equaled 2. Some other values of n have also been re-
ported in soils, such as 3/2 by Marshall (1959), 4/3 by Millington
(1959), and 5/3 by Lai et al. (1976), suggesting that the exponential pa-
rameter n is likely to be specific from study to study, and the authors ex-
plained n as a shape factor of the gas channels. In a previous study of
apple, pear, eggplant and turnip, n was found to be 1.97 and 1.87 in the
correlation models of porosity and open porosity, respectively
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(Nugraha et al., 2021). These two values of n are higher than the values
we obtained, which indicates a higher resistance of diffusion caused by
the shape of the gas channels than in our study.

Penman (1940) theoretically proposed a relationship to explain
the shape effect of the actual diffusion path in terms of a tortuosity
factor (%r), found that 7y was higher than 1, which implied that the dif-
fusion path was not straight but tortuous:

&

Dey = ;Do (20)

where D, is the diffusion rate in free air. Note that the tortuosity fac-
tor 7y is related to but not equal to the geometrical tortuosity (z), as the
former includes more complex diffusion phenomena effects. The tortu-
osity factor has been shown to be approximately equal to ;2 (Epstein,
1989; Petersen, 1958). This explains why equations involving the
square of the tortuosity (Equation (13) and (14)) performed better than
those involving tortuosity (Equation (9) and (10)) in our study. By ex-
amining the tortuosity of the samples used by Nugraha et al. (2021), we
found that the mean values of tortuosity of all samples (13.56 + 46.32)
was higher than those we observed (5.20 * 6.96). This may have
caused the higher value of n in their study.

Although the models incorporating the square of tortuosity per-
formed well and gave a visually better fit to the data in Figs. 6-8, they
never outperformed the simple regression equation with porosity (or
open porosity) and a fitted exponent in terms of the RMSE. Also, the ef-
fective gas diffusivity of some placenta tissue samples (with low ¢ /72 or
£o/ 72) were underestimated (Fig. S3), which indicates that the diffusion
resistance was overestimated. This is likely due to the fact that these tis-
sue samples contained a large number of interconnected open gas chan-
nels (~100), some of which were highly tortuous. Thus, the overall ef-
fects of tortuosity on gas diffusion of these tissues is somewhat overesti-
mated when using the average tortuosity in the models, because the
contribution of these long channels to gas diffusion is actually small.
This was confirmed by using the median values of tortuosity in the
models (Fig. S4), i.e., the previously mentioned outliers moved closer to
other data points. Still, the overall performance of the models did not
improve (Table S2). This should be considered when using geometrical
tortuosity to estimate the effective gas diffusivity.

Besides the porosity (or open-porosity) and tortuosity, the constric-
tivity factor indicating the effect of pore channel narrowing and widen-
ing also affects diffusion in porous media (Appelo et al., 2010), particu-
larly when the porous media have many narrow channels that prevent
the free passage of gases. This was not the case in our study. Thus, the
porosity, open porosity and tortuosity can already describe most of the
geometrical features of fruit tissue and give good predictions of the ef-
fective gas diffusivity.

5. Conclusion

Tomato tissues cover a wide range of microstructural features with
different porosity, open porosity and tortuosity values, causing a large
range of effective diffusivity of the gases O,, C,H, and CO,. Regression
models provided values for effective gas diffusivity of Oy, C;H4 and CO,
for porosity above 10% with a good accuracy except for small porosi-
ties. Among all relationships, the correlation of the effective diffusivity
with open porosity provided the best prediction. The exponent n of 1.7
is obtained for all gases, indicating the regression models are generic
for different gases, and the value of n can be explained as the effect of
tortuosity by analyzing the relationship between the effective gas diffu-
sivity and the ratio of porosity/tortuosity?. The diffusivity predictions
can be further utilized for integration into respiration-diffusion models
of tomatoes and other fruits. Computations with such models will even-
tually be used to predict the response of the fruit to different posthar-
vest conditions to design and optimize new postharvest technologies,
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such as modified atmosphere packaging and specific gas treatments, or
to better manage current postharvest supply chains of fruit.
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