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ABSTRACT

A model was developed to describe water transport in fruit tissue, taking into account the microstructural architecture of the cell assemblies in the tissue, which leads to a better understanding of the underlying phenomena causing water loss. Pear (Pyrus communis L. cv. Conference) was chosen as a model system. The fruit tissue architecture was generated by means of a cell growth model. The transport of water in the intercellular space, the cell wall network and cytoplasm was predicted using transport laws using the chemical potential as the driving force for water exchange between different microstructural compartments. The model equations were solved on the pear cortex tissue geometry ( referred here after as geometry) using the finite element method. The different water transport properties of the microstructural components were obtained experimentally or from literature. The effective water conductivity of pear cortex tissue was calculated based on the microscale simulations. The values corresponded well with measured values of tissue water transport parameters. The model helped to explain the relative importance of the different microstructural features (intercellular space, cell wall, membrane and cytoplasm) for water transport. The cell membrane was shown to have the largest effect on the apparent macroscopic water conductivity. 
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1 Introduction
Extending the postharvest life of horticultural produce requires knowledge of all the factors that can lead to loss of product, as well as the use of this knowledge to develop affordable technologies to minimize the rate of deterioration. Water loss leads to loss of saleable weight, and consequently a direct economic loss. Furthermore, weight loss of only 5 percent will cause many perishable commodities to appear wilted or shriveled (Wills et al., 1998). Measures that minimize water loss after harvest will thus usually enhance profitability. 

Modeling is a tool that assists a better understanding of water movement in horticultural products. There are two basic approaches to model water transport processes in fruit or vegetable tissues: the macroscopic continuum approach and the microscopic (cellular) approach. The macroscopic approach assumes that the tissue is homogeneous and the modeling is carried out on the lumped properties of pores, cell wall, cell membrane and cell vacuole (Nguyen et al., 2006,  Veraverbeke et al., 2003). This approach allowed to calculate water loss from intact fruit under different storage conditions. However, detailed insight into the water transport at the micro scale is lost, and the macroscopic model parameters are apparent rather than physical parameters (Ho et al., 2012, Ho et al., 2011). The microscopic approach recognizes the heterogeneous properties of the tissue and the complex cellular structure is represented by a geometrical model (Marcotte et al., 1993, Toupin et al., 1989, Yao et al., 1996; Mebatsion et al., 2009). In the latter approach, Philip (1958a) related the cellular volume changes of a single cell as a function of time to the membrane permeability, elastic modulus and the concentration of solutes in the cell and in the solution. He developed a conceptual model which consisted of a linear arrangement of uniform cubic cells to represent a cellular tissue (Philip et al., 1958b). The analysis was restricted to non-diffusible solutes and water could only move between adjoining cells. Molz and Hornberger (1973) extended Philips model to both diffusible and non-diffusible solutes based on the theory of non-equilibrium thermodynamics. However, the linear aggregate cell model still failed to take into account the flow within the cell wall. Molz and Ikenberry (1974) modified the linear aggregate model by taking into consideration the cell wall pathway. The conceptual model was a linear aggregate of cubic cells surrounded by layers of cell wall material. The cell wall pathway and the cell to cell pathway were coupled through the transmembrane flux. Molz et al. (1979) developed a lumped circuit analog from the previous concepts by using arrays of resistors and capacitors. It was shown that the cell membrane resistance can delay the response of the cells and play an important role in osmotic dehydration. Toupin et al. (1989) simplified a plant cell as a cylindrical equivalent consisting of two hollow coaxial cylinders and a membrane located between the two cylinders. The cylindrical equivalents were attached to each other to form a continuum. The conceptual model not only provided a means to permit concentration gradients to exist in the extracellular volume, but also allowed for mass exchange between the intracellular and extracellular volumes for one dimensional mass transfer analysis. Later the model was modified by Marcotte et al. (1991) to give a closer thermodynamic description of the forces involved in dehydration processes. Nowadays, although the water relations in a single plant cell are adequately described and understood, the transport events in cell aggregates are too complex to be determined by this basic theory. The actual microstructural architecture of tissues has to date not been taken into account. Recently, Seguí et al. (2006 and 2012) developed and applied a cellular approach for better understanding of osmotic dehydration of protoplasts and isolated apple cells. The model considered the water flux out of the cell as affected by different phenomena  including shrinkage and plasmolysis. The model did not consider the multi-cellular topology in tissues. 
We have introduced a new modeling paradigm – multiscale modeling –that allows to combine different scales as to (1) directly calculate the macroscopic apparent material properties from a microscale model, and (2) explore the transport phenomena both at the macroscale and the microscale for better understanding of the process (Ho et al., 2012). Ho et al. (2011) developed a multiscale model to describe gas transport in apple fruit. They used synchrotron microtomography to construct geometric models of differenet apple tissues (Verboven et al., 2008) that were subsequently used to discretize the model equations. Esveld et al. (2012a and b) presented a network model of water sorption of solid foods such as bread, crackers and cereals. This approach uses the 3D microstructural geometrical properties of the food and solves the mass balances in the different compartments of the material over a discrete network of pores connected by throats that represent the material topology.

As detailed above, most of the works concerning moisture transport are based on the classical continuum approach where the transport properties are assumed to have a lumped single value throughout the tissue.  The importance of using the microscale approach to calculate the tissue transport properties based on the micro-structural geometry and properties of a tissue has been demonstrated for gas transport by Ho et al. (2012). Earlier works that have attempted to use a microscopic approach (Marcotte et al., 1993, Toupin et al., 1989, Yao et al., 1996) for moisture transport modeling are not based on representative tissue geometries. To our knowledge, the  literature lacks microscale water transport models that are based on real (representative) micro-structural tissue geometries, while taking into account the transport and sorption behavior of the different tissue constituents.
The objective of this paper was to develop and solve a water transport model in the actual microstructural architecture of tissues configuration of pear cortex tissue as a basis for a multiscale model of water transport in pear fruit. The aim of the model was to calculate the apparent water conductivity of the tissue.   Pear (Pyrus communis L. cv conference) was used as a model system.
2 Model formulation
2.1 Construction of a 2D geometric model of cortex tissue 

Cortex tissue of pear consists of an agglomerate of cells and intercellular spaces of different shapes and sizes (Verboven et al., 2008). To take into account this microstructure, we introduce the microscopic layout into the modeling as the computational geometry of the model. The geometry was generated using a virtual fruit tissue generation algorithm. It is a plane cell growth based algorithm where the cell was considered as a closed thin walled structure, maintained in tension by turgor pressure. The cell walls of adjacent cells were modeled as parallel and linearly elastic elements which obeyed Hooke's law. A Voronoi tessellation was used to generate the initial topology of the cells. Cell expansion then resulted from turgor pressure acting on the yielding cell wall material. To find the sequence positions of each vertex of the cell walls and, thus, the shape of the cells with time, a system of differential equations for the positions and velocities of each vertex were established and solved using a Runge-Kutta fourth and fifth order (ODE45) method. The model was used to generate realistic 2-D fruit tissue structures composed of cells of random shapes and sizes, cell walls and intercellular spaces. Comparison was made with fruit tissue micrographs. For details, please refer to Abera et al. (2012a).  In this work, five different tissues were generated by a random generation of the initial cell distribution in the growth model. The five different pear cortex tissue  geometries are used to account for biological variability across the cortex tissue. For each of these five different geometries, four different versions were generated corresponding to water activities of 98.5%, 95.5%, 88.5% and 77.5%. Hereto the tissue moisture content corresponding to each water activity was calculated from the desorption isotherm of the intact tissue (Nguyen et al., 2004a) and the geometry was then scaled isotropically to match this moisture content.
2.2 Microscale model of water transport

At this point, a steady state model is presented where it was assumed that the tissue is equilibrated to conditions of a small water potential (equivalent to 1% RH) gradient applied across the sample to minimize shrinking. These gradients were applied to the four different versions of each of the five virtual tissues (the five different geometries) that were described earlier. For example, for the version of a tissue corresponding to a water activity of 88.5%, one side of the tissue was exposed to 89% RH, while the other to 88%. All simulations were performed for isothermal conditions at 25°C as the artificial cell wall parameters that were used here were available at this temperature (Fanta et al., 2012). The transport of water in the intercellular space, the cell wall network and cytoplasm were modeled using diffusion laws and irreversible thermodynamics (Nobel  1991). For the cells, steady-state model of diffusion:
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is the dry matter base water content of the cell, (kg kg-1 dm). The cell density and dry matter density 
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The steady-state model of diffusion (1) becomes
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Derivating eqn (4) and substituting eqn (3) to eqn (4) leads to
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The water content and the water potential ( (Pa) of the cell are related as follows (Nguyen et al., 2004a)
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where 
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is the water capacity (kg kgdm-1 Pa-1), which is defined further on.
Inserting eqn (6) into eqn (5) results in
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The dry mass density of the cells changes as the cell shrinks. It is related to initial dry mass density by the following equation
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where 
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 the initial water content, 
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 the volume change as a consequence of water loss to reach a new equilibrium, 
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 the density of water, and 
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is the global volume change of the tissue directly proportional to water loss. 
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 was found to be equal to 1, as based on experimental observations made previously (Nguyen et al., 2006). The experiments considered gradual drying of pear cortex tissue where at each stage the dry base and volumetric water content were measured. From the resulting curve, the volume change as a function of water content was obtained to which the value of 
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was fitted with the above equation and found equal to unity. Small differences in its value did not significantly affect the resulting prediction of water transport properties of the tissue.
For the cell wall, steady-state model of diffusion reads:
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Inserting the equivalent of eqn (6) for cell wall into eqn (9) results in 
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where 
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is the dry matter density of cell walls, (kg m-3), 
[image: image26.wmf]w

D

is the water diffusion coefficient of cell walls (m2s-1), 
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is the dry matter base water content (kg kg-1), and 
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is the water capacity (kg kgdm-1 Pa-1). The latter is calculated from a Ferro Fontan model (Ferro et al., 1982) .
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 (13) with (, ( and Rc adjustable parameters of the isotherm; R the universal gas constant (8.314 J mol-1K-1 ); T the temperature (K); Vw  the molar volume of water (18(10-6 m3mol-1).
For the air,  steady-state model of diffusion reads
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or the equivalent in water potential:
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where 
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is the dry density of air (kg m-3)  , 
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is  the water diffusion coefficient of air , (m2 s-1), and 
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is derived from  the psychrometrics, and is detailed further on.
Irreversible thermodynamics was applied at the cell membrane: (Nobel  1991)
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where 
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is the permeability of the membrane (kg m-2 s-1 Pa-1), 
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is water potential of cell at the membrane (Pa) and 
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 is the water potential of cell wall at the membrane (Pa).
The complete model is implemented in a water potential formulation and with the water conductivity (K) to obtain a model of the format:
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with nonlinear K values for each compartment of the microstructural tissue equal to
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because c(  is a nonlinear function of water potential and varies considerably between air, cell wall and intracellular water. In principal D can also be nonlinear. In this study it is assumed constant because the study is applied to the high RH range. However, in this range strong variations in c(  can be expected. 
2.3 Model parameters
The used model parameters are listed in Table 1. For the cellular water, the diffusivity value was assumed to be equal to self-diffusivity value measured by (Holz et al., 2000). The dry matter content of clear juice of ‘Conference’ pear cortex tissue was measured. Conference pear cortex samples from pear that were harvested at optimal picking date in 23 September 2010 and stored in optimal conditions (-1°C, 2.5-3% of O2, 0.7% of CO2) for 3 months were used to extract clear juice. The dry matter content of the juice was determined after drying samples during 24 h  at 105 °C. The weight loss is checked after 24 hr and there is no further weight loss occurred beyond 24-hr at 105°C..
The water capacity of cells is a non-linear function of water potential. The relationship can be derived from the following considerations. For the cells the following holds:
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where (s and (P are the osmotic and pressure (turgor) potential, respectively. The osmotic potential can be elaborated as
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or
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with the proportionality factor equal to the molar mass of solutes in the cell. Cs is the molar concentration of water, mw is the mass of water and ms that of solutes, and ns is the amount of moles of solutes in the cell. In this study, the molar mass of solutes is assumed to equal 140 g mol-1. For most of the lower water potential range, it was assumed that only osmotic potential drives the total cell water potential. In this range, the water capacity is thus calculated as the derivative of equation 21. 


[image: image47.wmf]2

()

w

s

CRT

y

r

y

=










          (22)
Turgor pressure was assumed to play a role only at high water potential, RH > 98 %. For this range, a constant water capacity was taken equal to the value obtained from the osmotic equation (
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= 1.56 10-6 Pa-1). The equilibrium water content of the cells is 10.3 kg kg-1 dm ((c = 0), and the turgor pressure equals 1.6 MPa. The water isotherm of the cells is plotted in Figure 2.
The properties of cell wall were determined on artificially produced cell walls, of which the composition can be controlled and the structure and properties investigated (Fanta et al., 2012). Artificial cell walls that contain bacterial cellulose, pectin and xyloglucan were assumed to have similar properties to real cell walls. Desorption isotherms of artificial cell walls were measured using the hygrometric instrument method (Nguyen et al., 2004a,b) , the derivative of which was implemented as the nonlinear water capacity of the cell walls (Figure 2) ,calculated using Eq. (6). Fanta et al. (2012) also measured the dry matter density of the cell wall. The effective water conductivity and diffusivity of the artificial cell walls were measured by these authors using diffusion cells. The values used in this study are detailed in Table 1. 

The dry density and water diffusivity of air are well documented and the water capacity of air can be calculated from water vapor pressure-concentration relationships. The psychometric curve is plotted in Figure 2. The values used are given in Table 1. 

The membrane permeability Pm (m s-1) was estimated from literature sources. Segui et al. (2006) measured values higher to 3000 µm s-1, while other authors obtained values that were much lower, from 2.5 to 500 µ m s-1 on different plant tissues (Suga et al 2003; Ramahaleo et al 1999; Murai-Hatano and Kuwagata 2007; Volkov et al
2007; Moshelion et al 2004; Ferrando et al 2002). Here a nominal value of 17 µm s-1 was used.  The permeability can be converted to membrane transfer coefficient hm by using the proper thermodynamic relationships. 
2.4 In silico study of water exchange
The geometric models of pear cortex tissue constructed earlier were imported into Comsol Multiphysics vs. 3.5 (Comsol AB, Stockholm) for numerical computation of the water exchange using the model equations outlined above. The geometric model was then meshed into 239,783 quadratic elements with triangular shape by the automatic Comsol mesh generator (Figure 1). The non-linear coupled model equations were discretized over this mesh using the finite element method. A direct solver was applied for solving the resulting set of ordinary differential equations model with accuracy threshold less than 10-6. Computation time was 5 minutes for each steady state simulation on 8 GB of RAM quad-core PC. The results of the simulations were the water potential and water content distribution in the tissue samples as well as the water flux through the sample for a given water potential gradient across the sample. The sample was the entire tissue geometry used in the computations. 
2.5 Effective water conductivity of pear cortex tissue
In silico analysis was carried out to study microscale water  exchange in pear fruit tissue. A difference in water potential was applied to two opposite boundaries of the tissue geometry while the other two lateral boundaries were defined to be insulated. The macroscopic water conductivity
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with 
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 (kg m-2 s-1), the total steady state flux through the fruit tissue, 
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 (Pa) the assigned water potential difference between the two opposite sides and 
[image: image53.wmf]L

 (m) the thickness of the simulated tissue. The minus sign indicates that the water  diffuses from high to low potential.
2.6 Sensitivity analysis
A sensitivity analysis was performed to study how sensitive a particular predicted model output was with respect to small changes in model parameters (Lammertyn et al., 2003a). Relative sensitivities can be compared between the different parameters. A high value of the relative sensitivity of a parameter indicates that the particular predicted model solution is highly influenced by a small change in that parameter value. The relative sensitivity  S K,eff of the predicted model value 
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 (macroscopic effective water conductivity) with respect to parameter P was defined as follows        
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The perturbation of the parameters was taken as 10% of the nominal value of P which was used for simulation.
3 Results
3.1 Micro scale model simulations
Model simulations of steady state water transport were performed on the fruit cortex tissue samples, where a difference of 1% RH (99-98%, 96-95%, 89-88% and 78-77% RH) across the tissue samples was applied (Figure 3). Cells at the same position in  the gradient tend to have similar and uniform water potential, which is logical due to the high water conductivity inside the cells. Gradients mainly exist from one cell to another in the direction of the applied gradient. While the water potential gradient is a continuous function across the sample, the water content between different compartments can be largely different (Figure 4). While at the cellular scale there are obvious differences between the different sample because of their different microstructure, overall the gradients are very similar.
Figure 5 shows the water potential and water content distribution for the different ranges of RH applied to the tissues. The water potential and the water content show different global distributions across the samples. The water content of the cells remains fairly constant across the sample, but lowers drastically with decreasing RH values. 
3.2 Prediction of tissue conductivity 
The resulting effective conductivity of the entire tissue was calculated from the obtained fluxes for the RH levels of  99-98%, 96-95%, 89-88%, 78-77% and temperature of 25°C. The values correspond well with the lower range of measured values of tissue conductivity at 25°C as can be seen in Table 2. The fact that it was not possible to predict the high range of values may be attributed to the fact that the 2D model is unable to take into account the 3D connectivity of the pore space (Ho et al., 2009). 
Measured values of the effective water conductivity of pear tissue showed a large variation of (Table 2). We believed that this was mainly due to microstructural variations. Simulations with different tissue structures in this study (Figure 6) showed that differences in porosity, connectivity and cell distribution affected the water transport in the tissue, but the resulting variation was smaller than that observed in the experiments. The model was however restricted to 2D, and 3D features that affect water transport may not be accurately represented. Furthermore, the effect of differences in microscale water transport properties (e.g., due to different development or ripening stages, or different soluble solids contents of different experimental samples) on effective tissue properties is discussed below and will also contribute to the variation. 

The resulting water conductivity of the different compartments of the tissue (cell walls, cells, intercellular air spaces) and the effective value of the cortex tissue is shown in Figure 7. It is observed that the tissue conductivity varies mostly with changes in water potential in the high RH range due to a steep increase in cell wall conductivity. At the other end, at lower RH, cell wall conductivity decreases, thereby also lowering the tissue value. The fact that tissue conductivity does not follow the more drastic changes of the value of the cell wall, is due to the significant contributions of the other compartments. 
Figure 8 shows the resistance for water transport of the different tissue compartments (cell, cell wall, air spaces and cell membrane), the sum of these resistances and the resistance of the tissue. The resistances were calculated as the representative thickness of each compartment , 1µm for cell wall, 100 µm for cell and 10 µm for air, divided by the water conductivity. It is shown that the main resistance to water loss is the cell membrane, followed by the cells and the air. The wall resistance increases rapidly with a decrease in water potential. At lower water potential, the resistance of the cell wall also becomes more important and causes the total resistance to increase. The simple sum of the resistances does not match the tissue resistance. The difference between the two values could be attributed to the microstructure effect.
The results of the sensitivity analysis are shown in table 3. The sensitivity with respect to the diffusivity values of the tissue compartments is given. The sensitivity with respect to the density of the compartments is similar, see Eq. (18). It is seen that the membrane permeability value has by far the largest influence on the effective water conductivity of the tissue. The sensitivity with respect to the water capacity value is also shown for the cell wall, which is a nonlinear function of the water potential. The diffusivity of water in the intercellular space, in the cell wall and the water capacity parameter of the cell wall have almost equal influence on the macroscopic water conductivity, while variations of the diffusivity inside the cell  and the dry mass densities for the cell ,wall and air space have  a very minor effect. 
4 Discussion
This paper presented a microscale model of water transport in pear tissue, which was used to calculate effective tissue properties such as tissue conductivity as a basis for a multiscale model for water transport in fruit (Ho et al., 2012). Compared to previous work on water transport in plant tissues (Philip et al., 1958b; Molz et al., 1979; Toupin et al., 1989; Marcotte et al., 1991; Seguí et al., 2006 and 2012), the presented microscale approach for the first time uses a realistic geometry of the tissue. The virtual fruit tissue was generated using a cell growth modeling algorithm that was previously validated (Abera et al., 2012a ). 
The value of the effective tissue conductivity obtained from the simulation corresponded well with the measured values. This confirms that the microscale approach that was originally developed to calculate gas transport properties of a tissue (Ho et al., 2009) can be applied for water transport as well. 

The physical transport parameters of the tissue components were obtained from dedicated experiments and literature sources, see table 1. We measured the water transport properties of artificial cell walls (Fanta et al., 2012) and assumed them valid for the present application to pear cortex tissue. 

The water conductivity of pear tissue was most sensitive to the cell membrane permeability. The value of the membrane permeability found in literature (Suga et al., 2003; Ramahaleo et al., 1999; Murai-Hatano and Kuwagata, 2007; Volkov et al., 2007; Moshelion et al., 2004; Ferrando et al., 2002; ) has a very large range from 2.5-3000 µm s-1 for different plant tissues. Only recently, values have been obtained for apple tissue (Seguí et al., 2012) and these were in the higher end of this range. However, in the present work the best results were obtained using a value in the lower range. Therefore, dedicated experiments will be needed to better understand the membrane permeability of fruit cortex cells.

The water conductivity of pear tissue was also sensitive to the  Ferro Fontan parameter (α) and water diffusivity in cell wall (Dw) . Both values were obtained from experiment in artificial cell wall 
The model approach presented here is similar to that presented by Esveld et al. (2012a and b), who used a microscale model to investigate effective water transport properties of complex porous foods. While the work of Esveld and coworkers considered vapour transport and sorption into the solid matrix, here we considered dehydration from plant cells under turgor confined by a cell wall matrix. The presented 2D microscale modeling approach of water transport fails to incorporate connectivity of cell walls and air spaces that can affect considerably the transport phenomena (Ho et al., 2011; Ho et al., 2009). Further advances require that the 3D modeling of water transport in the microstructure of the tissue is investigated to explain the effect of interconnectivity on the macroscopic water transport of a tissue. Thereto, 3D imaging of the cellular tissue with advanced image analysis or 3D tissue modeling will be required to provide representative 3D cellular models. The latter is currently under progress based on the 2D cell growth algorithm (Abera et al., 2012b). 3D imaging of fruit tissue is possible using X-ray microtomography; however, the image processing to obtain 3D models is still cumbersome (Herremans et al., 2012; Ho et al., 2011; Verboven et al., 2008). 
Finally, the tissue deforms during water loss. Here, this was taken into account in a static manner by considering different equilibrium states at different water contents using a global shrinkage coefficient. On the macroscale, recent work has allowed better understand and model the nonlinear shrinkage of fruit tissue (Aregawi et al., 2012; Defraeye et al., 2012). Future work will require to implement an equivalent microscale model that incorporates the dynamics of mechanical deformation of the cellular structure.
5 CONCLUSIONS
Microscale water transport in pear cortex tissue was described at a detailed level by incorporating water transport properties of the pores, cell wall, cell and cell membranes and the representative tissue morphology. The model predicted the effective tissue conductivity of pear cortex tissue in the same range as those that were measured on tissue samples. We have thus shown that a microscale water transport model can be effectively used to compute tissue properties in a multiscale modeling framework. It will thus become feasible to compute water loss of fruit without the need for cumbersome measurements of tissue diffusion properties. Rather, the analysis can be based on microstructure geometry models and the microscale water transport model to compute the effective properties of a macroscopic model of the fruit. Furthermore, we used a geometry generation algorithm that produces representative tissue samples based on tissue growth principles, while also accounting for stochastic variation in microstructure. In this way, it is now possible to produce a virtual representation of fruit without the need for microstructure imaging experiments. 
In addition, the microscale model allowed to investigate in more detail the different pathways for water flow through tissue, which was not previously possible. The largest gradients in water content were observed across the cell walls and cell membranes. Minor effects were observed of differences in the microstructure of the cortex tissue. The permeability of the cell membrane has a large influence on the macroscopic water conductivity of a tissue. 
The model will be extended to account for microstructure differences between the cortex and the skin and it can also be improved further by taking into account 3-D connectivity and the transient dynamics of water loss. It will then become feasible to evaluate measures to reduce water loss of fruit during storage and distribution using the microscale model in a multiscale modeling framework. 
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