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Nederlandse samenvatting

Peren (Pyrus communis L.) worden meestal bewaard op lage temperatuur (typ-

isch rond -1℃)- en onder gecontroleerde atmosfeer om hun ademhalingssnelheid

te minimaliseren en aldus hun bewaarpotentieel te verlengen. De optimale gas-

concentratie is kritisch, vermits een te lage O2-partieeldruk in combinatie met

een te hoge CO2-partieeldruk een fermentatief metabolisme kan veroorzaken in

de vrucht. Peren van de cultivar Conference zijn erg gevoelig voor een subop-

timale gassamenstelling omdat zij dan een verhoogde kans hebben op de ont-

wikkeling van bruinverkleuring en interne holtevorming. Vruchten met dergelij-

ke gebreken hebben geen commerciële waarde. Het exacte mechanisme van de

ontwikkeling van bruinverkleuring en interne holtevorming is nog steeds niet

volledig ontrafeld, maar de gassamenstelling van de bewaaratmosfeer lijkt van

groot belang te zijn. Een beter begrip van de transportprocessen van metabole

gassen in de vrucht kan mogelijk helpen om de bewaarprocedures te verbeteren

zodat in de toekomst het optreden van bruinverkleuring en interne holtevorming

zou gereduceerd kunnen worden.

Een nieuwe methode werd ontwikkeld om gastransporteigenschappen van

peerweefsel te meten met optische probes voor de O2- en CO2-partieeldruk.

De O2- en CO2-diffusiviteiten volgens de as van de vrucht bleken hoger te zijn

dan deze in de radiale richting in het vlak van de evenaar; deze van de schil

waren het laagst. Het effect van temperatuur op de gasdiffusiviteiten was klein

in vergelijking met dat van de biologische variabiliteit. Pluktijdstip had geen

effect op de gasdiffusiviteiten. De meetopstelling werd uitgebreid voor gasper-

meabiliteitsmetingen. De permeabiliteitscoëfficiënten voor epidermis en cortex

in de radiale richting waren min of meer gelijk maar kleiner dan deze in de axiale

richting.

Een macroscopisch reactie-permeatie-diffusiemodel werd geconstrueerd om

gasuitwisseling van intacte vruchten met hun omgeving te beschrijven. Het

model beschrijft zowel diffusie als drukgedreven gastransport evenals O2-con-

sumptie en CO2-productie door ademhaling of fermentatie. Discretisatie van
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vi

het model gebeurde met behulp van de eindige-elementenmethode, en het model

werd met succes gevalideerd onder stationaire en niet-stationaire omstandighe-

den bij 1℃. Een toenemende afwijking van de voorspelde CO2-partieeldruk werd

echter vastgesteld bij stijgende temperatuur. Op basis van een in silico-studie

werd aangetoond dat de hogere waarden van de Michaëlis-Mentenparameters

van de ademhalingskinetiek voor intacte peer in vergelijking met deze voor

weefselstukjes te wijten zijn aan de gasuitwisselingsbarrières van het weefsel.

Omgevingsomstandigheden zoals temperatuur en gassamenstelling hadden een

belangrijk effect op de interne verdeling van de O2 en CO2-concentratie in de

vrucht.

Een microscopisch gastransportmodel werd geconstrueerd om de effecten

van de microstructuur op gastransport te beschrijven. Het geometrisch model

was gebaseerd op (2-D) lichtmicroscopische beelden. Gastransport werd gemo-

delleerd met behulp van diffusiewetten, irreversibele thermodynamic en enzym-

kinetiek. De modelvergelijkingen werden numeriek opgelost met behulp van de

eindige elementenmethode. In-silico-analyse toonde aan dat de locale O2- en

CO2-profielen en fluxen erg verschillend waren voor deze beide metabole gassen.

O2-transport geschiedt voornamelijk door de inercellulaire ruimte, het celwand-

netwerk en minder doorheen de cellen, terwijl CO2 ook doorheen de cellen dif-

fundeert omwille van de verhoogde oplosbaarheid van CO2 bij de heersende pH-

omstandigheden. De biologische variabiliteit van de schijnbare diffusiviteit van

metabole gassen bleek een gevolg te zijn van de natuurlijke variabiliteit van de

ruimtelijke verdeling van cellen en poriën in cortexweefsel. Het transportmodel

voor O2 werd uitgebereid naar 3-D op basis van synchrotron-tomografische

beelden van cortex- en epidermis-weefsel. Een verschil tussen de gemeten en

berekende O2-diffusiviteit werd vastgesteld: de laatste was groter dan de eerste.

Een multischaalmodel voor gastransport werd geconstrueerd om het trans-

port van O2 en CO2 in Conference op verschillende ruimtelijke schalen te beschrij-

ven. De eerder vermelde modellen voor gastransport op micro- en macroschaal

werden hiertoe gekoppeld met behulp van een homogenisatieprocedure waarbij

de modelparameters van het macroscopische model werden berekend op basis

van het microscopische model. Het multischaalmodel werd gebruikt om het ef-

fect van verschillende bewaaromstandigheden op het gastransport in de vrucht

te onderzoeken. Een in-silico-studie toonde aan dat de laagste O2-concentratie

in peren geplukt op het commerciële pluktijdstip en bewaard onder typische om-

standigheden van gecontroleerde atmosfeer (2.5 kPa O2, 0.7 kPa CO2 bij -1℃)

hoger was dan de Michaëlis-Menten-constant voor cytochroom c oxidase, het

snelheidslimiterende enzym van de respiratieroute. In tegenstelling tot in kleine
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peren kan in grote peren en onder lage O2-omstandigheden de O2-concentratie

dalen tot beneden deze waarde. Dit leidt dan vermoedelijk tot fermentatie

en fysiologische gebreken die in de praktijk worden waargenomen in derge-

lijke omstandigheden. Rijpe vruchten zijn meer gevoelig omdat hun grotere

ademhalingssnelheid kan resulteren in anoxia in het centrum van de vrucht,

zelfs onder commerciële omstandigheden van gecontroleerde atmosfeer. Deze

multischaalbenadering biedt een beter inzicht in de mechanismen van gastrans-

port in peer en vruchtweefsel in het algemeen, en een kwantitatieve verklaring

van de ontwikkeling van fysiologische gebreken zoals bruinverkleuring en interne

holtevomring in peer.
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Abstract

Pears are commonly stored at a low temperature (typically around -1℃) and

under controlled atmosphere conditions to minimise their respiration rate, and,

hence, extend their storage life. However, the optimal gas composition is crit-

ical, as too low an O2 partial pressure in combination with too high a CO2

partial pressure induces a fermentative metabolism in the fruit. Conference

pears (Pyrus communis L. cv. Conference) are particularly sensitive to sub-

optimal gas conditions as they are susceptible to core breakdown. This storage

disorder is characterised by the development of brown tissue which will further

develop into cavities so that the fruit can no longer be commercialised. While

the exact mechanism of the development of this disorder is still unknown, it

has been shown to be related to the O2 and CO2 exchange of the fruits with

their environment. A better understanding of the metabolic gas transport pro-

cesses inside the fruit may help to improve the storage procedures so that the

occurrence of core breakdown may be reduced in the future.

A new method was developed to measure gas transport properties of pear

tissue using a diffusion chamber with optical probes for O2 and CO2. Experi-

mentally measured values of the CO2 diffusivity were considerably higher than

those of the O2 diffusivity. The gas diffusivities along the axial direction were

higher than along the equatorial radial direction while the values were lowest at

the skin. The effect of temperature on diffusivity was small compared to that

of biological variability. Picking date had no effect on the gas diffusivity of the

tissue. The measurement setup was adapted for gas permeation measurements.

Permeation coefficients of the skin and tissue along the radial direction were

more or less equal while permeability along the axial direction was higher than

along the radial direction.

A macroscopic permeation-diffusion-reaction model was developed to study

gas exchange of intact pear. The model accounted for both diffusion and pres-

sure driven exchange of these gasses and incorporated respiration kinetics. It

was discretised using the finite element method and validated successfully under
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steady and transient conditions at 1℃; however, there was an increasing devi-

ation for the CO2 profile with increasing temperature. Based on an in silico

study, it was shown that the higher values of the Michaelis-Menten parameters

which were measured for the respiration of intact fruit compared to those of

cortex tissue could be attributed to the gas exchange barrier properties of the

fruit tissue. Environmental conditions such as temperature and gas composition

had a large effect on the internal distribution of O2 and CO2 in fruit.

A microscale gas transport model was constructed to evaluate the effect of

microstructure on gas transport. The geometrical model of the fruit microstruc-

ture was based on light microscopy images (2-D). Gas transport was modelled

using diffusion laws, irreversible thermodynamics and enzyme kinetics. The

model equations were numerically solved using the finite element method. In

silico analysis revealed that the local O2 and CO2 concentration profiles and

fluxes were very different. O2 exchange occurs mainly through the intercellular

space, the cell wall network and less through the intracellular liquid whereas

CO2 exchange occurs at similar rates through each of these phases. The bi-

ological variation of the apparent diffusivity of gasses in tissue was related to

the natural random distribution of cells and pores in the cortex tissue. The O2

transport model was extended to 3-D based on synchrotron tomography images

of the cortex and epidermis tissue. A discrepancy between the measured and

simulated O2 diffusion was found: the simulated O2 diffusivity was larger than

the measured one.

A multiscale gas transport model was constructed to describe the trans-

port of O2 and CO2 in Conference pear at different spatial scales. Hereto the

micro- and macroscale model were coupled through a homogenisation procedure

in which the macroscale model parameters were calculated from the microscale

model. The multiscale model was used to analyse the effect of different external

air conditions at the storage temperature on gas transport inside the fruit. An

in silico study revealed that the lowest O2 concentration of optimally picked

pear stored at typical controlled atmosphere conditions (2.5 kPa O2, 0.7 kPa

CO2 at -1℃) was higher than the Michaelis Menten constant for cytochrome c

oxidase, the rate limiting enzyme of the respiration pathways. In contrast to

small pears, in large pears and under extremely low O2 storage conditions the

O2 concentration may decrease well below the Michaelis Menten constant for

cytochrome c oxidase. This most probably leads to fermentation and physiolog-

ical disorders which have been observed under such conditions. Ripe fruit have

more risk of developing core breakdown since the increased respiration rate may

result in anoxia in the center region of the fruit even at commercial controlled
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atmosphere conditions. This multiscale approach provides a much better in-

sight in the mechanism of gas transport in pear fruit and tissue in general, and

a quantitative explanation of the development of physiological disorders such as

core breakdown.
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Chapter 1

General introduction

1.1 Introduction

Fresh fruits and vegetables are important ingredients of the human diet. Due

to an increasing consumption of perishable products, the handling, storage and

marketing of fruits and vegetables is one of the major concerns in the human

food supply chain. Handling of horticulture produce not only deals with main-

taining the natural condition of produce, but also involves the technological

and economic aspects associated with supplying the products to the consumer

(Kays, 1991). Postharvest storage aims at preventing quality and product losses.

However, the occurence of storage disorders can never be excluded.

Pears are widely available as a source of nutritional food throughout the

whole year. Together with apple (Malus) and quinces (Cydonia), pear (Pyrus)

belongs to the pome fruits (Pomoideae), which is a subfamily of the Rosaceae

(Lambinon et al., 1998). Pear production has followed a pattern of great ex-

pansion in recent years. The global European pear production during the last

decade was annually between 2.7 and 2.9 million ton. Italy and Spain have been

the most important pear producing countries with 52.6 to 61 % of the total Eu-

ropean production (Table 1.1). The pear growing area is increasing strongly

during the last years in the Netherlands and in Belgium. Next to the older

standard pear cultivars Williams B.C. and Abate Fetel, there is an increasing

interest in Conference as the main pear cultivar in most of the European pear

producing countries (Deckers and Schoofs, 2005). In Belgium, the annual pro-

duction of pear has been increased from 180,000 to 280,000 ton. The cultivar

Conference is the most popular in Belgium (Figure 1.1); it comprises 81 % of

the total production, followed by Doyenné du Comice with 13 % of the total

1
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Table 1.1: Pear production in European countries (1.000 tons)(Source: Agricul-

ture statistics - production, Eurostat, Statistical Office of the European Communities,

2008).

Country Year

2000 2001 2002 2003 2004 2005 2006 2007

Belgium 180.7 88.7 171.2 176.1 231 229.1 268.4 280.3

Bulgaria 1.1 1.1 1 1.8 0.8 0.6 1

Czech Republic 25.2 16.3 3.2 3.4 2.2 3.3

Denmark 2.9 3.1 2.9 4.2 8.5 10.6 9

Germany 65.2 46.8 76.1 53.5 78.8 38.3 48.6 49.9

Greece 65 37 24.5 29.8 41 48.5 55.4 46.6

Spain 673.2 673.5 622.6 728.3 609.5 639.8 590 518.1 (p)

France 256.8 243 245.1 197.7 260.6 228 234.3

Italy 889.8 915 922.7 826 877.3 925.9 910.4 855.4

Cyprus 1.2 1.1 1.1 0.6 0.8 1.1 1.1 1.0 (p)

Latvia 1.3 1.5 1.8 1.3 0.7 2 1.3 1.1

Lithuania 1.5 1.2 1.9 2.7 1.6

Luxembourg 2.2 0.5 1.5 1.4 1.5 1.1 1.5 1.2

Hungary 36.9 21.1 13.1 18.8 18.4 19.7 32.8 11.8

Malta 0 0 0 0 0 0.2 0.2 0.1

Netherlands 203 76 171 159 210 195 222 260

Austria 130.2 108.6 103.6 175.5 124.4 118.3 117.2 175.5

Poland 81.6 77.4 92.1 77.2 87.3 59.3 59.3 30.7

Portugal 141.8 141.8 125.3 89.7 187.6 130.1 174.6 140.2

Romania 70.6 71.6 68.1 103.8 45.9 81.9 60.1 61.9

Slovenia 15.4 9.2 12.9 11.3 14.2 8.2 11.4 11.8

Slovakia 0.1 0.2 0.3 0.4 0.4 0.4 0.5 0.3

Sweden 2.4 1.3 2 1.7

United Kingdom 26.6 38.5 34.2 29.6 22.7 23.8 28.4 20.6

Croatia 4.4 2.9 2.9 4.4

(p) : provisional value
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Figure 1.1: Pear cultivar distribution in Belgium in 2002 (Source: Databank Eurofel

- BXL: Prognosfruit 2003, Cologne).

production and by Durondeau with 6 % of the total production (Deckers and

Schoofs, 2005).

With the increased demand and consumption of pears, knowledge of posthar-

vest technology is important in developing optimal storage conditions and min-

imizing the rate of deterioration during storage.

1.2 Respiration and postharvest storage tech-

nology

Living produce such as fruit needs to respire in order to produce the energy

it needs. Plant respiration is the oxidative breakdown of complex substrates

normally present in the cell, such as starch, sugars and organic acids to CO2,

water and heat. The normal oxidative respiration using O2 as an electron ac-

ceptor for the oxidative process in respiration is called aerobic respiration. At

low levels or in the absence of O2, the aerobic metabolism switches to a fer-

mentation metabolism with ethanol as an end product which is far less efficient

from the energetic point of view. During respiration, energy is created in the

form of ATP and further used for anabolic reactions, growth, regulation and

maintenance of the cellular organization and membrane integrity of living cells.

Respiration plays an important role during storage of fruits since it implies the
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loss of respiration substrate, and hence, the loss of quality (Kader, 1989).

Fruit development can be subdivided in three, not always clearly distinguish-

able, physiological stages including growth, maturation and senescence (Wills

et al., 1998) and respiration is affected by the development stage of fruit. The

growth stage is the period of cell division and enlargement. During this stage,

the respiration decreases and reaches a minimum. The maturation stage in-

volves biochemical processes which transform the fruit from an inedible organ

to a tasteful product. Following maturation, senescence is the period when the

processes of catabolic reactions surpass the synthesis reactions, leading to the

deterioration of fruit. Fruit ripening encompasses the changes taking place in

the later stages of maturation and the beginning of senescence. In so-called

climacteric fruit such as pear, the ripening process is normally associated with

a rise in respiratory activity. Respiration can, therefore, be considered as an in-

dicator of the natural end of a period of active synthesis and maintenance, and

the beginning of the actual senescence of climacteric fruit. Hence, the suggested

optimal harvest time for long term controlled atmosphere storage of climacteric

fruit is at the pre-climacteric stage where the respiration rate is still low before

ripening starts (Lammertyn, 2001).

The respiration rate of the fruit can be used as an indicator to optimize

storage conditions and to increase their longevity. The temperature, O2 con-

centration and CO2 concentration of the storage atmosphere are considered to

be three main environmental factors to control respiration. Temperature is the

most significant factor, since all biochemical reactions taking place during ripen-

ing are retarded at low temperature. Moreover, low temperature storage reduces

the growth of fungi, bacteria and insects (Thompson, 1998). The relation be-

tween O2 consumption and respiration has been described extensively in the

literature over the last decades. A decrease of O2 concentration may result in

a retarded metabolism in many fruits and vegetables such as broccoli, carrots,

peas, tomatoes (Weichmann, 1987), apples, peaches and pears (Kadam et al.,

1995; Peppelenbos and van’t Leven, 1996; Lammertyn et al., 2001a). The role of

CO2 on the respiration metabolism of fruit is more ambiguous. Increased CO2

levels have been shown to retard the respiration rate of broccoli, Belgian endives

and sprouts (Peppelenbos et al., 1996; Hertog et al., 1998), while no effect was

found on the respiration rate of onions, lettuce and spinach (Kubo et al., 1990).

Davey et al. (2004) reported that respiration was not instantaneous but long-

term effect by elevated CO2. A review by Drake et al. (1999) indicated that

CO2 could have direct effect correlating with inhibition of certain respiratory

enzymes, namely cytochrome c oxidase and succinate dehydrogenase while the
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indirect effect of CO2 may be related to changes in tissue composition. Contrary

to Drake et al. (1999), Gonzalez-Meler et al. (2004) stated that respiration rates

were generally not reduced for plants at elevated CO2.

Mathematical modeling of respiration based on enzyme kinetics has been

proposed to describe respiration behavior as a function of temperature, O2 and

CO2 concentration (Peppelenbos and van’t Leven, 1996; Hertog et al., 1998;

Lammertyn et al., 2001a). The respiration pathway is usually assumed to be

determined by one rate limited enzymatic reaction (Peppelenbos et al., 1996;

Hertog et al., 1998; Lammertyn et al., 2001a) and effect of temperature on the

respiration rate is assumed to be described by Arrhenius’s law. Under these as-

sumptions, the Michaelis-Menten model has been used as a semi-empirical model

to describe the respiration characteristics of intact fruit, although its parameters

should be interpreted with caution. Lammertyn et al. (2001a) indicated that

Michaelis-Menten constant parameters of intact fruit represented lumped pa-

rameters reflecting not only its respiration behavior but also information about

the diffusion barriers of the fruit.

Techniques to reduce the respiratory activity by limiting the O2 concentra-

tion, increasing the CO2 level, in combination with a low temperature are widely

used to extend the shelf life of fruits and vegetables. Modified atmosphere (MA)

packaging is a technique in which the fruit is kept fresh for a longer period,

using a gas permeable foil allowing, to some extend, gas exchange between the

internal atmosphere in the package and the external atmosphere (Lee et al.,

1991). The internal atmosphere of the package can be generated by the O2

consumption and CO2 production of product itself, or injected with a gas mix-

ture into the package to obtain fast equilibrium. Controlled atmosphere (CA)

is a storage technique in which fruits and vegetables are stored at a reduced O2

and/or elevated CO2 concentration. Deviations with respect to the set point

are corrected by the automated measurement and control system. O2 is added

by injecting cooled air while CO2 is removed with a calcium hydroxide scrub-

ber (irreversible formation of calcium carbonate) or absorbed by an active coal

scrubber (Lammertyn, 2001). Storage under controlled atmosphere is widely

used to store all kinds of horticulture products. In Belgium, CA storage is gen-

erally applied to apples and pears. At harvest, fruits are often stored in air

conditions at low temperature before implementing CA by setting the desired

O2 and CO2 concentration. The total capacity of CA storage rooms in Belgium

is about 400,000 tons with 90 % adapted for ultra low oxygen (ULO) storage,

with a typical O2 concentration lower than 3% O2 (Anonymous, 2001). Some

typical storage conditions advised for the season 2007 by the Flanders Centre
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Table 1.2: Advised storage conditions in Belgium for some commercial pome fruit

cultivars (Schenk, 2007).

Cultivars Cool storage CA ULO

Apple

-Golden 0.5℃ 2-3% CO2 2-2.5% CO2

-Gloster 2-3% O2 1-2% O2

-Mutsu

-Gala

-Elstar 1℃ 1-2% CO2 <1% CO2

-Idared 2-3% CO2 2-2.5% CO2

-Kanzi

-Jonagold 0.8℃ 2-3% CO2 2.5-3% CO2

-Jonagold-mutants 1-2% O2 1% O2

-Jonagored

-Pinova

-Greenstar

-Belgica

-Coxs Orange Pippin 3-3.5℃ <1% CO2 <0.8% CO2

-Boskoop 2-3% O2 2-2.5% O2

Pear

-Conference -1/-0.5℃ <0.7 % CO2

2.5-3% O2

-Doyenn du Comice -0.5/0℃ <0.7% CO2

2-2.5% O2

-Durondeau 1℃

of Postharvest Technology (Schenk, 2007) are listed in Table 1.2.

1.3 Gas transport routes in fruit tissue

Gas exchange plays a fundamental role in storage of fruits and vegetables (An-

drich et al., 1998; Argenta et al., 2000). Knowledge of the relation between the

established external atmosphere and the resulting internal atmosphere of the

fruit is important for understanding and developing CA treatments and modi-

fied atmosphere packaging for extended product life. It can help in explaining

the large variability in responses of fruit to their storage atmospheres, as well

as to improve the understanding of the development of storage-related disorders

such as core breakdown in Conference pears (Pyrus communis L. cv. Confer-
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ence), since these are believed to be caused by an unfavourable composition of

the internal atmosphere (Lammertyn, 2001). The gas concentration inside the

fruit is affected by the local respiration behavior and gas diffusion properties of

tissue from epidermis to parenchyma. The rate of gas movement depends on

the properties of the gas molecule, the concentration gradient and the physical

properties of the intervening barriers (Kader, 1988).

Several transport routes for gas exchange at the surface of fruits have been

suggested: through the pedicel opening or floral end, lenticels or stomata, cracks

in the cuticle and the cuticle itself (Burg and Burg, 1965; Leuning, 1983; Bower

et al., 2000). Each fruit cultivar has its specific type of skin, which can result in

a different contribution of the different gas transport paths and thus a diverse

reaction to surface coatings of different pear cultivars (Amarante et al., 2001).

Gas permeance of coated fruits was found to depend on the number of pores

blocked by the coating and not on the permeance of the coating (Banks et al.,

1993). This implies that gas exchange occurs mainly through the pores in the

fruit skin; nevertheless, the cuticular route does contribute to both CO2 and O2

transport (Cheng et al., 1998). In young apples the pores in the fruit skin are

stomata with guard cells regulating their opening and closure. In mature apples

the stomata are no longer functional, most of them being closed, completely

covered with wax (Veraverbeke et al., 2001) or transformed into lenticels. These

lenticels do not function actively like stomata but close progressively owing to

suberisation of substomatal cells (Park, 1991). A high gas resistance of skin

tissue including epidermis and subepidermis is believed to be caused by a very

dense structure of skin tissue (Schotsmans et al., 2004).

In cortex tissue of fleshy fruits, an internal ventilation system consisting of

continuous gaseous channels formed by intercellular spaces interconnected with

narrow capillary tubes is present (Mendoza et al., 2007; Verboven et al., 2008).

These intercellular spaces are supposed to be formed during cell division and

growth (Lapsley et al., 1992) and can be divided into two groups according

to their formation method (Esau, 1991). Some intercellular spaces result from

breakdown of entire cells and are called lysigenous or arising by dissolution.

Schizogenous intercellular spaces are considered from splitting of cells through

the middle lamella; this process starts in the corner, where more than two cells

are adjoined (Esau, 1991). As this process spreads to other wall parts and

adjacent cells round off during enlargement, the individual spaces increase in

size. The regulation of wall loosening (dissolving of the middle lamella) and

pectin synthesis in growing plant cells is normally balanced so that newly se-

creted polymers form linkages which maintain wall stability. The gas exchange
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inside the fruit depends to a large extent on the structural arrangement of cells

and intercellular spaces (Parkhurst and Mott, 1990; Aalto and Juurola, 2002;

Cloetens et al., 1999; Mendoza et al., 2007; Verboven et al., 2008). Different

species and cultivars of fruit may have a different void fraction, void size and

connectivity, and these properties influence the characteristics of gas exchange

in the tissue (Verboven et al., 2008). Figure 1.2 illustrates that 3-D tissues

of pome fruit have a complicated microstructure. Moreover, different types of

tissue such as brachysclereid groups or vascular bundles may facilitate or im-

pede gas exchange (Schotsmans, 2003; Verboven et al., 2008). The 3-D void

and cellular architecture of vascular tissue in apple and pear fruit described by

Verboven et al. (2008) indicated that the vascular bundles of pome fruit were

free of water during CA storage (Fig. 1.2). The brachysclereid group of pear

cortex tissue is characterized of surrounding enlongated cells towards the scle-

reids groups (Schotsmans, 2003) and may cause disconnectivity of intercellular

space (Verboven et al., 2008); this might affect the gas transport properties of

the tissue.

1.4 CA storage disorders of fruit

CA storage is based on retarding physiological processes in the fruit by decreas-

ing the temperature and O2 availability and increasing the CO2 concentration

in the external atmosphere. However, the optimal gas composition is critical,

as too low an O2 partial pressure in combination with too high a CO2 partial

pressure induces a fermentative metabolism in the fruit (Yearsley et al., 1996;

Beaudry, 1999). This causes off-flavours (e.g., ethanol) and storage disorders

(e.g., core breakdown in pear). Typical physiological disorders in pear fruit un-

der unfavorable storage conditions include internal browning, softening, brown

and/or dry spots, cavities of tissue (Veltman et al., 1999b; Lammertyn et al.,

2000; Zerbini et al., 2002; Franck et al., 2007). In Conference pear, the most com-

mon physiological storage disorders under too extreme controlled atmosphere

conditions (O2 concentration below 1% in combination with CO2 concentration

above 9%) is core breakdown which is characterized by softening and browning

of tissue near the core and often accompanied by the development of cavities

(Veltman et al., 1999b; Lammertyn, 2001; Franck et al., 2007). Browning pat-

terns in pear did not evolve or grow spatially over time, but became more severe

during storage (Lammertyn et al., 2000). They also showed that cavities even-

tually developed from brown tissue. Development of core breakdown is typically

accompanied by a decrease of vitamin C (Veltman et al., 1999a; Zerbini et al.,
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Figure 1.2: 3-D microstructure of pome fruit tissues ((Verboven et al., 2008)). (a)

Epidermis and outer cortex of pear; (b) 3-D rendering of the vascular tissue of apple.

The components are marked as cuticle (cut), epidermis (epi), hypodermis (hypo),

cortex (cor), intercellular spaces (int), brachysclereids (bra) and xylem vessels (ves).
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2002; Franck et al., 2003; de Castro et al., 2008). It has been shown that hy-

drogen peroxide (H2O2) production under the stress storage conditions may

enhance cell membrane damage (Larrigaudiere et al., 2001; de Castro et al.,

2008).

Recently it has been shown unequivocally that the harvest time, the O2

and CO2 concentration in the cool room, the storage temperature, the size of

the pear and their interactions are the most critical factors which affect the

development of the disorder (Lammertyn et al., 2000). The exact mechanism

of core breakdown is not well understood, but it is believed to be caused by an

imbalance in the energy metabolism in the cells due to a reduced respiration

rate and a decrease of vitamin C, a radical scavenger protecting the membrane

lipids (Agar et al., 1997; Veltman et al., 1999b; Franck et al., 2007). When the

membrane integrity is lost, phenolic compounds are enzymatically oxidised to

brown coloured compounds. Eventually, water diffuses from the centre towards

the boundary of the pear and a cavity is created. Lammertyn et al. (2000)

found based on the statistical analysis of a large dataset on brown disorders in

Conference pears that together with maturity and size, O2 and CO2 were the

most important factors affecting the risk of storage disorder. This indicates that

gas exchange plays a major role in the development of this disorder.

The occurrence of browning is due to the enzymatic oxidation of phenolic

compounds by polyphenoloxidase (PPO) to o-quinones, which are very reactive

and form brown coloured polymers (Mathew and Parpia, 1971; Mayer, 1987).

The initial reaction, catalysed by PPO, uses O2 as co-substrate. The important

factors involved in enzymatic browning are (i) the phenolics concentration, (ii)

the PPO activity and (iii) other factors such as L-ascorbic acid (L-AA) (L-AA is

able to convert o-quinones back to diphenols) and peroxidases (which react also

with phenolics using H2O2 as co-substrate) (Amiot et al., 1992; Nicolas et al.,

1994; Franck et al., 2007). Since PPO and its substrate are located in different

cell compartments (cytoplasm/plastids and vacuole, respectively) (Nicolas et al.,

1994; Dixon and Paiva, 1995), PPO activity was found not to be a limiting

factor in the enzymatic browning (Amiot et al., 1992; Veltman et al., 1999a)

and enzymatic browning is a direct consequence of membrane disintegration.

Therefore, the causes of browning must be sought in processes which affect the

membrane integrity (Franck et al., 2007). An imbalance between oxidative and

reductive processes may cause membrane damage due to the lack of available

energy for maintanance processes (Veltman et al., 1999b; Franck et al., 2007).

The internal gas partial pressures, which depend on the externally applied

gas partial pressures and gas transport properties of the fruit, influence both the
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respiration rate, and, hence, the energy levels (Saquet et al., 2003), as well as the

L-AA concentration and the antioxidant system (Agar et al., 1997; Larrigaudiere

et al., 2001; Veltman et al., 1999b; Franck et al., 2003, 2007). Due to the diffusion

barrier of fruit tissue and skin, the O2 and CO2 concentration inside the fruit

may, therefore, locally decrease beyond and, respectively, increase above some

threshold values, which may trigger the membrane degradation processes which

eventually will cause storage disorders.

For a proper operation of cool rooms a more profound insight in the metabolic

reactions and transport processes inside fruits is mandatory. A mechanistic

modeling approach for gas exchange seems most appropriate, as it provides

more insight of gas transport and its risks of physiological phenomena related

to storage disorders.

1.5 Modelling of gas exchange

Transport of gasses is often described by mean of Fick’s first law which as-

sumes that the gas concentration gradient is the driving force to diffusion. In

early works (Burg and Burg, 1965; Cameron and Yang, 1982), diffusion through

flesh samples was found to be much more rapid than through isolated pieces

of skin. For most horticultural produce, the skin represents the major barrier

to gas exchange (Solomos, 1987). Measurement of resistance to gas transport

on whole fruit (Cameron and Yang, 1982; Banks, 1985; Solomos, 1987; Emond

et al., 1991; Knee, 1991; Schotsmans et al., 2002) is non-destructive but based

on the assumption that the skin represents the main barrier to gas exchange.

Techniques to measure gas transport properties by this method are based on

several assumptions. Firstly, measurement was done by the diffusion of an in-

ert gas such as neon or ethane through the sample (Cameron and Yang, 1982;

Schotsmans et al., 2002). Then, the diffusivity of O2 and CO2 was calculated

from that of the inert gas using Graham’s law stating a constant relation be-

tween the diffusivity of two gases. The method, however does not exclude the

fruit flesh as a possible barrier, which is of particular importance in fruit with

low internal free space volumes (Solomos, 1987; Banks and Nicholson, 2000).

When fruit flesh functions as a barrier, the transport of gases in the fruit flesh

is also needed to describe gas transport in fruit properly (Lammertyn et al.,

2001b; Schotsmans et al., 2002, 2003). Furthermore, Graham’s law is not con-

sistent for CO2 since CO2 can diffuse in both gas and liquid phase of plant tissue

(Lammertyn et al., 2001b; Schotsmans et al., 2003).

Recently, continuum models have been developed to describe macroscopic
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gas exchange of fruit and other bulky storage organs. It was assumed that

the plant materials behave as a continuum characterized by effective param-

eters. Predictive models are then based on macroscopic continuum physics

(Lammertyn et al., 2003a; Nguyen et al., 2006b). The continuum models of gas

exchange are based on Fick’s second law of diffusion. These macroscopic mod-

els incorporated both gas diffusion and respiration and were found appropriate

for calculating the gas transport inside the fruit (Mannapperuma et al., 1991;

Lammertyn et al., 2003a,b). Effective diffusion properties of fruit have been

determined by measuring the change of gas composition between two chambers

of a measurement set-up separated by a tissue slice and initially kept at different

gas concentrations (Lammertyn et al., 2001b; Schotsmans et al., 2003, 2004).

However, considerable differences on gas diffusion coefficients were found for

O2 and CO2. Such differences would lead to a pressure difference between the

internal parts of the fruit and the external atmosphere. Therefore, besides gas

diffusion driven by concentration gradients, gas transport in the fruit may occur

by permeation due to total pressure gradients in the pore of fruit tissues.

While the continuum model is considered to describe the volume-averaged

gas transport at the microscale, the relationship between the macroscopic ap-

parent properties and the microscopic features is not understood well to date

(Ghosh et al., 1996; Wood and Whitaker, 1998). The available continuum mod-

els have a limitation of validity since they fail to predict the local intra-cellular

gas concentration at the cellular level, which is most relevant to the local stor-

age disorders of fruit. Indeed, plant tissue has a cellular structure, and the

microscale topology determines to a large extent gas transport. The mass trans-

port of a component gas in the microstructure occurs in both the gas phase of

the intercellular space and the liquid phase of the cytoplasm. Micro-scale gas

exchange in leaves, root nodules has been investigated by theoretical models

(Denison, 1992; Aalto and Juurola, 2002). The models were constructed on

basic geometrical elements such as spheres and cylinders and calculated gas

transport using a computational fluid dynamics code. Recently, geometrical

models of the microstructures of pome fruit parenchyma tissue were developed

using Voronoi tessellation and ellipse tessellation algorithms from the original

microscopic images (Mebatsion et al., 2006b,a). The geometrical models gen-

erated by ellipse tessellation algorithms (Mebatsion et al., 2006a) showed that

a model microstructure consisting of truncated ellipses fills up the entire space

with the same number of cells as that of microscopic images and with simi-

lar area, orientation and aspect ratio distribution. Statistical analysis showed

that the geometry generated with this approach yielded spatially equivalent ge-
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ometries to that of real plant microstructures. Such a geometrical model can

be applied to study gas exchange of plant tissue at the microscale. Moreover,

the three dimensional topology of the air intercellular spaces has recently been

quantified (Mendoza et al., 2007; Verboven et al., 2008). The microstructure

and the connectivity of the pore space determine to a large extent the complex

gas transport phenomena that occur in plant tissues. A combination of micro-

tomography and gas transport modelling are required to make progress on the

understanding the gas transport at tissue level.

Figure 1.3: Multiscale hierarchy of pear geometry (adapted from Mebatsion et al.

(2008a)). (a) Detailed microstructure of tissue; (b) and (c) tissue and its representa-

tive elemental volume; (d) pear geometry

With increasing computational capabilities and novel microtomography tech-

niques to discover the 3-D microstructure of biological materials, there has been

a significant interest to numerically investigate phenomena occuring over dif-

ferent spatial scales. Applications of multiscale analysis are the area of ma-

terials engineering to biological engineering (Ghoniem et al., 2003; Raghavan

and Ghosh, 2004; Mebatsion et al., 2008a). Multiscale gas transport models are

basically a hierarchy of models which describe the gas transport phenomena at

different spatial scales. The macroscale addresses the fruit as a whole. At this

scale the fruit is considered as a continuum, and may consist of different con-

nected tissues, all with homogeneous properties (Lammertyn et al., 2003a). At

the microscale, the actual topology of the individual fruit tissues is considered,
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incorporating the layout of the intercellular space, cell walls and individual cells

as building blocks (Mendoza et al., 2007; Mebatsion et al., 2008a; Verboven

et al., 2008). The different tissues are different composites of these basic units.

Microscale models address the gas transport in the intercellular space, cell walls

and individual cells of the whole system. The macroscale model offers a global

description of volume averaged quantities. The macroscopic model parameters

should therefore be considered as “apparent” material properties. They are

not really physical constants but incorporate besides such constants also the

geometrical microscale features.

1.6 Objectives and outline of the work

The main objective of this dissertation is to contribute to the search for opti-

mal storage conditions through a better insight in the physical gas transport

processes inside a fruit and their effect on the risk of development of physiolog-

ical storage disorders. More specifically, we will investigate the hypothesis that

macroscale gas transport depends to a large extent on the microstructure of the

fruit. Towards this end, a multiscale gas transport approach will be developed.

Conference pear was chosen as a model system. To achieve the main objective

and test the research hypothesis, the following subobjectives will be addressed

in different chapters of this dissertation.

• To introduce the concept of multiscale modeling of gas transport in plant

tissues.

• To develop a measurement set up to measure gas transport properties of

pear fruit tissue.

• To implement, by finite element analysis (FEA), a continuum model de-

scribing the gas transport in intact fruit (macroscale model), and to vali-

date the model.

• To verify the applicability of the microscale model of gas transport at the

tissue level and to quantify the pathways of gas transport in relation to

the microstructure of fruit tissue.

• To apply multiscale modelling of gas exchange in relation to storage con-

dition and physiological disorders of pear

The outline of this thesis is as follows. In Chapter 2, the concept of multi-

scale modeling of gas transport in plant tissue will be introduced. The length
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scale will be defined and the mathematical description of mass transport in

biological materials will be developed based on the concept of each scale. The

numerical method to solve the partial differential equations of gas transport will

be introduced. The macroscale and microscale models are further used in the

later chapters to investigate the gas transport phenomena in pear fruit during

postharvest conditions.

In Chapter 3, a measurement setup will be constructed to measure O2 and

CO2 diffusion properties of pear tissue simultaneously. A new gas concentration

measurement technique using fluorescent optical probes to measure O2 as well

as CO2 will be applied. This method will be used to measure for the first time

O2 and CO2 diffusivities at different positions and directions in the pear, the

effect of maturity stage, storage browning inducing conditions and temperature

on diffusion properties of fruit tissues.

In Chapter 4, gas permeation properties of pear tissue will be measured

based on the measurement setup developed on Chapter 3. The N2 diffusivity

in pear tissue will also be determined. The existing models for O2 and CO2

transport in fruit will be extended to include N2 transport and permeation, and

the new extended model subsequently will be validated.

In Chapter 5, a new continuum model of metabolic gas exchange in pear

fruit will be introduced. The macroscopic model will describe the gas transport

including diffusion and permeation incorporating O2 and CO2 dependent res-

piration and fermentation processes. The resulting nonlinear model will be nu-

merically solved for the actual pear geometry and validated using measurements

on intact pears. In silico experiments will be carried out to study the effect of

shape, size, temperature and storage atmosphere composition on macroscopic

gas exchange in intact fruit.

In Chapter 6 and 7, microscale mechanisms of gas exchange in fruit tissue will

be introduced. Chapter 6 will describe microscale gas exchange of fruit tissue

based on two-dimensional tissue geometry constructed from light microscopic

images. A novel approach for the detailed study of O2 and CO2 exchange

through the intercellular spaces, cell wall and cytoplasm of cells in pear fruit

tissue will be introduced using a microscale model and pear as a model system.

The applicability of the microscale model of gas transport at the tissue level will

be verified, and the pathways of gas transport will be quantified in relation to the

microstructure of fruit tissue. Chapter 7 will introduce for the first time three-

dimensional simulations of O2 transport in pear tissue at the microscale based

on synchrotron X-ray images. In this study, a finite volume discretisation will

be implemented and solved using a high performance computer. Gas exchange
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will be analysed with different types of tissue. The microscale model will serve

as a building block for multiscale models of gas transport in virtual fruit to be

developed.

In Chapter 8, a multiscale model will be used to investigate the effect of

different external air conditions at the storage temperature on gas exchange of

fruit. In this hierarchy, a first prediction of the critical regions (where the O2

and CO2 concentration are the lowest and highest, respectively) will be done

by the macroscale model. Further, the microscale model will be applied to

quantify the intra-cellular metabolic gas concentration in these regions. The

models will be applied to evaluate the effect of external storage conditions, fruit

size and maturity to the intra-cellular respiration and the risk of development

of a physiological disorder.

In Chapter 9, concluding remarks and hints at possible future research will

be formulated.



Chapter 2

Multiscale modeling of gas

transport in plant tissues

2.1 Introduction

Fruits and vegetables are considered as living products; although they are har-

vested, metabolic processes still continue. Local respiratory gas concentrations

are strongly affected by the gas exchange mechanism of the fruit at which, in-

turn, depend on the O2, CO2 and temperature of the storage environment. The

local gas concentrations affect quality attributes and shelf-life of the produce.

Gas exchange of fruits and vegetables occurs through the wax layer of the epi-

dermis, gaseous pores (e.g., stomata and lenticels) in the skin (Schotsmans et al.,

2004). Inside the fruit, gas is believed to be transported through intercellular

spaces (Mendoza et al., 2007; Verboven et al., 2008). O2 subsequently perme-

ates through the cellular membrane to the cytoplasm and eventually diffuses

in the cytoplasm into the mitochondria where the respiration takes place. The

produced CO2 essentially follows the reversed path. Mathematical modeling is a

powerful tool to study the mechanisms of gas transport in plant materials. Dif-

ferent approaches of gas transport modelling have been reported, from the micro

scale (Denison, 1992; Aalto and Juurola, 2002) to the macroscale level (Man-

napperuma et al., 1991; Lammertyn et al., 2003a,b). The multiscale modeling

paradigm is a new concept to study gas transport at different interconnected

scale levels.

This chapter will introduce the concept of the multiscale modeling of gas

transport in plant tissue and is organised as follows. First, in Section 2.2, we

will start with fundamentals of mass transport in biological materials. The

17
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mathematical description of mass transport will be defined. Then the different

scales relevant to the gas transport will be presented in Section 2.3. The role of

representative volume for the inter-connection of the microscale and macroscale

model will be reviewed. In Section 2.4, the frame work of the multiscale gas

transport model to be developed in this dissertation will be introduced. Math-

ematical models governing gas transport in fruit tissues will be developed for

each relevant scale. In Section 2.5, the advances that have been made on geo-

metrical modelling of fruit at different scales will be reviewed. The numerical

method to solve the partial differential equations of gas transport will be intro-

duced in Section 2.6. The macroscale and microscale models will be used in the

later chapters to investigate the gas transport phenomena in pear fruit during

postharvest conditions.

The results described in this chapter were partially published in Ho et al.

(2006b, 2008b).

2.2 Mass transport fundamentals

When a system contains two or more components whose concentration varies

from point to point, there is a natural tendency for mass to be transferred,

thereby minimizing the concentration difference within the system. Mass trans-

fer is the basis for many biological processes, including transport of O2 and

CO2 for respiration, and transport of ions across membranes. Mass in the gas

phase can be transferred by random molecular motion or by advection flow.

The two distinct models of transport, molecular mass transport and advection

mass transfer, are analogous to conduction and advection heat transfer (Welty

et al., 2001).

2.2.1 Fickian law of diffusion

Fick’s first law of diffusion states that the driving force leading to net molecular

movement is the concentration gradient vector. This gradient indicates how a

concentration of species i changes with distance; the gradient in concentration

of species i in the co-ordinates is represented by ∇C. The diffusion flux jd of

a given species i is a vector quantity denoting the amount of species i crossing

a certain area normal to the vector per unit time. The relation showing the

dependence of the flux density on the driving force is given by (Geankoplis,

1993):

jd = −Di∇Ci (2.1)
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where Di is the diffusivity of species i. For jd in mol m2 s−1 and Ci in mol m3 ,

Di has units of m2 s−1. The minus sign is due to the direction of net diffusion

which is toward regions of lower concentration.

While Fick’s law of diffusion is derived from the basic molecular mass trans-

port, it has been applied to a large extent for describing mass transfer in bio-

logical and chemical processes. The diffusive medium is usually considered as a

continuum (Lammertyn et al., 2003a; Nguyen et al., 2006b) although the actual

microscopic mass transfer processes are much more complex.

2.2.2 Knudsen diffusion

Knudsen flow describes transport of gas molecules through very small capillary

pores. If the pore diameter is smaller than the mean free path of the diffusing

gas, and the density of the gas is low, the gas molecules will collide with the pore

walls more frequently than with each other. Then the diffusion is determined by

the size of the pore instead of by the solvents or solutes. This process is known

as Knudsen flow or Knudsen diffusion. The Knudsen diffusion coefficient of gas

i is a function of the pore diameter d and its properties (Geankoplis, 1993):

DK,i =
d

3

√
8RT
πMi

(2.2)

where R and T are the gas constant (8.314 J mol−1 K−1) and temperature (K),

respectively, and Mi is the molar mass of gas i (kg mol−1).

2.2.3 Advection mass transport

In macroscopic flow of solvent characterized by a velocity vector u, the total

amount of species i crossing a certain area A normal to u is found by multi-

plification of the concentration of species Ci by the fluid volume (Au). The

corresponding flux is then

jc = Ciu (2.3)

The flux jc (mol m2 s−1) is called advection flux. Note that whereas diffusion

flux is proportional to the concentration gradient, advection flux is proportional

to concentration itself. For mass transfer in porous medium such as fruit tissue,

advection flux of macroscopic bulk flow through the tissue (permeation) by a

pressure gradient can be described by Darcy’s law for laminar flow in porous
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media (Bird et al., 2002).

u = −K
µ
∇P (2.4)

with K (m2) the permeation coefficient, P (Pa) the pressure, µ (Pa.s) the vis-

cosity of the gas, ∇ (m−1) the gradient operator. For laminar flow in porous

media such as tissue, permeation coefficients can be determined empirically and

are usually considered to be independent of the gas passing the tissue.

2.3 Length scales in multiscale modelling

Multiscale gas transport models are basically a hierarchy of models which de-

scribe the gas transport phenomena at different spatial scales. The relevant

length scales for gas transport in fruit are shown in Fig. 2.1. The following

scales can be distinguished

• The microscale model describes the fluid movement through the individual

cells, pores, cell walls and cell membranes. The length scale is of the order

of magnitude of micrometers. A representative elemental volume (REV)

is the spatial volume where the microscale description of gas transport for

cells, pores can be replaced by averaging gas transport over this volume.

• The mesoscale is characterized by the scale for which REV properties vary

distinctly and markedly.

• The macroscale is a continuum scale where the properties of the mesocale

can be spatially defined. It encompasses the homogenous connected tissues

which may have different average physical properties. This is the scale of

the fruit size.

At the microscale, physical transport properties may vary widely over the

REV due to heterogeneous nature of the microstructure. It is important to

determine the dimensions of the REV in order to establish an appropriate con-

nection between the micro- and macroscale. Fig. 2.2 illutrates how the physical

properties may change winthin the REV. The REV is defined such that averaged

physical properties are homogenous in acceptable intervals. In the multiscale

model, it is proposed that the effect of the subscale heterogeneities are taken into

account by effective or apparent parameters. The super scale heterogeneities

have to be taken into account by applying different apparent parameters to the

domain of interest.
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Figure 2.1: Different scale of gas transport. (a) Intact pear; (b) Tissue layer; (c)

Micro structure of tissue; (d) Detailed microstructure of tissue

Figure 2.2: Physical property of material as function of length scale
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Figure 2.3: A representative elemental volume of tissue. The symbol ε is the porosity

of the tissue, Ci,g (mol m−3) and Ci,l (mol m−3) are the concentration of species i in

the gas and liquid phase, respectively.

2.4 Multiscale gas transport modeling

Multiscale modeling is a fundamental paradigm to quantify complex biological

phenomena by means of a mathematical description. This approach is aimed

not only at providing comprehensive details of gas transport at the cellular level

but also at describing gas exchange of the intact fruit with its environment. We

will consider both the macroscale and the microscale in this dissertation.

2.4.1 Macroscale approach

In the macroscopic approach (the continuum model) it is assumed that the tis-

sue is homogeneous and the modelling is carried out on the lumped properties of

pores, cell wall, cell membrane and intra cellular cell liquid phase (Mannappe-

ruma et al., 1991; Lammertyn et al., 2003a,b). Often volume-based conservation

equations are derived (Wood et al., 2002; Helmis et al., 2006). It is usually as-

sumed that gas exchange is governed by Fick’s second law of diffusion.

2.4.1.1 Gas capacity of representative elemental volume

The tissue structure of the fruit is a combination of cells, cell walls and in-

tercellular spaces. A representative elemental volume (REV) of the tissue is

considered to contain two phases, namely the intra-cellular liquid phase of the

cells and cell walls and the air-filled intercellular space (Fig. 2.3). The volume

fraction of the intercellular space is assigned a value ε, the porosity of the tissue.
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Assuming local equilibrium at a certain concentration of the gas component i in

the gas phase Ci,g (mol m−3), the concentration of the compound in the liquid

phase of fruit tissue normally follows Henry’s law. If the tissue has a porosity

ε, the volume-averaged concentration Ci,tissue (mol m−3) of species i is then

defined as:

Ci,tissue = εCi,g + (1− ε)RTHiCi,g (2.5)

with Hi (mol m−3 kPa−1) Henry’s constant of component i (i is O2, CO2 or N2),

R the universal gas constant (8.314 J mol−1 K−1) and T (K) the temperature.

From this definition, we derive the following property of the tissue

αi = ε+ (1− ε)RTHi =
Ci,tissue

Ci,g
(2.6)

The parameter αi is called the gas capacity of the component i in the tissue.

2.4.1.2 Gas transport equation of continuum model

At the microscale, we consider gas transport by diffusion and permeation in the

intercellular spaces and diffusion and respiration in the cellular liquid phase.

Transport of gas i in those two phases is governed by the following equations

ε
∂Ci,g

∂t
+∇ · (εugCi,g) = ∇ · (εDi,g)∇Ci,g (2.7)

(1− ε) ∂Ci,l

∂t
= ∇ ·

(
(1− ε)Di,l

)
∇Ci,l + (1− ε)Ri,l (2.8)

with Ci,g (mol m−3) the concentration of i in the gas phase, Di,g (m2 s−1) the

diffusion coefficient in the gas phase, ug (m s−1) the velocity vector in the gas

phase of tissue, Ci,l (mol m−3) the concentration of i in the liquid phase, Di,l

(m2 s−1) the diffusion coefficient in the liquid phase of tissue , Ri,l (mol m−3

s−1) the respiration rate (mol m−3 s−1) and t (s) the time. Since gas transfer

in the intercellular spaces was considered to be in equilibrium with the liquid

phase of the cells, the mass transport of component i in the liquid phase in Eq.

2.8 could be rewritten as:

(1− ε)RTHi
∂Ci,g

∂t
= ∇ ·

(
(1− ε)Di,lRTHi

)
∇Ci,g + (1− ε)Ri,l (2.9)

Adding Eqs. 2.7 and 2.9 yields a single volume-averaged transport equation
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over the REV: (
ε+ (1− ε)RTHi

)
∂Ci,g

∂t
+∇ · (εugCi,g) =

∇ ·
(
εDi,g + (1− ε)Di,lRTHi

)
∇Ci,g + (1− ε)Ri,l (2.10)

Using the effective diffusivity Di (m2 s−1), the effective permeation velocity

vector u (m s−1) and the effective respiration term Ri (mol m−3 s−1) of the

tissue, respectively defined by

Di = εDi,g + (1− ε)Di,lRTHi (2.11)

u = εug (2.12)

Ri = (1− ε)Ri,l (2.13)

one obtains

αi
∂Ci,g

∂t
+∇ · (uCi,g) = ∇ ·Di∇Ci,g +Ri (2.14)

with the boundary condition:

Ci,b = Ci,∞ (2.15)

where Ci,b (mol m−3) and Ci,∞ (mol m−3) are the concentration of gas i at the

boundary surface of tissue and the external condition, respectively. Permeation

can be described using Darcy’s law (Eq. 2.4). The relation between the con-

centration C and pressure P can be expressed by the ideal gas law. Therefore,

Eq. 2.4 can be rewritten as follows

u = −KRT
µ
∇
(∑

Ci,g

)
(2.16)

This continuum approach to mass transfer is a mean to avoid the necessity

of modelling the microscopic structure. It constitutes a phenomenological ap-

proach as the parameters that appear in the macroscopic balances are effective

or apparent properties which need to be determined experimentally (Lammertyn

et al., 2001b; Schotsmans et al., 2003).

In the early works, continuum models describing gas diffusion and respira-

tion have been reported in literature for e.g. apples (Mannapperuma et al.,

1991) and potato tubes (Abdul-Baki and Solomos, 1994). A constant respira-

tion rate was incorporated in diffusion equations and the models were solved

with the approximate fruit shape of a sphere (Mannapperuma et al., 1991) or

a cylinder (Abdul-Baki and Solomos, 1994). However, the respiration depends

nonlinearly on respiratory gas concentrations. The Michaelis-Menten model can
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be used to describe the respiration behaviour of tissue and the model param-

eters should be estimated by means of tissue respiration experiment under in

vivo conditions. Lammertyn et al. (2001b) combined gas diffusion processes

with respiration kinetics in a complex reaction-diffusion model. Note that pos-

sible spatial dependency of the respiration rate can easily be incorporated in

Eq. 2.14.

2.4.2 Microscale approaches

The microscopic approach recognizes the heterogeneous properties of the tissue

and the complex cellular structure is represented by a geometrical model (Deni-

son, 1992; Aalto and Juurola, 2002). Actually, the microscale approach is more

complex due to different phase flows of gas and liquid phase in heterogenous

media. Microscale modeling of gas transport requires geometrical information.

In the traditional approach, microscale models can be constructed based on a

distinct geometry model including gas and liquid phase (Denison, 1992; Aalto

and Juurola, 2002). The actual topology of the tissue incorporating geometrical

details of the intercellular space and cell arrangement can be modelled and the

gas diffusion equations can be discretised over this geometry. The transport of

the gases in the intercellular space, the cell wall material and cytoplasm can be

modeled using diffusion laws while the relationship between the equilibrium gas

concentration in the gas and liquid phase can be assumed to be governed by the

thermodynamic equilibrium law (Henry’s law). Finite element method can be

used to solve the microscale model defined on the detailed geometry.

Another approach which is more appropriate for the mesoscale model of gas

transport is the percolation network concept (Levitz, 2007). Essentially this

model consists of a network of nodes (positions in the intercellular space) which

are connected by means of tubes of variable diameter and length which represent

the intercellular channels. Every pore is also connected to a cell cluster via

tubes representing the cellular membrane. Some tubes may be closed, and this

naturally leads to clusters of interconnected cells without channels in between.

It is further assumed that gas transport in every tube is partial pressure driven

and governed by Fick’s law. Each pipe is considered to have the same equivalent

diameter D of the pore tube. If a flux quantity Ji of gas enters and leaves the

pipe network, it is necessary to compute the gas nodal concentration and the

volume flow rate in each pipe. The gas volume transport for an element is

written as

Ji = −AD
L

∆C (2.17)
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Figure 2.4: Construction of a geometrical model of an intact pear (a) Pear fruit was

put on a rotational table and images were acquired by a CCD camera. (b) Three

dimensional geometry of a pear.

where L is the length of the pipe section; A the area of the pipe section and D

(m2 s−1), the diffusion coefficient of gas i , ∆C (mol m−3) is the concentration

difference over the tube. In every node additional constraints are applied to

satisfy the mass balances.

2.5 Geometrical model

2.5.1 Macroscale geometry model

The construction of a macroscale geometrical model is usually based on the

reconstruction of scanned images in the form of 3-D points on the surface of

photographs, video recordings, computed tomography (CT) or nuclear magnetic

resonance (NMR) images (Mebatsion et al., 2008a). In a typical photographic

experiment, the object is placed on a rotating disk to get 2-D snapshots differing

by small angles (Moustakides et al., 2000; Jancsók et al., 2001). The contours

of the fruit are then extracted from the images and used to reconstruct the

three dimensional shape of the fruit (Jancsók et al., 2001) (see Fig. 2.4). The

cavities and core of the fruit can be constructed from X-ray CT scans. The

reconstructed geometric models can easily be transferred to the finite element

package for further numerical analysis (Lammertyn et al., 2003a; Nguyen et al.,

2006a).
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Figure 2.5: Geometrical model and finite element meshes of Voronoi (a) and ellipse

tessellations (b) generated from pear cortex tissue (adopted from Mebatsion et al.

(2006a,b).

2.5.2 Microscale geometry model

The micro structure of plant tissue is complex. The basic element of tissue

is a living cell enclosed in a cell membrane envelope. The cell wall is a fairly

rigid layer surrounding a cell, located external to the cell membrane. The cell

wall network provides the cell with structural support, protection, and inter-

connects the cells to form the tissue structure. Pores are the intercellular space

among connected cells. Parenchyma tissue, which makes up the bulk of fruits

and vegetables, can be considered as a heterogeneous distributed array of cells

and pores. The micro-geometrical models can be constructed from microscopy

images (2-D) (Mebatsion et al., 2006a,b) or X-ray computed tomography (3-D)

of fruit tissue samples.

For modeling the 2-D microscale geometry, microscopic images of tissue of

plant materials were digitized using an image analysis software program (Mebat-

sion et al., 2006a,b). The geometrical cell structure was described by means of

statistical distributions of the cell area, cell aspect ratio and cell orientation.

The cell orientation and cell aspect ratio were calculated based on the moments

of inertia (area moments) and least-square ellipse fitting, respectively. Finally,

geometrical models were generated by means of the Poisson Voronoi tessellation

algorithm or the ellipse tessellation algorithm to produce virtual cell tissue with

the same statistical properties as the real tissue (Mebatsion et al., 2006a,b) (see

Fig. 2.5).

The microstructure and the connectivity of the pore space, important vari-
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Figure 2.6: 3-D microstructure of pear cortex tissue obtained by synchrotron X-ray

microtomography (adopted from Verboven et al. (2008)). Pores are coloured

ables for a better understanding of the complex gas transport phenomena oc-

curring in plant tissues can be observed using microfocus X-ray computed to-

mography technique (Mendoza et al., 2007; Verboven et al., 2008). X-ray to-

mography is a noninvasive image acquisition procedure that avoids cutting and

fixation procedures and allows visualization and analysis of the architecture of

cellular materials with an axial and lateral resolution down to a few microm-

eters (Cloetens et al., 2006; Mendoza et al., 2007; Verboven et al., 2008) (Fig.

2.6). Quantification of 3-D pore space has been done in plant tissue (Mendoza

et al., 2007; Verboven et al., 2008). Construction of 3-D geometrical models

for application in gas transport simulation based on X-ray images is challeng-

ing (Mebatsion et al., 2008a). 3-D skeletonization of the pore space in which

the medial axis of an object is the skeleton of the void space of an object run-

ning along its geometrical middle (Thovert et al., 1993; Lindquist et al., 1996;

Mendoza et al., 2007) has been shown beneficial for network modelling. Gas

transport can be simulated through the skeleton of the connected pore network

of the real samples or an artificially generated equivalent network having similar

properties compared to the real samples.

2.6 Numerical solution

Although it is possible to derive the governing partial differential equations and

boundary conditions from transport fundamentals, it is difficult to obtain any

form of analytical solution to such problems. The complexity is due to either
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the complexity of the geometry, or some other feature of the problem such

as non-linear parameters. The finite element method is a numerical tool for

determining approximate solutions to solve partial differential equations.

The finite element method (Segerlind, 1984; Lewis et al., 2004) considers

that the solution region comprises many small, interconnected, sub-regions or

elements and gives a piece-wise approximation to the governing equations. That

is, the complex partial differential equations are reduced to either linear or

nonlinear simultaneous equations. Thus, the finite element discretization (i.e.,

dividing the region into a number of smaller regions using a mesh generator) pro-

cedure reduces the continuum problem to one with a finite number of unknowns

at specified points referred to as nodes.

The finite element discretization allows a variety of element shapes, for ex-

ample, triangles or quadrilaterals. Each element is formed by the connection

of a certain number of nodes. Then, the next step is to choose the type of

interpolation function that represents the variation of the field variable over an

element. The number of nodes forms an element; the nature and number of un-

knowns at each node decide the variation of a field variable within the element.

To solve the problem, the individual element equations will be assembled into

the overall system. That is the matrix equations of each element are combined

in an appropriate way such that the resulting matrix represents the behavior

of the entire solution region of the problem. For example, a linear steady state

problem can be described as follows

KC = f (2.18)

where C is the overall unknown vector, K the N×N conductance matrix, and

f is the finite element load vector. Therefore, the partial differential equation

finally results in a system of algebraic equations. This set of equations may now

be solved to obtain the nodal values of the field variable.

Several finite element packages are commercially available and they allow the

user to foccus on the geometry and physics of the problem to be solved. Several

linear system solvers can be chosen to solve one or several systems of linear

equations. Direct solvers in which the linear equation systems are solved by

Gaussian elimination, are preferable for 1-D and 2-D models, and for 3-D models

with few degrees of freedom. For models with many degrees of freedom (roughly,

more than 100,000), the direct solvers typically need too much memory. In those

cases, the more memory-efficient iterative solvers perform better. However,

iterative solvers are less stable than direct solvers in that they do not always

converge (arrive at a solution). In macro-level approaches, the characteristics
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of lower scales are captured in an averaged sense, e.g. via homogenization

procedures. The geometry is much more simple compared to the microscale

model. Microscale approaches offer a more accurate representation, but need

more details and, hence, a higher number of elements is typically required.

Therefore, high performance computation with large resources (memory, CPU

time) is needed to solve such problems.

Network models are based on nodes which are connected by means of in-

tercellular tubes. Application of mass balances to the networks of nodes also

results in algebraic equations which also can be stacked to the linear system

format of Eq. 2.18. Network models may get faster solution than finite element

models since the number of unknown variables is usually less. However, they

should be applied with caution since they are limited to transport in the gas

phase of the connected pores. When the gas can be transported in both gas and

liquid phase, finite element modelling is more appropriate to get an accurate

solution.

2.7 Conclusions

Knowledge of gas transport in horticulture produce is important in understand-

ing and optimising CA and MA storage to extend the shelf life of fruits and

vegetables. For a better understanding of gas transport mechanisms, a multi-

scale modeling approach is a powerful tool in objects where material properties

are affected by the microstructure. The macroscale approach typically involves

a continuum model to describe the gas transport in intact fruit; gas transport

properties are volume-averaged over the microstructure. Microscale models can

be constructed to study the relation between gas transport and histological

properties of the tissue. The representative elemental volume (REV) is the

interconnection between the subscales.

Macroscale geometrical models which are required for the solution of the

transport equations are usually constructed from images of intact fruit using ma-

chine vision techniques. Microscale geometrical models are constructed based on

2-D microscopic images using Voronoi or ellipse tessellation algorithms. When

3-D models are required, microfocus X-ray CT images can be used. The govern-

ing equations describing gas transport can be discretised over the computational

domain and solved by means of the finite element method or through percola-

tion network analysis. Submodels of the multiscale approach will be detailed

and validated in the following chapters.



Chapter 3

Gas diffusion properties

3.1 Introduction

Transport of gas through tissue during storage of fruit is believed to have an

effect on respiration, which plays a central role in the overall fruit metabolism.

For studying gas transport on fruit, it is usually assumed that the skin is the only

barrier to gas diffusion and that the fruit internal gas concentration is uniform.

In such conditions, Fick’s First Law of Diffusion can be applied. However, the

concentration gradient in the skin or tissue is often transient. Further, the

assumptions of a uniform fruit internal gas concentration profile and the skin

being the only barrier to gas diffusion do not hold for all types of commodities,

especially not for fruits with a high tissue density. Due to diffusion barriers of the

tissue where respiration takes place, considerable gas gradients inside the fruit

have been found (Lammertyn et al., 2003a,b). Therefore, a respiration-diffusion

model incorporating Fick’s Second Law of Diffusion and appropriate respiration

kinetics has been introduced (Mannapperuma et al., 1991; Lammertyn, 2001;

Lammertyn et al., 2003a). For such a model, the gas transport properties for

oxygen and carbon dioxide in the different tissues must be known.

Measuring gas transport properties of fruit tissue has been proven difficult

due to the available gas measurement techniques, the inherent variability of

biological materials as well as the fast deterioration and respiration activity

of cut tissue samples. Several methods have been developed to assess the gas

transport properties of various horticultural commodities (Burg and Burg, 1965;

Cameron and Yang, 1982; Banks, 1985; Knee, 1991; Banks et al., 1993). Skin

resistance measurements are based on measuring the change of concentration

of an inert gas in a jar caused by diffusion of the gas out of a preloaded fruit

31
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(Cameron and Yang, 1982; Banks, 1985; Knee, 1991; Schotsmans et al., 2002).

Another method is based on a diffusion chamber (Lammertyn et al., 2001a;

Schotsmans et al., 2003). The measurement setup consists of two chambers

separated by tissue and diffusion coefficient can be estimated from the change in

gas concentration differences between the two chambers over time. The reported

values for gas diffusivity in plant tissue frequently have a high variability and

low accuracy. Conflicting values differing orders of magnitude can be found

(Lammertyn et al., 2001a, 2003a; Schotsmans et al., 2003).

Since pears are composed of skin, cortex and core, differences in tissue struc-

ture are found at different positions in the pear. Therefore, it is expected that

the diffusion properties of the fruit are different at different positions and in

different directions (anisotropic) in the fruit. Also harvest maturity may have

an effect on the diffusion properties of the fruits. When Conference pears are

picked late, the chance of developing internal browning during long term con-

trolled atmosphere storage is much higher (Lammertyn et al., 2000; Verlinden

et al., 2002). This disorder is due to membrane damage, resulting in cell death

and as a consequence the leaking of cell liquid into the intercellular space, pos-

sibly affecting the diffusion coefficients. Therefore, it would be interesting to

know the gas diffusivity of brown tissue of a disordered pear. Also, reducing the

temperature has been known to be the main factor to retard the metabolisms

of fruit and extend the shelf life of the produce. The effect of temperature on

the respiration has been described using Arrhenius’ Law (Cameron et al., 1994;

Lammertyn et al., 2001b). However, the effect of temperature on gas diffusion

should be known as well to understand the internal atmosphere corresponding

to the external atmosphere condition at a certain temperature.

The objectives of this chapter were (1) to apply a new gas concentration

measurement technique using fluorescent optical probes to measure oxygen as

well as carbon dioxide, (2) to develop a system to measure oxygen and carbon

dioxide diffusivity properties of pear tissue simultaneously and accurately, (3)

to determine the O2 and CO2 diffusivities at different positions and directions

in the pear and (4) to study whether the diffusion properties of pear tissue were

affected by maturity stage, storage browning inducing conditions and tempera-

ture.

The outline of this chapter is a follows. In Section 3.2, the measurement

setup to measure gas diffusion properties will be presented. Respiration mea-

surements on fruit tissue will be described. The model of gas diffusion through

fruit tissue and diffusion parameter estimation procedure will be constructed

based on Fick’s second law. The measurement results will be described in Sec-
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tion 3.3. Gas diffusion measurement, position dependent diffusivity and the

effect of fruit maturity, storage condition and the effect of temperature on dif-

fusivity will be addressed. In Section 3.4, these results will be summarized,

discussed and compared to literature data. The final remarks will be concluded

in Section 3.5.

The results described in this chapter were partially published in Ho et al.

(2006a, 2007).

3.2 Materials and Methods

3.2.1 Fruit material

Pears (Pyrus communis cv. Conference) were harvested in September at the

Fruitteeltcentrum (Rillaar, Belgium). To investigate maturity effects on diffu-

sion properties of pear during storage, pears were harvested at the commercial

harvest time (September, 8th, 2004) and a late harvest time (September, 22th,

2004). Then, pears were cooled and stored according to commercial protocols

for a period of 21 days at -0.5℃ preceding CA storage (2.5 kPa O2, 0.7 kPa

CO2 at -0.5℃) until they were used for the experiments.

Samples were first cut with a professional slice cutter (EH 158-L, Graef,

Germany), subsequently small cylinders with a diameter of 24 mm were cut

with a cork borer. The thickness of the sample was measured with a digital

caliper (Mitutoyo Ltd., UK) and ranged from 1 to 2 mm. For skin samples, a

razor blade was used to remove the flesh until a thickness of less than 1 mm

was obtained. Then, the sample was glued on a polyvinyl chloride (PVC) ring

with cyano-acrylate glue (Super glue, Loctite-Henkel, Belgium) and put in the

diffusion measurement setup.

An investigation of the O2 and CO2 diffusivities at different positions in the

pear was carried out. A schematic view of sampling was given in Fig. 3.1. In

order to assess the distribution of diffusivities along the radial direction, in total

44 tissue samples from 14 different pears were taken along the radial direction

at the equatorial region of the fruit from the cortex to the core of the pear.

Additionally, the diffusivities of 7 skin samples from 7 pears were measured.

Because of the shape of the pear we did not expect large gradients in the two

tangential directions perpendicular to the radial direction. It is, therefore, not

important to know the diffusivities on these direction accurately. The sample

position on the radial direction was expressed as the relative distance (x/R)

from the center of the pear. In addition, sampling was also done in the vertical

axis of the pear from top to bottom. In the vertical axis, the sample position
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Figure 3.1: Schematic view of sampling for gas diffusion measurement. Samples were

taken along the radial direction and vertical axis.

was expressed as the relative distance (y/L) from the stem end of the pear. 14

samples of 14 different pears were used to measure the diffusivity in the vertical

axis.

To study storage condition effects on diffusivity properties, pears were stored

according to commercial protocols for a period of 21 days at -0.5℃ preceding

CA storage (described above) and browning inducing conditions (0.5 kPa O2,

5 kPa CO2 at -0.5℃). Pears at browning inducing conditions were stored at

least 6 months until the presence of the storage disorder (browning). More

than 8 samples of sound tissue and brown tissue of disordered pears for each

combination of picking time and storage condition were taken to measure dif-

fusion properties. The samples were taken in the cortex tissue along the radial

direction at relative positions from the center ranging from 0.4 to 0.8.

3.2.2 Experimental system and procedure

The system used to measure oxygen and carbon dioxide diffusivity of fruit tis-

sue consisted of two chambers (measurement chamber and flushing chamber)

separated by a disk shaped tissue sample (Fig. 3.2 and Fig. 3.3). The chambers

were metal cylinders screwed together, holding a polyvinyl chloride (PVC) ring

containing a tissue sample glued on it with cyano-acrylate glue (Super glue,

Loctite-Henkel, Belgium). A rubber O-ring was used to seal the PVC ring be-

tween the two chambers and to ensure that all gas transport between the two

chambers took place through the tissue sample. A piston was used to set differ-

ent volumes of the measurement chamber. The O2 and CO2 concentration was
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Figure 3.2: Gas diffusion measurement system. (a) The diffusion cells were sub-

merged in a temperature-controlled water bath. (b) Different component parts of the

diffusion cell.

measured in the measurement chamber with fluorescent optical probes (Foxy-

Resp and FCO2-R, Ocean Optics, Duiven, The Netherlands). For measuring

O2, the principle is based on fluorescence quenching of a rhutenium complex by

O2, which diffuses in a dye covering the tip of the fiber optic probe. The CO2

sensor is based on a proprietary sol-gel film (Aluminum silicate co-polymer)

coated on the tips of optical fibers which is immobilized with a highly stable pH

sensitive fluorescent dye (8-hydroxypyrene-1, 3, 6-trisulfonic acid, HPTS). The

changes in fluorescence intensity of the deprotinated form of HPTS correspond

to changes in the CO2 partial pressure. Two inlet and outlet gas channels were

used to flush the gases in the measurement chamber and flushing chamber. Pres-

sure sensors (PMP 4070, GE Druck, Germany) monitored the pressure changes

in each chamber during the measurements.

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

the flushing chambers were flushed with, respectively, 67 kPa N2, 30 kPa O2,

3 kPa CO2, and 87 N2, 5 kPa O2, 8 kPa CO2, at 10 L h−1. To prevent

the sample from drying and cooling down while flushing the two chambers the

gases were humidified and passed through a heat exchanger. Gas mixtures

were made from pure gases using an in house built mixing panel equipped with

mass flow controllers (Brooks Instrument, The Netherlands). The composition

of the mixtures was measured by using a gas analyzer (280 Combo, David

Bishop Instruments Ltd, England) which was calibrated against calibration gas
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mixtures (Air products N.V., USA). The gas percentages were converted to

partial pressures by multiplying with the measured total pressure (DPI 142, GE

Druck, Germany). The resulting accuracy of the concentration in the mixture

was better than 0.1 kPa. During the first stage (0.5 h) of a measurement run,

both the measurement and flushing chamber were flushed with a certain gas

mixture to set an initial gradient in the sample. At the beginning of the second

stage the in- and outlet valves of the measurement chamber were closed and

a decrease in O2 partial pressure and increase of CO2 was monitored for 6 h.

Most of the measurements were carried out at 20±0.3℃. Except to investigate

temperature effects on diffusivity properties of pear, experiments were carried

out at temperatures of 5, 10 and 20℃. The temperature of the system was

kept constant by submerging the set-up in a temperature-controlled water bath

(F10-HC, Julabo Labor Technik GmbH, Seelbach, Germany). To take into

account the temperature dependency of the optical sensors signals, the sensors

were recalibrated for each measurement at a different temperature. Eight cortex

tissue samples were taken from the fruit to measure the O2 and CO2 diffusivities

at each temperature condition. Samples of cortex tissue were taken along the

radial direction at a relative position x/R between 0.4 and 0.8 (Fig. 3.1).

3.2.3 Calibration of the optical sensors

Before each measurement run, the O2 and CO2 sensors were calibrated at 5, 20,

30 kPa of O2 and 3, 8, 15 kPa of CO2, respectively. A preliminary experiment

revealed that both sensors drifted linearly in time. Therefore, at the end of each

experiment the drift was quantified using the calibration gasses and the sensor

signals were corrected using these calibration data as follows. At a constant gas

condition the sensor signal I changed in time t as, I = Ic+St. Ic, is the corrected

intensity and S is the slope of drift. The slope S changed corresponding to

different Ic. Further, for the O2 sensor, a linear relationship of the slope C and

initial intensity was found, S = A+BIc, with A and B two coefficients.

The corrected signal Ic was, hence, calculated from the signal intensity I and

time t was given by Ic =
I −At
1 +Bt

. The CO2 sensor was corrected in a similar

way as the O2 sensor. The drift was smaller than 1.2 % of the corrected signal

per hour for the O2 sensor and 8.5% of the corrected signal per hour for the

CO2 sensor.
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Figure 3.3: Schematic view of cross section of the experimental setup. The setup

consisted of the two measurement and flushing chambers separated by a tissue sample.

Gas concentrations in the measurement chamber were measured by optical sensors.
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3.2.4 Respiration measurement

A non-competitive inhibition model (Peppelenbos and van’t Leven, 1996) was

used to describe the respiration of the tissue as follows:

RO2 = − Vm,O2PO2

(Km,O2 + PO2)
(

1 +
PCO2

Kmn,CO2

) (3.1)

RCO2 = −rq,oxRO2 (3.2)

with Vm,O2 (mol m−3 s−1) the maximum O2 consumption rate; Km,O2 (kPa)

the Michaelis-Menten constant for O2 consumption; PO2 (kPa) the O2 partial

pressure; PCO2 (kPa) the CO2 partial pressure; Kmn,CO2 (kPa) the Michaelis-

Menten constant for non-competitive CO2 inhibition; rq,ox the respiration quo-

tient at high O2 partial pressure; RO2 (mol m−3 s−1) and RCO2 (mol m−3 s−1)

the O2 consumption rate and CO2 production rate of the sample, respectively.

Since gas diffusion was studied at a high O2 partial pressure (from 5 to 35 kPa

O2), no fermentative CO2 production term needed to be included in Eq. 3.2.

The temperature effect on Vm,O2 was described by Arrhenius’s law. Respiration

rate measurements on pear tissue samples were carried out at 20℃ at 5, 10, 30

kPa O2 combined with 0 and 10 kPa CO2 as described by Schotsmans et al.

(2003). The samples were prepared in the same manner as the samples for the

diffusion set-up, thus ensuring the same amount of wounding and respiration.

For each gas mixture, three 1.8 liter glass jars holding 35 to 40 samples were

connected in series in an incubation chamber at 20℃ and flushed continuously

during 30 minutes at 20 L h−1 with the applied humidified gas mixture. The jars

were closed and the initial gas mixture (O2, CO2 and N2) was measured with

a gas chromatograph (Chrompack CP 2002, The Netherlands). Percentages of

O2, CO2 and N2 were converted to partial pressures using the total pressure

in the jar which was measured with a pressure sensor (DPI 142, GE Druck,

Germany). The headspaces were analysed again after 17 h. The difference in

gas partial pressures was converted to molar concentrations according to the

ideal gas law. The O2 consumption and CO2 production rates were expressed

in mol per volume of sample (m3 fresh volume of sample) and per unit time (s).

The respiration rate of the skin was measured at two conditions at 30 kPa O2;

3 kPa CO2 and 5 kPa O2; 8 kPa CO2.
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3.2.5 Continuum model of gas transport and parameter

estimation

The model construction and parameter estimation procedure was described by

Lammertyn et al. (2001b). The equations for the respiration diffusion model

are given by
∂Ci

∂t
= ∇ ·Di∇Ci +Ri (3.3)

Di
∂C

∂n
= h (Ci,∞ − Ci) at Γ (3.4)

where
∂

∂n
denotes partial derivative in the outward normal direction; Ci is the

i (O2 or CO2) concentration (mol m3); Di is the diffusion coefficient (m2 s−1);

Ri is the O2 consumption or CO2 production (mol m−3 s−1); ∇ is the gradient

operator (m−2); h is the convective mass transfer coefficient (m s−1); t is the

time (s) and Γ is the surface of the tissue exposed to the flushing chamber. Index

∞ refers to the gas atmosphere in the flushing chamber. The concentration

change in the measurement chamber was due to the diffusion of the gas through

the tissue and the respiration taking place in the tissue. The tissue respiration as

function of the O2 and CO2 partial pressure described above was incorporated

in Eq. 3.3.

Eqs. 3.3 and 3.4 were solved using the finite element method in one dimen-

sion using the FemLab finite element code (Femlab 3.1, Comsol AB, Stockholm).

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

two materials (Fig. 3.4) consisting of 20 elements each resulting in 41 nodes in

total. The diffusion coefficient of the gas molecules in air at 20℃ was set equal

to 6×10−5 m2 s−1 (Lide, 1999). The sample was modelled as the second ma-

terial, 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 Eq. 3.4 as

a convection boundary condition. The convective mass transfer coefficient was

taken very high (1×106 m s−1). 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, Inc., Natick, USA) was used to determine gas diffusivities of the

pear tissues by fitting the model solutions to the measured O2 and CO2 con-

centration change profiles. The position dependent O2 and CO2 diffusivities

of the cortex tissue along the radial direction were described by the following

expression

Di = (Dc −Do) exp
(
− x

aR

)
+Do (3.5)
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Figure 3.4: Schematic view of two-material model (gas in the measurement chamber

and tissue sample). Dair, D, R, h, C∞ are air diffusivity, tissue diffusivity, tissue

respiration rate, mass transfer coefficient and concentration in the flushing chamber,

respectively.

with Dc (m2 s−1) is the diffusivity in the center of the pear, x/R is the relative

position along the radial direction of the fruit, Do (m2 s−1) is the asymptotic

diffusivity and a the coefficient which determines how fast diffusivity Di de-

creases towards Do along the radial direction. Eq. 3.5 was fitted to the data by

non-linear regression. A logarithmic transformation of the data was applied to

stabilize the variance.

To investigate the variability of diffusivity within a pear and between pears,

an analysis of variance was carried out on the gas diffusivities of the four samples

per pear of nine pears that were measured along the radial axis in the cortex

tissue at the relative position from the center ranging from 0.35 to 0.9.

Estimation of the activation energy described by Arrhenius’s Law, and statis-

tical analyses were performed using the SAS/STAT software 8.2 (SAS Institute

Inc., Cary NC. USA).

3.3 Results

3.3.1 Respiration measurement on pear tissue disks

The result of the estimated respiration parameter of pear tissue is shown in

Table 3.1. The O2 consumption and CO2 production rates of pear cortex tissue

strongly depend on the O2 partial pressure at low O2 concentrations. However,

the O2 consumption rate was higher than 81% of the maximal O2 consump-

tion rate when the O2 partial pressure was higher than 5 kPa (Fig. 3.5). This

was obvious since the estimated Km,O2 was small (Km,O2=1.16±0.44 kPa).

Omission of the fermentative CO2 production term in Eq. 3.2 was reasonable

for O2 partial pressure >> Km,O2 in both measurement chamber and flush-
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Table 3.1: Respiration parameters of the pear tissues

Parameters Estimated value

Vm,O2 (20℃) (mol m−3 s−1)×104 2.47±0.12

Km,O2 (kPa) 1.16±0.44

Kmn,CO2 (kPa) 135±40

rq,ox 0.95±0.04

± denotes standard error

ing chamber. A high value of 135±40 kPa for Kmn,CO2 means a low inhibi-

tion effect of CO2 on respiration. However statistically significant, this average

CO2 effect is small compared to biological differences between individual sam-

ples. The results showed that the estimated parameter for Vm,O2 and rq,ox were

(2.47±0.12)×10−4 mol m−3 s−1 and 0.95± 0.04. A good agreement was found

with the result of (2.69±0.37)×10−4 mol m−3 s−1 for average O2 consumption

rate at 10 and 20.8 kPa reported by Lammertyn et al. (2001b).

The respiration rate of the skin was measured at 2 gas conditions (30 kPa

O2; 3 kPa CO2 and 5 kPa O2; 8 kPa CO2). The average respiration value was

used for estimation of the gas diffusion of the skin. The O2 consumption rate

and CO2 production rate of the skin was (8.3±1.4)×10−4 mol m−3 s−1 and

(8.9±1.6)×10−4 mol m−3 s−1, respectively. The values were 3.4 times higher

than the maximal respiration rate of the cortex tissue. A large respiration rate

of the skin was also found by Schotsmans et al. (2003). They reported values of

99×10−8 mol kg−1 s−1 (9.5×10−4 m−3 s−1) for O2 consumption and 79×10−8

mol kg−1 s−1 (7.6×10−4 m−3 s−1) for CO2 production. This was expected

because of extensive wound respiration induced by scratching the remaining

parenchyma cortex tissue from the skin. The respiration of the skin as such

might also be higher than that of cortex tissue.

3.3.2 Gas diffusion measurement

In the experimental setup, gradients were applied such that transport of O2

and CO2 took place in opposite directions. This mimicked reality since CO2

is transported from the inside of the fruit outwards while O2 is transported in

the opposite direction. During run 1 (see Fig. 3.6) a total pressure difference

between the two chambers was observed. The initial partial pressures in the

measurement chamber were 20 kPa O2 and 5 kPa CO2. The flushing chamber
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Figure 3.5: O2 consumption and CO2 production rate in pear tissue disks at 20℃.

Symbols denote measurement and lines denote the fitted model Eqs. 3.1 and 3.2.

was kept at 10 kPa O2 and 20 kPa CO2. Since CO2 diffused at a higher rate

compared to O2, a build-up of the total pressure in the measurement chamber

was noticed during run 1. In a second run the initial gradients between the two

chambers were selected such that the amount of CO2 entering the measurement

chamber was about the same as the amount of O2 leaving the measurement

chamber (measurement chamber 30 kPa O2, 3 kPa CO2; flushing chamber 5

kPa O2, 8 kPa CO2). This resulted in a difference in total pressure between

the two chambers smaller than 1.5 kPa. The example in Fig. 3.6 shows even a

difference which was smaller than 0.5 kPa.

3.3.3 O2 and CO2 diffusion in the tissue

In Fig. 3.7, O2 and CO2 partial pressure profiles of run 2 as function of time are

shown. The O2 partial pressure decreased and CO2 partial pressure increased.

In the measurement chamber the high O2 partial pressure caused O2 transport

from measurement to flushing chamber while CO2 diffused in the opposite di-

rection from the flushing chamber to the measurement chamber at a lower CO2

partial pressure. These partial pressure profiles were used to estimate diffusion

properties of the sample as explained in the previous section. The average fit-

ted values for O2 and CO2 diffusivity are shown in Table 3.2. The diffusivity of

CO2 was 10 times higher than the diffusivity of O2 in the inner cortex tissue.

This means that transport of CO2 was faster than transport of O2 in the inner

cortex tissue. The diffusivities in the skin were smaller than diffusivities in the
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Figure 3.6: Total pressure difference between measurement and flushing chamber

with time for two different settings of initial O2 and CO2 partial pressure gradients.

Table 3.2: Estimated O2 and CO2 diffusivities of the pear tissues *.

Sample DO2 (m2 s−1) DCO2 (m2 s−1)

Inner cortex tissue (2.56±0.48)×10−10 (3.8±1.1)×10−9

Skin (1.29±0.22)×10−10 (0.36±0.07)×10−9

*Values were estimated from the tissue sample along the radial direction of the

pear, ± the standard deviation of 5 samples. Experiments were measured in

season 2003-2004.

tissue. Although less pronounced than in cortex tissue, the CO2 diffusivity in

the skin was also higher than the O2 diffusivity. High variation was found among

the measured diffusivities. Sensitivity analysis for the gas diffusion setup was

modeled and reported in Appendix A. It could be due to biological variation.

3.3.4 Position dependent diffusivity in a fruit

To study the effect of position in the fruit on gas diffusion, tissue samples were

taken along the radial direction at the equatorial region of the fruit from the

skin to the core of the pear as well as in the vertical axis from the top to

the bottom of the pear. The skin had the lowest diffusivity values which were

(1.86±0.78)×10−10 m2 s−1 and (5.1±3.2)×10−10 m2 s−1 for O2 and CO2, re-

spectively. Along the radial direction, O2 and CO2 diffusivities seemed uniform

throughout the cortex tissue while diffusivities were high in the core of the pear
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Figure 3.7: Gas partial pressure in the measurement chamber as a function of time.

Symbols denote measured values and lines denote the fitted model solution of Eqs. 3.3

and 3.4

(Fig. 3.8). CO2 diffusivities were much higher compared to O2 diffusivity. The

model parameters of Eq. 3.5 for the O2 and CO2 diffusivity along the radial

direction are given in Table 3.3. A high variation among the sample was also

found. The analysis of variance carried out on the O2 and CO2 diffusivities from

the samples coming from the relative position from the centre ranging from 0.35

to 0.9 showed that the variability of the O2 and CO2 diffusivity within a pear

was the same as the variability between pears. Since the coefficient a was 0.1 for

both O2 and CO2 diffusivity along the radial direction, the diffusivity almost

reached the value of Do at positions near the skin (Fig. 3.8). Therefore, Do can

be considered as diffusivity near the skin. Gas diffusion along the vertical axis of

the pear was more or less constant (Fig. 3.9). Results showed that the gas dif-

fusivities in the tissue along the vertical axis of the pear were (11.0±7.2)×10−10

m2 s−1 and (7.0±3.8)×10−9 m2 s−1 for O2 and CO2, respectively. Gas diffu-

sion properties in the vertical axis were higher than along the equatorial radial

direction.

3.3.5 Maturity effect and storage condition on gas diffu-

sivities

To study the effect of fruit maturity and storage condition on the gas diffusion

properties, the optimal picked pears and late picked pears were stored at nor-
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Figure 3.8: O2 and CO2 diffusivity of tissue along the radial direction of the pear at

the equatorial region. x/R is the relative distance from the center of the pear along the

radial direction. Values of O2 and CO2 diffusivities of cortex tissue are indicated as

(?) and (×), respectively. Solid line (—) and dash line (–) represent the model for O2

and CO2 diffusivities of cortex tissue. The mean values of O2 and CO2 diffusivities of

the skin are indicated as (•) and (�), respectively. Bars indicate standard deviations

surrounding the mean.

Figure 3.9: O2 and CO2 diffusivity of tissue along the vertical axis of the pear. y/L

is the relative position of the sample along the vertical axis of the distance y from the

top and the length L of pear. Values of O2 and CO2 diffusivities are indicated as (?)

and (×), respectively. Solid line (—) and dash line (–) represent the mean O2 and

CO2 diffusivities of cortex tissue.
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Table 3.3: Estimated O2 and CO2 diffusivities of the pear tissues *.

Dc (m2 s−1) Do (m2 s−1) a

O2 diffusivity (37.3±7.3)×10−10 (2.22±0.28)×10−10 0.10±0.02

CO2 diffusivity (86±14)×10−10 (23.2±2.1)×10−10 0.10±0.04

*Values were estimated from the tissue sample along the radial direction of the

pear. ± the standard error

mal storage and browning inducing conditions. During 6 months of storage in

browning inducing conditions, brown heart disorder was found in the late picked

pears only. The tissue of disordered pears was classified to two classes. Non-

browning tissue of disordered pears was classified as sound tissue and browning

tissue of disordered pears was categorized as brown tissue. Diffusion properties

of tissue of healthy pear, sound tissue of brown pear and brown tissue of brown

pear are shown in Fig. 3.10.

In healthy pear, the average O2 diffusivity in the tissue of the optimal picked

pear and late picked pear was (2.87±0.45)×10−10 m2 s−1 and (2.45±0.35)×10−10

m2 s−1, respectively while the average CO2 diffusivity in the tissue of the op-

timally picked pears and late picked pears was (2.6±0.36)×10−9 m2 s−1 and

(2.22±0.72)×10−9 m2 s−1. The CO2 diffusivity of optimally picked pears and

late picked pears was higher than the O2 diffusivity. Large variability was

found among the experimental values so that there were no significant differ-

ences between the optimally picked pears and late picked pears. The average O2

diffusivity of the sound tissue and brown tissue of late picked pear in browning

inducing condition was (2.46±0.65)×10−10 m2 s−1 and (1.85±0.64)×10−10 m2

s−1, respectively while the average CO2 diffusivity of the sound tissue and brown

tissue of late picked pear were (1.58±0.76)×10−9 m2 s−1 and (1.42±0.35)×10−9

m2 s−1. The O2 and CO2 diffusivities of brown tissue in late picked pear were

less than those of healthy tissue of optimal picked pear (Fig. 3.10). Due to the

large variability, the diffusivities of sound tissue of brown pear were not different

from the diffusivities of healthy tissue of late pear.

3.3.6 Temperature effect on respiration and gas diffusivity

of tissue

Arrhenius’ law was applied to study the effect of the temperature on the respira-

tion as well as diffusion properties of pear tissue. Three temperature conditions
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Figure 3.10: O2 and CO2 diffusivity along the radial direction at the equatorial region

of different picked pears and storage conditions. Legend: (1) indicates sound tissue

of optimal picked pear under normal storage condition; (2) indicates sound tissue of

late picked pear in normal storage condition; (3) indicates brown tissue of late picked

pear in browning inducing condition; (4) indicates sound tissue of late picked pear in

browning inducing condition. Vertical bars indicate 95% confidence intervals of the

mean.
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Figure 3.11: Arrhenius plot of the maximal O2 consumption rate (Vm,O2) of cor-

tex tissue. The line indicates the Arrhenius equation while the symbols indicate the

measured values.

(5, 10 and 20℃) were compared for their effect on the respiration and diffusivity

in cortex tissue.

In Fig. 3.11, the Arrhenius plot of the maximal O2 consumption rate (Vm,O2)

is shown. The Arrhenius equation described the experiment well as was con-

firmed by the high R2 value (R2=0.98). The results showed that tissue respi-

ration was strongly affected by the temperature since the activation energy for

tissue respiration was (80.2±5.6) kJ mol−1.

Samples of cortex tissue were taken along the radial direction to study the

effect of temperature on O2 and CO2 diffusivities. Large variability of O2 and

CO2 diffusivity was observed. The CO2 diffusivity was much higher than the

O2 diffusivity. Arrhenius plots of O2 and CO2 diffusivities are shown in Fig.

3.12. Since the activation energy for O2 diffusivity Ea,Do2 with 95% confidence

interval was (-9±13) kJ mol−1, there was no significant temperature effect on the

O2 diffusivity. The activation energy for CO2 diffusivity Ea,Dco2 was (17±13) kJ

mol−1. A statistically significant effect of temperature on the CO2 diffusivity

was found but it was small compared to the biological variability which was

concluded from the low R2 value (R2=0.15).
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Figure 3.12: Arrhenius plot of O2 and CO2 diffusivities in the cortex tissue at different

temperatures. Vertical bars indicate standard deviations.

3.4 Discussion

3.4.1 Gas diffusion measurement

Literature data on simultaneous measurement of O2 and CO2 diffusivity in pear

or fruits in general is scarce. In this study, a gas diffusion measurement system

was considered with two chambers separated by a sample of tissue. Due to

an applied concentration difference between the two chambers, diffusion of gas

through the tissue will take place. Fitting the model equations on the experi-

mental data resulted in diffusion coefficients for CO2 that were 10 times higher

than for O2. Depending on the initial gas concentration gradients over the sam-

ple this may result in net gas fluxes between the two chambers resulting in a

built up of total pressure differences between the two chambers as was observed

in run 1. Too large a pressure difference between two chambers would cause

forced filtration transport (permeation) and would falsify the results. Choosing

the initial gradients in a way that O2 and CO2 fluxes are the same but in oppo-

site direction, prevented permeation (run 2). As permeation would falsify the

estimated values for the diffusion coefficients, only runs showing total pressure

differences smaller than 1.5 kPa were used.

The temperature of the set-up was also important. The total pressure of the

flushing chamber was constant because of the gas flow. The total pressure in

the measurement chamber changed with temperature according to the ideal gas

law. A change of 0.5℃ in temperature gave an effect of about 0.17 kPa on the

total pressure in the measurement chamber. Therefore, the temperature should
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be and was controlled during the measurement.

3.4.2 O2 and CO2 diffusion in the tissue

The results obtained in this research for the diffusivity of O2 and CO2 along

the radial axis in pear inner cortex tissue was 2.56×10−10 m2 s−1 and 3.8×10−9

m2 s−1. The results from Schotsmans et al. (2003) showed that O2 and CO2

diffusivities in the cortex after 3 months of storage were 4.3×10−10 m2 s−1 and

1.73×10−9 m2 s−1. However, the O2 diffusivity in flesh of 1.71×10−9 m2 s−1

and CO2 diffusivity of 19.5×10−9 m2 s−1 reported by Lammertyn et al. (2001b,

2003a) was 6 times higher than values obtained in this research. Simulation

of the experiment of Lammertyn et al. (2001b, 2003a) showed that there was

pressure built-up in the measurement chamber. If there was no leaking of the

gas through the measurement chamber, permeation through the sample could

take place due to the pressure built-up. Therefore, the O2 and CO2 diffusivities

reported by Lammertyn et al. (2001b, 2003a) may be apparent values that in-

cluded both permeation and diffusion phenomena while the current experiment

is diffusion only. Large differences of the gas transport properties have also

been reported by other authors; Solomos (1987) measured a CO2 diffusivity for

potato skin and flesh of 22×10−9 m2 s−1 and 250×10−9 m2 s−1, respectively,

while Abdul-Baki and Solomos (1994) obtained values of 0.06×10−9 m2 s−1 for

potato skin and 25×10−9 m2 s−1 for potato flesh. The diffusivity of O2 and

CO2 of the skin was 1.29×10−10 m2 s−1 and 3.6×10−10 m2 s−1, respectively.

Lammertyn et al. (2001b, 2003a) found values for skin of 2.84×10−10 m2 s−1 for

O2 and 9.11×10−10 m2 s−1 for CO2. The same magnitude was also found by

Schotsmans et al. (2003) since the O2 and CO2 diffusivities in the skin after 3

months of storage were 3.3×10−10 m2 s−1 and 4.3×10−10 m2 s−1. The ratio be-

tween CO2 and O2 diffusivity depends on the type of tissue. For the pear inner

cortex tissue, the ratio between CO2 and O2 diffusivity was 14.7 (11.4 found by

Lammertyn et al. (2001b, 2003a) and 4.02 reported by Schotsmans et al. (2003).

The CO2 diffusivity was considerably larger than the O2 diffusivity. The CO2

diffusivity through the skin was 2.8 times higher than that for O2. Similarly,

Lammertyn et al. (2001b, 2003a) found a 3.2 times higher resistance of the skin

to O2 compared to CO2, indicating different diffusivities of respiratory gases

in the skin. This is to be expected if diffusion is not through holes. It can be

hypothesized that a substantial part of CO2 transport will occur through the

liquid phase as the solubility of CO2 in water is much higher than that of O2.
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3.4.3 Position dependent diffusivities in a fruit

The gas diffusivity experiment along the radial direction showed that O2 and

CO2 diffusivities were small in the skin, uniform throughout the cortex tissue

while diffusivities were high in the core of the pear. Similar results were also

found by Schotsmans et al. (2003). The diffusivity appeared to be the smallest

in the skin, larger in the cortex region and the largest in the core. However, due

to the very high variability this trend was not statistically significant. A report

by Schotsmans et al. (2003) showed that diffusivity distribution along the radial

direction in Jonica apples was different. The diffusivity was small in the skin,

significantly larger in the cortex tissue and again significant smaller near the

core. The apple tissue showed the core had a low intercellular air space volume

(11%) which might have resulted in a significant reduction of gas transport while

the intercellular air space volume of apple cortex tissue was substantially higher

(19%) (Schotsmans, 2003). Specific features found in pear cortex tissue are

sclereids. The sclereids seem to be concentrated in the outer cortex tissue and

their amount decreases toward the core. Locally, these sclereid groups can pose

local barriers for gas transport. This would result in local adverse gas conditions

and thus trigger the local development of storage disorders (Schotsmans, 2003).

Different amounts and distribution of sclereids between and in pears might

partly explain the high biological variability of the pear samples. Postharvest

product behaviour is inherently affected by the omnipresent biological variation

(Hertog et al., 2002). Biological variation in diffusivities of the pear could be due

to for instance difference in shape and size of the pears during development, the

amount of lignified cells, irregular cell distribution, growing conditions which

may depend on the position in the tree. A higher diffusivity along the vertical

axis than along the radial direction was observed. It could be that the vascular

bundles arranged in the direction from top to bottom of the pear facilitated the

gas transport. Therefore, continuity of gas transport channels in this direction

could be better than along the radial direction and explain the high diffusivity

in the vertical axis compared to the values along the radial direction. From the

experiments, it appeared that the O2 diffusivity was smaller compared to the

CO2 diffusivity. CO2 has a higher solubility in water than O2. For instance,

the concentration of CO2 in equilibrium with 8 kPa (3.28 mol m−3) CO2 in

the gas phase is 3.1 mol m−3 at 20℃ in water while for O2 the concentration

in water in equilibrium with 30 kPa (12.31 mol m−3) for O2 in the gas phase

at 20℃ is 0.41 mol m−3. The diffusivity of CO2 in air and water at 20℃ are

1.6×10−5 m2 s−1 and 1.67×10−9 m2 s−1, respectively (Lide, 1999). Therefore

a significant portion of CO2 can transport in the liquid phase as well while O2
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is mainly transported in the gas phase of the intercellular space of pear fruit

tissue. This can explain the high diffusion coefficient of CO2 compared to the

O2 diffusion coefficient.

3.4.4 Maturity effect and storage condition on gas diffu-

sivities

Reports about gas exchange properties, more specifically skin resistance of fruit,

are not very consistent. While some authors Park et al. (1993) found changes

during the harvesting period, others did not. Elgar et al. (1999) found that

the skin resistance to gas diffusion of Braeburn apples was not influenced by

harvest date. Schotsmans et al. (2002) reported no influence of harvest date on

skin resistance to gas diffusion for Jonica and Braeburn apples nor for Doyenné

du Comice and Conference pears. Also no change of diffusivity of O2 and

CO2 in cortex tissue of Conference pear during 3 weeks before and 3 weeks

after the commercial harvesting date was found by Schotsmans et al. (2003).

Schotsmans et al. (2003) reported an average diffusivity of O2 and CO2 in

fruit cortex tissue of (3.8±0.4)×10−10 m2 s−1 and (3.8±0.5)×10−9 m2 s−1,

respectively. The results of this experiment also revealed no differences between

O2 and CO2 diffusivity of the optimally picked pears and late picked pears.

Even though significant structural and composition changes occur during the

maturation period, this does not necessarily imply that the diffusivity of the

respiratory gases (O2, CO2) is influenced by these changes (Schotsmans et al.,

2003). Browning of pear tissue is related to membrane damage due to low

O2 concentration and high CO2 concentration under the controlled atmosphere

storage. This phenomenon is probably caused by a slow gas transport rate with

small diffusion in the tissue leading to a shortage of O2 and accumulation of CO2

in the center of the fruit. The lower diffusivity values of brown tissue might be

due to the fact that the intercellular space system of brown pear might have low

cross section dimension of air channels, restricted length and reduced continuity

as most of the intercellular space is flooded by leaking cells. This could lead

to a low efficiency of the intercellular space system as a means of aerating the

tissue.

3.4.5 Temperature effect on respiration and gas diffusivity

of tissue

Temperature is the most important factor to control the fruit metabolism dur-

ing storage. The influence of the temperature on the maximal O2 consumption
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rate is given by the activation energy. The activation energy of the maximal

O2 consumption rate of pear tissue in this experiment (80.2±5.6 kJ mol−1) was

close to the value of intact pear (64.6±4.8 kJ mol−1) described by Lammertyn

et al. (2001b). Temperature effects on respiration rate are well known, however,

attempts to characterize temperature influence on tissue diffusion have not re-

vealed substantial temperature effects (Schotsmans et al., 2003). Moreover, a

report by Dadzie et al. (1993) showed that there was no temperature effect on

skin permeation. Calculating the activation energy of CO2 diffusivity in air and

water from literature data (Lide, 1999) shows values of 6.5 kJ mol−1 and 19.5 kJ

mol−1 respectively. The activation energy of the CO2 diffusion in tissue found

in the current study was in between that in the gas and water phase and can be

considered in agreement with the literature data. The solubility of O2 in water

is low compared to CO2 and therefore most of the O2 transport occurs in the gas

phase. Furthermore, it is likely that O2 and CO2 have the same behavior in the

gas phase. Hence the low activation energy for diffusivity of CO2 found in the

literature can be considered in agreement with the value Ea,Do2 of (-9±13) kJ

mol−1 found for O2 in the current experiments. Temperature has small influence

on the diffusion while it has a large effect on respiration, since the activation

energy for the latter was (80.2±5.6) kJ mol−1. Therefore, the gas diffusivity

will not increase much due to an increase of temperature while the respiration

rate on the other hand will rapidly increase. This could result in O2 depletion

and CO2 excess in the pear at high temperature and development of large gas

gradients that can lead to storage disorders (Schotsmans et al., 2003). Storage

temperatures should be low enough to have low respiration activity resulting in

small gas gradients.

3.5 Conclusions

A diffusion chamber setup was constructed for the simultaneous measurement

of O2 and CO2 diffusivity of pear. Since the CO2 diffusivity was higher than

that of O2, the initial gas composition of the flushed and measurement cham-

ber was selected carefully so as to avoid pressure build-up in the measurement

chamber. The application of optical sensors resulted in good informative gas

partial pressure versus time profiles. The diffusivity of O2 and CO2 at differ-

ent positions in the pear was investigated. Both the diffusivity of O2 and CO2

were small at the skin. Along the equatorial radial direction of the pear, the

diffusivity of both O2 and CO2 in the cortex tissue was almost constant while

it was high in the core of the pear. Gas diffusion coefficients in the vertical axis
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were higher than along the equatorial radial direction. The O2 diffusivity was

not influenced by temperature while temperature had a statistically significant

effect on CO2 diffusivity although it was small compared to its biological vari-

ability. Picking date had no effect on the gas diffusivity of tissue. Diffusivities

in brown tissue of disordered pears were lower than diffusivities in sound tissue

irrespective whether the sound tissue came from a healthy or a disordered pear.
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Permeation gas transport

4.1 Introduction

Gas transport in fruit and other bulky storage organs has macroscopically been

described with Fick’s laws of diffusion assuming an effective diffusion process

which is driven by concentration gradients (Burg and Burg, 1965; Cameron and

Yang, 1982; Banks, 1985). The rate of gas movement depends on the proper-

ties of the gas molecules and the physical properties of the intervening barriers

(Kader, 1988; Nobel, 1991). Development of the theory that connects the mi-

croscopic to macroscopic description of mass transport in biological materials

has been subjected to several investigations (Wood and Whitaker, 1998; Wood

et al., 2002; Quintard et al., 2006). In these studies, the transport on the mi-

croscale was volume-averaged to a macroscopic equation containing effective

parameters for the macroscopic properties of the biological materials. Recently,

a macroscopic reaction-diffusion model that incorporates both gas diffusion and

respiration was found appropriate for calculating the gas transport inside fruit

(Mannapperuma et al., 1991; Lammertyn et al., 2003a,b). Effective diffusion

properties of the fruit were determined by measuring the concentration of gas

exchange between two chambers of a measurement set-up separated by a tissue

slice (Lammertyn et al., 2001b; Schotsmans et al., 2003, 2004; Ho et al., 2006a).

The results showed that the CO2 diffusivity of the tissue was much higher than

the O2 diffusivity. It was hypothesised that CO2 is not only transported in the

gas phase but also in the water phase from cell to cell due to its high solubility

in the solution while O2 is mainly transported in the gas phase of the gas-filled

intercellular spaces. If the CO2 diffusivity is higher than that of O2, the pro-

duced CO2 leaves the fruit at higher rates than O2 is entering the fruit. This

55
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would lead to a pressure difference between the internal parts of the fruit and the

external atmosphere. Therefore, besides gas diffusion driven by concentration

gradients, gas transport in the fruit occurs by permeation due to total pressure

gradients in the fruit tissues.

Gas permeation can be defined as the transport process in a porous medium

in which the gas flow is described by Darcy’s law (Geankoplis, 1993; Bird et al.,

2002). In fruit tissue, the intercellular space existing of a highly complicated

network of gaseous channels can be considered as such a porous medium. Sev-

eral authors have studied the gas diffusion properties of fruit tissue; however,

gas permeation in fruit has only received attention in early work of the 1960s

(Marcellin, 1974). A further complication caused by small pressure gradients is

flow of N2 which may contribute to the alleviation of this gradient. Pressure

changes inside packages filled with horticultural produce due to O2, CO2 and

N2 transport in relation to package shrinkage were described by Talasila and

Cameron (1997). However, with exception of the model of Schotsmans et al.

(2003) for gas transport, no models reported in the literature include transport

of N2 in fruit tissue.

The objectives of this chapter are (1) to determine gas permeation properties

of pear tissue, (2) to determine the N2 diffusivity of pear tissue, and (3) to

expand existing diffusion models for O2 and CO2 transport in fruit with N2 and

permeation transport.

This chapter consists of four sections. In Section 4.2, the diffusion model

for O2 and CO2 will be expanded with N2 and permeation transport. N2 dif-

fusion and permeation properties will be be introduced. In Section 4.3, the

O2 and N2 diffusivities and permeation coefficients of pear fruit tissue will be

discussed. A continuum model to describe gas diffusion and permeation will be

validated. In Section 4.4, these results will be discussed. Some final remarks

will be formulated in Section 4.5.

The results described in this chapter were partially published in Ho et al.

(2006b).

4.2 Materials and method

4.2.1 Materials

Pears (Pyrus communis L. cv. Conference) were harvested on September, 8th,

2004 at the pre-climacteric stage at the Fruitteeltcentrum (Rillaar, Belgium),

cooled and stored according to commercial protocols for a period of 21 days at

-0.5℃ preceding CA storage (2.5 kPa O2, 0.7 kPa CO2 at -0.5℃) until they were
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used for the experiments. Pear flesh samples were first cut with a professional

slice cutter (EH 158-L, Graef, Germany), subsequently small cylinders with a

diameter of 24 mm were cut with a cork borer. The thickness of the sample

was measured with a digital caliper (Mitutoyo Ltd., UK, accuracy ±0.01mm)

and ranged from 1 to 2 mm. For the skin samples, a razor blade was used to

remove the flesh until a thickness of less than 1 mm was obtained. Cortex tissue

samples were taken in the radial direction at the equatorial region of the pear

and in the vertical axis, containing vascular bundles. A schematic view of the

sampling protocol is given in Fig. 3.1.

4.2.2 Model of gas transport in pear tissue

4.2.2.1 Flux of gas transport

A mass flux of a gas component j (mol m−2 s−1) describing the diffusion and

permeation processes through the pear tissue samples is given by

j = Ciu + jd (4.1)

with Ci (mol m−3) the concentration of gas i, u (m s−1) the apparent velocity

vector, and jd (mol m−2 s−1) the flux of gas diffusion through a barrier of

tissue. In Eq. 4.1, the first term of the right hand side is the mass flow carried

in the bulk flow of the fluid due to permeation while the second term results

from a concentration gradient (Fick’s law). Permeation through the tissue by

a pressure gradient can be described by Darcy’s law for laminar flow in porous

media (Bird et al., 2002),

u = −K
µ
∇P (4.2)

with K (m2) the permeation coefficient, P (Pa) the pressure, µ (Pa.s) the vis-

cosity of the gas, ∇ (m−1) the gradient operator. For laminar flow in porous

media such as tissue, permeation coefficients can be determined empirically and

are usually considered to be independent of the gas passing the tissue. The gas

diffusion through the tissue can be approximated by Fick’s first law of diffusion

(Bird et al., 2002), which states that the flux of a gas diffusing through a barrier

of tissue jd is proportional to the concentration gradient of i over this barrier,

∇Ci (mol m−4) with the effective diffusion coefficient Di (m2 s−1) acting as a

proportionality coefficient.

jd = −Di∇Ci (4.3)
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4.2.2.2 A continuum model of gas transport in cellular tissue

A permeation diffusion reaction model of gas transport in cellular tissue was

derived from Chapter 2 as following

αi
∂Ci,g

∂t
+∇ · (uCi,g) = ∇ ·Di∇Ci,g +Ri (4.4)

with the boundary condition:

Ci,b = Ci,∞ (4.5)

where αi is called the gas capacity of the component i in the tissue, Ri (mol

m−3 s−1) the effective respiration term of the tissue. Ci,b (mol m−3) and Ci,∞

(mol m−3) are the concentration of gas i at the boundary surface of tissue and

the external condition, respectively.

Permeation was described using Darcy’s law (Eq. 4.2). The relation between

the concentration C and pressure P can be expressed by using the ideal gas law

P = CRT . Therefore, Eq. 4.2 can be rewritten as follows

u = −KRT
µ
∇
(∑

Ci,g

)
(4.6)

The estimation of permeation coefficient K and the effective diffusivity Di will

be discussed in the next section 4.2.3. The respiration of tissue was described

by the model presented in Chapter 3.

4.2.3 Measurement of gas transport parameters

4.2.3.1 Measurement setup

The system used to measure gas transport properties of fruit tissue consisted

of two chambers (measurement chamber and flushing chamber) separated by a

disk shaped tissue sample (Fig. 3.2 and 3.3; Chapter 3). The chambers were

metal cylinders screwed together, holding a PVC ring containing a tissue sample

glued on it with cyano-acrylate glue. A rubber O ring was used to seal the PVC

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, GE Druck, Germany, accuracy 0.04%)

monitored the pressure changes in each chamber during the measurements. The

temperature of the system was kept constant at 20.0±0.5℃ by submerging the

set-up in a temperature controlled water bath (F10-HC, Julabo Labor Technik

GmbH, Seelbach, Germany, accuracy 0.5℃). The preparation of the samples
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was described in Chapter 3. The sealing of chambers was checked and validated

before the experiments by rapidly changing the temperature of the water bath.

When the pressure inside the measurement chamber increased correspondingly

this indicated proper sealing.

4.2.3.2 Diffusion coefficients of O2, CO2 and N2

Data of diffusion coefficients of respiratory gasses (O2 and CO2) were reported

in Chapter 3. The diffusivity of N2 was measured with the same set-up de-

scribed in Chapter 3. Once the sample was attached to the diffusion cell, the

measurement and the flushing chambers were flushed with, respectively, 70 kPa

N2, 30 kPa O2, and 95 kPa N2, 5 kPa O2, at 10 L h−1, 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 in- and outlet valves of the

measurement chamber were closed, and the decrease in O2 partial pressure and

total pressure of the measurement chamber was monitored for 6 h. The O2 con-

centration was measured in the measurement chamber with fluorescent optical

probes (Foxy-Resp, Ocean Optics, Duiven, The Netherlands). The difference in

total pressure between the two chambers was logged and was observed smaller

than 1.5 kPa. Hence, permeation was mininal. The (second) permeation term

was correspondingly omitted in Eq. 4.4; the CO2 production was negligible

for this case. The N2 concentration was determined indirectly from the total

pressure and the O2 concentration. DO2 and DN2 were estimated by fitting the

solution of the transport Eq. 4.4 for O2 and N2 to the measured concentration

profiles in the measurement chamber. Eq. 4.4 was solved numerically according

to the procedure described in Chapter 3. The CO2 diffusivity was available

from previous experiments (Chapter 3). RO2 was set to -2.47×10−4 mol m−3

s−1 (Chapter 3).

4.2.3.3 Permeation coefficient

In the permeation experiment, the measurement and the flushing chambers

were flushed with nitrogen at 10 L h−1 humidified and passed through a heat

exchanger to prevent the sample from drying and cooling down while flushing the

two chambers. Nitrogen gas was used in the experiment as it has no physiological

activity so that the source term RN2 vanishes from Eq. 4.4. The pressure in

the measurement set-up was adjusted to get a 6 kPa pressure difference between

the measurement and flushing chamber. The total pressure difference between

two chambers was not higher than 7 kPa to prevent mechanical deformation

and even damage of the tissue which would falsify the results. Finally, the in-
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and outlet valves of the measurement chamber were closed, and the decrease in

pressure of the measurement chamber was monitored for at least 4 h. Because

of the absence of O2, there was no transport of this gas in the experiment.

Likewise, based on some preliminary simulations it was found that the CO2

production through fermentation was also negligible so that transport of CO2

could be omitted as well. For this particular measurement setup, a lumped

mass balance of a one component gas (N2) in the measurement chamber could

be used in one-dimensional form as follows:

V
∂C

∂t
+Aj = 0 (4.7)

with V (m3), the volume of the measurement chamber, A (m2) the surface of

the tissue area, t (s) time. Note that the vector quantities now become scalar

quantities in one dimension. Substituting Eq. 4.1 into Eq. 4.7 yields

V
∂C

∂t
+ CuxA = −Ajd (4.8)

with ux (m s−1) the apparent velocity of gas in the x-direction through the

tissue sample based on the total cross section of the sample. The x-direction was

chosen perpendicular to the sample surface and pointing from the measurement

to the flushing chamber. Clearly, C decreases when ux is positive (permeation

flow from the measurement chamber to the flushing chamber) and when the

diffusive flux is negative.

The relation between the concentration C and pressure P can be found from

the ideal gas law. Eq. 4.3 can then be rewritten in one-dimension as follows

jd = −D∂C
∂x

= − D

RT

∂P

∂x
(4.9)

Permeation through the tissue by a pressure gradient can be deduced for one-

dimensional laminar flow in porous media as follows

ux = −K
µ

∂P

∂x
(4.10)

The gradient of total pressure can be approximated as the difference in total

pressure between two chambers over a barrier which is the sample with a thick-

ness L (m).
∂P

∂x
=
Pf − P (t)

L
(4.11)

with Pf (kPa), the constant pressure in the flushing chamber, and P (t) (kPa)

the pressure in the measurement chamber at the time t. Substitution of Eq.

4.11 into Eq. 4.9 and 4.10, respectively and substituting the results into Eq.

4.8 yields
V ∂P (t)
∂t

= (Pf − P (t))
(
KA

µL
P (t) +

AD

L

)
(4.12)
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The analytical solution of Eq. 4.12 describing the pressure change in the mea-

surement chamber P (t) (kPa) with the time t (s) then is

P (t) =
Pf +

Dµ

K

1−
(

1−
Pf +

Dµ

K

Po +
Dµ

K

)
exp

(
− AK

V Lµ

(
Pf +

Dµ

K

)
t

) − Dµ

K
(4.13)

with Po (kPa) the initial pressure in the measurement chamber. The permeation

K of the tissue was determined by fitting the experimental data to Eq. 4.13 by

using an iterative least squares estimation procedure written in MATLAB (The

Mathworks, Inc., Natick, USA).

4.2.4 Validation

The aforementioned experiments were used to determine permeation properties

of the pear tissue by using only N2. However, air is a mixture of three main com-

ponents: O2, CO2 and N2 and the gas transport in the tissue is a combination

of diffusion and permeation processes. Validation experiments were performed

to verify whether the measured permeation properties could also be applied to

O2 and CO2. In addition, a gas transport model was used to predict the effect

of permeation on the estimation of diffusion coefficient.

For model validation purposes, an experiment was performed with gradients

applied such that transport of O2 and CO2 took place in the opposite direc-

tion. This experimental validation was done based on the diffusion experiment

described by Ho et al. (2006a) (Chapter 3). In validation experiment 1 (mea-

surement chamber 30 kPa O2, 0 kPa CO2 and 70 kPa N2; flushing chamber

5 kPa O2, 30 kPa CO2 and 65 kPa N2) and 2 (measurement chamber 20 kPa

O2, 5 kPa CO2 and 75 kPa N2; flushing chamber 10 kPa O2, 20 kPa CO2 and

70 kPa N2), the initial gas conditions were chosen such that there was pressure

built-up in the measurement chamber. In validation experiment 3, gas condi-

tions were such that the difference in total pressure between the 2 chambers

remained smaller than 1.5 kPa and permeation was negligible (measurement

chamber 30 kPa O2, 3 kPa CO2 and 67 kPa N2; flushing chamber 5 kPa O2,

8 kPa CO2 and 87 kPa N2). Transport of O2, CO2 and N2 was described by

means of the convection diffusion model (Eq. 4.4 and 4.5) in which permeation

through the barrier of tissue by the pressure gradient is described by Darcy’s

law (Eq. 4.6). The parameters of O2 and CO2 diffusion and respiration were

described by Ho et al. (2006a) (Chapter 3). The porosity of the pear tissue

was taken equal to 0.07 (Schotsmans, 2003). RO2 was set to -2.47×10−4 mol
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m−3 s−1 and RCO2 was set equal to −0.95RO2 (Ho et al., 2006a) (Chapter 3).

The system (4.4– 4.6) of transport equations was solved by means of the finite

element method. The measurement chamber and the sample tissue were con-

sidered as two materials consisting of 20 1-D linear elements each resulting in

41 nodes in total. The diffusion coefficient of the gas molecules in air at 20℃
was set equal to 6×10−5 m2 s−1 (Lide, 1999). The discretisation was carried

out in the Femlab 3.1 package (Comsol AB, Stockholm, Sweden). More details

can be found in Ho et al. (2006a) (Chapter 3).

4.3 Results

4.3.1 O2 and N2 diffusivities

In Fig. 4.1, the O2 and total pressure profiles in the measurement chamber are

shown as a function of time. The O2 partial pressure decreased while the total

pressure profiles were almost constant during the measurement. As there was

no pressure built-up in the measurement chamber, permeation was negligible

in this case; the permeation term in the left hand side of Eq. 4.4 was there-

fore omitted. At the beginning of the experiment, a step decrease of the total

pressure in the measurement chamber in Fig. 4.1 indicated that the in- and

outlet valves of the measurement chamber were closed to stop flushing. In the

measurement chamber the high O2 partial pressure caused O2 transport from

the measurement to the flushing chamber while N2 diffused in the opposite di-

rection from the flushing chamber to the measurement chamber, which was at

a lower N2 partial pressure. The diffusivity of N2 was estimated based on the

total pressure profile and the O2 partial pressure profile in the measurement

chamber. In addition, the diffusivity of O2 was also estimated and compared

to N2 diffusivity. The results are given in Table 4.1. The diffusivity of N2 was

more or less equal to the diffusivity of O2 in the cortex tissue. A paired t-test

showed that there was no significant difference between the O2 and N2 diffusiv-

ity. Furthermore, a t-test between groups of samples showed that the diffusivity

of the skin was the smallest, and the diffusivity in the vertical axis was higher

than the diffusivity along the radial direction.

4.3.2 Gas permeation properties

In Fig. 4.2, the pressure profile in the measurement chamber as function of time

is shown for a typical permeation experiment with pure N2. The gas transport

from the measurement chamber to the flushing chamber by permeation caused
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Figure 4.1: Typical O2 partial pressure (top) and total pressure (bottom) time profiles

in the measurement chamber for diffusion of O2 and N2 through the pear cortex tissue

(balanced pressure diffusion experiment, measurement chamber 70 kPa N2, 30 kPa O2

initially, flushing chamber 95 kPa N2, 5 kPa O2) in the radial direction (A) and along

the vertical axis (B). The symbols and lines denote the measurements and fitted model

results (Eq. 4.4–4.5), respectively. The permeation in Eq. 4.4 term was omitted here

as the total pressure was almost constant during both experiments.

Table 4.1: Estimated gas transport properties in the pear tissue

Skin Cortex tissue

along the radial

direction

Cortex tissue

along the vertical

axis

Value # Value # Value #

DO2

(m2s−1)

(1.00±0.34)×10−10 8 (2.8±1.5)×10−10 6 (1.11±0.70)×10−9 7

DN2

(m2s−1)

(1.06±0.32)×10−10 8 (2.7±1.7)×10−10 6 (1.08±0.71)×10−9 7

K

(m2)

(2.2±1.7)×10−19 8 (2.4±2.0)×10−19 7 (4.5±3.1)×10−17 16

± the standard deviation, # the number of sample.
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Figure 4.2: Total pressure in the measurement chamber as a function of time (N2

permeation experiment) for cortex tissue in the radial direction (A) and along the

vertical axis (B). Symbols denote measurement and lines denote model predictions

according to Eq. 4.13.

a pressure decrease during time. Fig. 4.2 shows that the decrease of pressure

for tissue samples along the vertical axis of the pear was faster compared to tis-

sue samples along the radial direction. The model described the experimentally

values very well. The resulting estimated permeation coefficients are shown

in Table 4.1. The average values for the permeation coefficients of the skin,

cortex tissue along the radial direction and vertical axis were (2.2±1.7)×10−19

m2, (2.4±2.0)×10−19 m2 and (4.5±3.1)×10−17 m2, respectively (Table 4.1). A

high variation was found for the estimated values. From a statistical analy-

sis, the estimated permeation values of the skin and cortex tissue along the

radial direction were not significantly different while the permeation coefficient

of tissue along the vertical axis was much higher compared to the permeation

coefficient of cortex tissue along the radial direction. The temperature of the

set-up was also important since the total pressure in the measurement chamber

changed with temperature according to the ideal gas law. Small fluctuations of

the experimental values are due the fluctuation of the temperature during the

measurement. A change of 0.5℃ in temperature gave an effect of about 0.17

kPa on the total pressure in the measurement chamber.

4.3.3 Validation

In validation experiment 1 and 2, the initial gas conditions in the measurement

chamber were chosen in such a way that a large CO2 concentration difference
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between the two chambers was created. Due to the larger diffusivity of CO2

in cortex tissue compared to those of O2 and N2, a pressure rise was noticed

during the measurement. Plots of the measurement data, the simulation of gas

transport with permeation and without permeation are shown in Fig. 4.3. At

the beginning of the experiment, a step decrease of the total pressure in the

measurement chamber in Fig. 4.3 indicated that the in- and outlet valves of the

measurement chamber were closed off from flushing. Validation showed that the

model with permeation was more in agreement with the experiment compared

to the diffusion only. In validation experiment 3, the difference in total pressure

between the two chambers was smaller than 1.5 kPa. A good agreement was

found for both simulations between measurements and model predictions (Fig.

4.3). The effect of the permeation term in the equation on the gas transport

was small in this experiment. The simulated profile of the O2 partial pressure in

the measurement chamber as a function of time in the diffusion model coincided

with the diffusion model incorporating permeation. The permeation term in the

left hand side of the Eq. 4.4 is not important in this case and gas permeation

can be considered negligible for estimating diffusion parameters.

The total pressure in the measurement chamber for the three validation

experiments is shown in Fig. 4.4. Variability between replicate measurements

due to biological variability is clearly visible. A good agreement was found

between the models and experiments with different initial gas conditions.

4.4 Discussion

4.4.1 O2 and N2 diffusivity

The results show that there was no significant difference between O2 and N2

diffusivity. During the whole experiment the total pressure drop over the sample

was constant and very small to non-existent (<0.5 kPa). Because the experiment

was done for binary gas mixtures, the constant pressure in the measurement

chamber implied that N2 molecules diffuse at the same rate in the opposite

direction to the O2 molecular diffusion. Further, O2 and N2 have a comparable

and low solubility in water. Therefore, gas exchange through the tissue for O2

and N2 probably happens through gas-filled intercellular space, where diffusion

is the main mechanism.

The results obtained in this research for the diffusivity of O2 of the skin, cor-

tex tissue along the radial direction and cortex tissue along the vertical direction

were (1.00±0.34)×10−10 m2 s−1, (2.8±1.5)×10−10 m2 s−1 and (1.11±0.70)×10−9

m2 s−1 while the diffusivity of N2 of the skin, cortex tissue along the radial di-
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Figure 4.3: Total pressure and O2 partial pressure profiles in the measurement cham-

ber as a function of time for a sample of cortex tissue. Symbol (×) indicates measured

data, symbol (o) indicates the gas transport model prediction with diffusion and with-

out permeation. The solid line (—) indicates the gas transport model prediction with

diffusion as well as permeation taken into account. In validation experiment 1 and 2,

the conditions were chosen such as to produce a total pressure difference between both

chambers; in validation experiment 3 the conditions caused only a negligible pressure

difference.
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Figure 4.4: Total pressure in the measurement chamber as a function of time for

samples of cortex tissue. Lines indicate model predictions of the total pressure includ-

ing permeation; symbols denote measured values (three replicate experiments). In

validation experiment 1 and 2, the conditions were chosen such as to produce a total

pressure difference between both chambers: in validation experiment 3 the conditions

caused only a negligible pressure difference.
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rection and cortex tissue along the vertical direction were (1.06±0.32)×10−10

m2 s−1, (2.7±1.7)×10−10 m2 s−1 and (1.08±0.71)×10−9 m2 s−1 . Measurement

of the O2 and CO2 diffusivity by Ho et al. (2006b) showed that O2 diffusivi-

ties in the skin, cortex tissue along the radial direction and cortex tissue along

the vertical direction was (1.86±0.78)×10−10 m2 s−1, (2.22±0.28)×10−10 m2

s−1 and (1.11±0.72)×10−9 m2 s−1 while the CO2 diffusivity in the skin, cortex

tissue along the radial direction and cortex tissue along the vertical direction

was (5.1±3.2)×10−10 m2 s−1, (2.32±0.21)×10−9 m2 s−1 and (7.0±3.8)×10−9

m2 s−1. A good agreement was found between the O2 diffusivity in the present

experiment compared to the values reported by Ho et al. (2006b).

Schotsmans et al. (2003) found that the O2 diffusivity of cortex and skin after

3 months of storage were (3.3±2.4) ×10−10 m2 s−1 and (4.3±1.7) ×10−10 m2

s−1, respectively. In a more recent publication, the same authors Schotsmans

et al. (2004) found that O2 diffusivity in the flesh of Jonica (52.8×10−9 m2

s−1) and Braeburn (16.2×10−9 m2 s−1) apples was much higher than that of

pear flesh tissue. Zhang and Bunn (2000) also found similar O2 diffusivity

values (18.1–19.0×10−9 m2 s−1) for different apple cultivars. We believe that

the differences in diffusivity in fruit cultivars can be attributed to differences

in intercellular space volume. In this context, Schotsmans et al. (2004) showed

that the intercellular space volume of cortex tissue of Jonica and Braeburn

apples was 16% and 10% while it was only 5-7% for Conference pear. Ongoing

research concentrates on multiscale models to provide further evidence for this

hypothesis.

A higher diffusivity in the vertical axis compared to the diffusivity along

the radial direction was observed. While vascular bundles are filled with sap

in intact plants, they may be not fully filled with sap during storage of the

fruit as it typically looses water. It is, therefore, well possible that the vascular

bundles along the axis of the pear indeed facilitate gas transport. Moreover,

the orientation of the cells along the vertical axis could be different from that

of cells in the radial direction, and further difference in gas transport properties

may be due to enhanced interconnectivity of the gas intercellular space along

the vertical axis compared to the radial direction. Sorz and Hietz (2006) also

found that O2 diffusion in wood in the axial direction was one to two orders of

magnitude faster than in the radial direction.

4.4.2 Effect of gas permeation

The results indicate that estimated permeation values of the skin and cortex

tissue in the radial direction were not significantly different while the permeation
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of tissue along the vertical axis was much higher compared to the permeation in

the cortex tissue in the radial direction. The permeation coefficient for the gas

along the vertical axis was high compared to the radial direction (Table 4.1).

The bulk gas transport along the vertical axis is probably facilitated by means

of better continuity of the gas filled spaces.

The permeation coefficient of the tissue may contribute to gas transport

besides diffusion; the CO2 diffusivity of the tissue was higher than the O2 diffu-

sivity (Marcellin, 1974; Lammertyn et al., 2001b; Schotsmans et al., 2003, 2004;

Ho et al., 2006a). The produced CO2, therefore, leaves the fruit at higher rates

than O2 is entering the fruit. This may lead to a pressure difference between

the inside of the fruit and the external atmosphere. A pressure rise was found

in the measurement chamber in diffusion measurement for a specific initial gas

conditions (Ho et al., 2006a). In gas transport experiments with a mixture of

gases, for example gas diffusion in fruit, the total pressure changes should be

considered carefully, and if significant, permeation should be included. Because

the O2 consumption rate and CO2 production rate were not the same in pear,

permeation plays an important role in balancing the total pressure inside the

fruit to the external environment.

4.5 Conclusions

A measurement set up for gas permeation in fruit tissue based on unsteady

state gas exchange was developed. An analytical model described the exper-

imental estimated permeation well. Permeation coefficients of the skin and

tissue along the radial direction were more or less equal while the permeability

in the vertical axis was higher than along the radial direction. The permeation-

diffusion-reaction model can be applied to study the gas transport in whole

intact fruit.

While the model validation results were reasonably well correlated, a dis-

crepancy between measured gas concentrations and model predictions remains.

This is mainly due to the fact that - contrary to typical engineering materials

such as steel or brick - biological tissue cannot be considered as a continuum

material because of its cellular nature. A continuum model such as the one

proposed in this chapter should, therefore, be considered as phenomenological

and the transport properties as apparent properties.
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Chapter 5

A macroscale continuum

model for metabolic gas

exchange

5.1 Introduction

Exchange of O2 and CO2 of plants with their environment is essential for

metabolic processes such as photosynthesis and respiration. Plants do not have

specialised systems for gas exchange but rely on apertures in the epidermis such

as stomata and lenticels and the intercellular air space within the tissue (Drew,

1997). Also, in metabolically active organs such as leaves, the diffusion path

is usually very short, thus facilitating gas transport. O2 depletion and CO2

elevation have, however, been observed in plant organs such as roots (Sinclair

and Goudriaan, 1981), tubers (Geigenberger et al., 2000), stems (Van Dongen

et al., 2003), inflorescences (Seymour, 2001), seeds (Porterfield et al., 1999) and

fruit (Lammertyn et al., 2003a). In roots and bulky storage organs such as fruit

and tubers, where the length of the diffusion path may be considerable, anoxic

conditions may even occur. Geigenberger et al. (2000) observed internal O2

concentrations below 5 kPa, causing partial inhibition of respiration, decrease

in the cellular energy status, and partial inhibition of other energy-consuming

processes. In some fruits such as pears, which are typically stored under a con-

trolled atmosphere with reduced O2 and increased CO2 levels to extend their

commercial storage life, anoxia may even occur, eventually leading to cell death

and loss of the product (Franck et al., 2007). Similar atmosphere conditions,

71
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however, do not seem to affect other fruit such as apples appreciably (Saquet

et al., 2000; Veltman et al., 2003b). While it is likely that this is related to dif-

ferences in concentration gradients resulting from differences in tissue diffusivity

and respiratory activity, 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, since disorders under controlled atmosphere related to fer-

mentation are a prime cause of concern (Peppelenbos and Oosterhaven, 1998;

Lammertyn et al., 2000; Ma and Chen, 2003; Veltman et al., 2003b). Microsen-

sors have been used to measure oxygen concentrations in stem transects and

phloem exudate of intact Ricinus communis plants (Van Dongen et al., 2003),

roots (Bidel et al., 2000), and fruit (Weichmann and Brückner, 1989; Schouten

et al., 2004). However, no matter how small the electrodes, insertion in fruit

tissue causes damage that may result in measurement artefacts. Morison et al.

(2005) used chlorophyll fluorescence imaging to investigate CO2 diffusion into

leaves; while this technique provides spatial information it obviously can only

be used when there is an active photosynthetic system, which is not the case in

fruit parenchyma cells. Biochemical measurements of indicators of anaerobiosis

in roots such as acetaldehye, ethanol and alcohohol dehydrogenase have been

carried out in roots (Crawford and Braendle, 1996) and in fruit (Ke et al., 1994)

but are indirect and do not provide quantitative data on gas concentrations.

As there is, to date, no good method to measure in vivo internal gas con-

centrations in fruit, a mathematical modelling approach would provide an al-

ternative to predict the internal gas concentrations. Also, once validated such a

model could be used conveniently to perform in silico experiments to evaluate

the effect of, e.g., fruit size or ambient gas concentration on internal O2 and

CO2 levels without the need for extra experimental effort.

Gas exchange in fruit and other bulky storage organs was first modelled

macroscopically with Fick’s first law as a diffusion process, which is driven

by concentration gradients (Burg and Burg, 1965; Cameron and Yang, 1982;

Banks, 1985). The concentration gradients appear because of consumption of

O2 and production of CO2. However, Fick’s first law is not capable of describing

spatial gas concentration gradients. Several authors (Mannapperuma et al.,

1991; Lammertyn et al., 2003a,b) therefore, developed reaction-diffusion models

to describe the exchange of O2 and CO2 inside fruit of different plant species.

Diffusion properties of fruit tissue were determined by measuring gas exchange

through small tissue samples (Lammertyn et al., 2001b; Schotsmans et al., 2003,

2004; Ho et al., 2006a,b, 2007). The results showed that the CO2 diffusivity
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in apple and pear tissue was much higher than the O2 diffusivity. However,

as this may cause the outflow of CO2 to be larger than the inflow of O2, a

pressure difference between the inside of the fruit and the external atmosphere

may develop. Hence, besides gas diffusion driven by concentration gradients,

gas exchange in the fruit may occur by permeation due to pressure gradients in

the fruit tissues. The aforementioned models are not capable of describing this

effect, and Ho et al. (2006b) therefore developed a permeation-diffusion-reaction

model for describing O2, CO2 and N2 exchange in pear fruit which does take

into account permeation.

The objective of this chapter was, therefore, to extend this model to account

for O2 and CO2 dependent respiration and fermentation processes. The result-

ing nonlinear model will be numerically solved for an actual pear geometry and

validated using measurements on intact pears. In silico experiments will be car-

ried out to study the effect of shape, size, temperature and storage atmosphere

composition on macroscopic gas exchange in intact fruit.

This Chapter is outlined as follows. In Section 5.2, a permeation-diffusion-

reaction model describing exchange of the three major gases O2, CO2, and N2

in pear fruit will be outlined. The model assumes that gas exchange will be

modeled by the lumped properties of the different fruit tissues. Gas exchange

will be coupled with the respiration kinetics of fruit tissue. A non-competitive

inhibition type of respiration kinetics will be applied for O2 consumption and

CO2 production. In Section 5.3, kinetic parameters of tissue will be estimated by

means of respiration experiments. The permeation-diffusion-reaction model will

be applied and validated for the axi-symmetric geometry of pear. Both steady

and transient simulations will be carried out with different external conditions

to study the spatial distribution of metabolic gasses in intact pears of different

shapes and sizes. The continuum model will be discussed in Section 5.4. To

conclude this chapter, some remarks will be formulated in Section 5.5.

The results described in this chapter were partially published in Ho et al.

(2008b).

5.2 Materials and Methods

5.2.1 Fruit material

Pears (Pyrus communis cv. Conference) were harvested on September, 8th,

2004, at the pre-climacteric stage at the Fruitteeltcentrum (Rillaar, Belgium),

cooled and stored according to commercial protocols for a period of 21 days at

-0.5℃ preceding CA storage (2.5 kPa O2, 0.7 kPa CO2 at -0.5℃) until they



74 5.2 Materials and Methods

were used for the respiration experiments on tissue discs.

5.2.2 Respiration models

A non-competitive inhibition model (Chang, 1981; Peppelenbos et al., 1996;

Hertog et al., 1998) was used to describe consumption of O2 by respiration as

formulated by Eq. 5.1

RO2 = − Vm,O2PO2

(Km,O2 + PO2)
(

1 +
PCO2

Kmn,CO2

) (5.1)

with Vm,O2 (mol m−3 s−1) the maximum oxygen consumption rate, PO2 (kPa)

the O2 partial pressure, PCO2 (kPa) the CO2 partial pressure, Km,O2 (kPa) the

Michaelis-Menten constant for O2 consumption, Kmn,CO2 (kPa) the Michaelis-

Menten constant for non-competitive CO2 inhibition, and RO2 (mol m−3 s−1)

the O2 consumption rate of the sample. The equation for production rate of CO2

consists of an oxidative respiration part and a fermentative part (Peppelenbos

et al., 1996; Hertog et al., 1998).

RCO2 = −rq,oxRO2 +
Vm,f,CO2(

1 +
PO2

Km,f,O2

) (5.2)

with Vm,f,CO2 (mol m−3 s−1) the maximum fermentative CO2 production rate,

Km,f,O2 (kPa) the Michaelis-Menten constant of O2 inhibition on fermentative

CO2 production, rq,ox the respiration quotient at high O2 partial pressure, and

RCO2 (mol m−3 s−1) the CO2 production rate of the sample.

The effect of temperature was described by Arrhenius’ law (Hertog et al.,

1998).

Vm,O2 = Vm,O2,ref exp
[
Ea,V mO2

R

(
1

Tref
− 1
T

)]
(5.3)

Vm,fCO2 = Vm,fCO2,ref exp
[
Ea,V mfCO2

R

(
1

Tref
− 1
T

)]
(5.4)

with Vm,O2,ref (mol m−3 s−1) and Vm,f,CO2,ref (mol m−3 s−1) the maximal O2

consumption rate and maximal fermentative CO2 production rate at Tref =293◦K,

respectively; Ea,V mO2 (kJ mol−1) the activation energies for O2 consumption;

Ea,V mf,CO2 (kJ mol−1) the activation energies for fermentative CO2 production;

T (K) temperature; and R (8.314 J mol−1 K−1) the universal gas constant. It

was assumed that the other parameters in Eq. 5.1 and 5.2 do not depend on

temperature (Hertog et al., 1998). Asymptotic confidence intervals were calcu-

lated from the asymptotic covariance matrix Co of the parameters

Co =
(
JT J

)−1
s2 (5.5)
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with J the Jacobian matrix with respect to the estimated parameters, and s2

the mean squared error. The asymptotic (1-α)% confidence interval on the i-th

parameter estimate Pi was calculated as

Pi ± t
(

1− α

2
, n− p

)√
Coi,i

with t the Student t-distribution, n the number of measurements, p the number

of parameters, and Coi,i the i -th diagonal element of Co.

5.2.3 Permeation-diffusion-reaction model

A permeation-diffusion-reaction model was constructed describing the diffusion

and permeation processes in pear tissue for the three major atmospheric gases

O2, CO2 and N2. Equations for transport of O2, CO2 and N2 were established

in Chapter 2 as follows

αi
∂Ci,g

∂t
+∇ · (uCi,g) = ∇ ·Di∇Ci,g +Ri (5.6)

At the boundary:

Ci,b = Ci,∞ (5.7)

where αi is called the gas capacity of the component i in the tissue, Ci,b (mol

m−3) and Ci,∞ (mol m−3) are the concentration of gas i (O2, CO2 and N2)at the

boundary surface of tissue and the external condition, respectively. Ri (mol m−3

s−1) is the production term of the gas component i related to O2 consumption

or CO2 production (Eq. 5.1– 5.4). ∇ (m−1) is the gradient operator, and t (s)

is the time. The first term in Eq. 5.6 represents the accumulation of gas i, the

second term permeation transport driven by an overall pressure gradient, the

third term molecular diffusion due to a partial pressure gradient, and the last

term consumption or production of gas i because of respiration or fermentation.

If, for example, oxygen is consumed in the center of the fruit, it creates a local

partial pressure gradient which drives molecular diffusion. However, if the rates

of transport of different gasses are different, overall pressure gradients may build

up and cause permeation transport. Nguyen et al. (2006b) observed based on

nuclear magnetic resonance imaging that the water concentration in pear fruit

is almost uniform; gradients were restricted to a thin layer just beneath the

surface. As a consequence, the water vapour pressure is also almost uniform

within the fruit so that there was no need to model water vapour transport in

the food.

It is important to note that the apparent diffusion coefficients are not physi-

cal properties as such but rather phenomenological parameters which depend on

both the actual gas diffusion properties and fruit microstructure. Also, we have
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assumed that the size of the pores and channels connecting the pores are large

compared to the mean free path of molecular motions which is typically 0.07

m for N2 at 20℃ (Leuning, 1983). As the structure of the intercellular space is

essentially three–dimensional, appropriate visualisation techniques such as mi-

crofocus computer tomography are required to test this hypothesis (Mendoza

et al., 2007).

Permeation through the barrier of tissue by the pressure gradient was de-

scribed by Darcy’s law (Geankoplis, 1993):

u = −KRT
µ
∇
(∑

Ci,g

)
(5.8)

with K (m2) the permeation coefficient; P (Pa) the pressure and µ (Pa.s) the

viscosity of the gas. The relation between gas concentration and pressure was

assumed to follow the ideal gas law (P = CRT ).

5.2.4 Measurement of tissue respiration

Respiration rate measurements on pear tissue were carried out at 20℃ at 0, 0.5,

1, 3, 5, 10, 30 kPa O2 combined with 0 kPa of CO2 as described by Schotsmans

et al. (2003). To study the inhibitory effect of CO2, respiration measurements

were carried out at 0, 5, 10 and 30 kPa O2 in combination with 10 kPa CO2.

For quantifying the effect of temperature on the respiration rate, measurements

were carried out at 5, 10 and 20℃ at 0 and 30 kPa O2 in combination with 0 kPa

CO2. The samples were prepared in the same manner as the samples for the

diffusion measurement as described in Chapter 3 and 4. All parameters of the

respiration models (Eq. 5.1–5.4) were estimated simultaneously by fitting Eq.

5.1–5.4 to the experimental data using a non-linear least squares regression in

MATLAB (The Mathworks, Inc., Natick, USA). The data on O2 consumption

and CO2 production rates were pooled, and the same weight was attributed to

both gases.

5.2.5 Measurement of gas exchange coefficients

Gas exchange parameters of pear epidermis and cortex tissue were determined

in the previous Chapter 3 and 4.

5.2.6 Pear geometry

Since the geometry of pear can be considered as axi-symmetric, there are varia-

tions of gas concentrations in the radial direction (r) and vertical axis (z ) only

and not in the angular direction. Therefore, the problem can be solved in two
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dimensions in the r–z plane instead of using a full three–dimensional model.

This can save considerable memory and computation time resources. The two-

dimensional shape of the fruit was constructed with a machine vision system for

shape description (Jancsók et al., 2001). An intact pear was put on a rotation

table with a computer controlled stepper motor (Apollo, C-630.32, Physik In-

strumentc GmbH, German) and pictures were taken with a CCD color digital

video camera (DFW-VL500, Sony, Japan) along the fruit equator. The geo-

metrical model of the pear was reconstructed using image processing software

written in MATLAB. The image was segmented in object and background using

an automatic threshold on the saturation value of the color information, and

the contour of the object was extracted from the image. Subsequently, a cubic

spline (smooth polygonal approximation) was fitted on the contour. In every

node the normal vector to the contour was calculated, and the skin was defined

as to have a thickness of 1 mm along this normal vector. The epidermis tissue

(skin) was created by shrinking the contour along this normal vector until a skin

thickness of 1 mm was obtained in every node. Note that skin here includes

both the epidermis and the hypodermis - a relatively tightly packed diffuse layer

of cells located in between the epidermis and cortex tissue to mimic the skin

sample of gas exchange and respiration measurement. The same skin thickness

was assumed for estimating the gas exchange properties (Ho et al., 2006a,b) in

Chapter 3 and 4. The geometrical description based on contour information

was transferred to the Femlab vs. 3.1. finite element program (Comsol AB,

Stockholm) package, where a finite element mesh was generated on the pear

geometry. An axisymmetric geometry model was created for the pear in the jar

Fig. 5.1. In total, 5441 quadratic finite elements with triangular shape were

used.

To study the effect of pear shape on the local respiratory gas inside the fruit,

four geometries were established representing pears of different equatorial radius

(2.6; 3.2; 3.4 and 3.7 cm – Fig. 5.1).

5.2.7 Numerical solution

For gas exchange in intact fruit, Eqs. 5.1-5.8 were solved using the finite element

method in Femlab vs. 3.1. (Comsol AB, Stockholm). Anisotropic gas exchange

properties were applied in the radial (r) and vertical (z ) direction. Since the

model for consumption of O2 inside the fruit (Eq. 5.1) does not exclude negative

concentrations, numerical problems may occur when the oxygen concentration

approaches zero, resulting in non-physical negative results. Therefore, two al-

ternative approaches were introduced to solve this problem. The first method
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Figure 5.1: Geometric model and finite element mesh of pears; (A) pear in jar; (B)

pears with different shapes; (C) an inset of the triangular mesh of the small part.

was based on modifying the respiration term to ensure that the rate of O2 con-

sumption became zero when the O2 concentration approached zero. Another

method was based on the exponential transformation of the O2 variable in the

model equations in such a way that the solution is guaranteed to be positive

(See appendix B). A good agreement was found for both two solutions.

5.2.8 Model validation

Respiration of intact pear

The permeation-diffusion-reaction model was validated by comparing the overall

respiration kinetics of intact fruit with measured data which were available

in literature (Lammertyn et al., 2001a). Hereto, an in silico experiment was

carried out in which a pear was put into a closed jar. The time course of the

concentration of metabolic gases in jar Ci,jar (mol m−3) is then given by

∂Ci,jar

∂t
=

Vpear

Vjar − Vpear
Ri,intact (5.9)

with Vpear (m3) the volume of pear; Vjar (m3) the volume of jar; Ri,intact (mol

m−3 s−1) the respiration of the intact fruit due to O2 consumption or CO2 pro-

duction. Ri,intact was described by means of non-competitive inhibition kinetics

according to Lammertyn et al. (2001a) who also estimated the corresponding

model parameters from experimental data (Table 5.2). The calculated Ci,jar

were considered as experimental data and compared to model predictions. Gas
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exchange properties of tissue were taken from Chapter 3 and 4 and the respira-

tion parameters of tissue were reported in Table 5.1. To derive the initial gas

concentration in the fruit, the steady state model equations were solved for 20

kPa O2 and 0 kPa CO2, and for different temperatures (1, 5, 10, 20℃) to mimic

the conditions of the actual respiration measurement.

5.3 Results

5.3.1 Overview of the continuum-model for exchange of

metabolic gasses

A permeation-diffusion-reaction model was constructed to describe exchange of

the three major gas atmospheric gases O2, CO2, and N2 in pear fruit based on

the model described in Eqs. 5.6–5.8 . The model assumes that gas exchange can

be modeled by the lumped properties of the different fruit tissues. Gas exchange

properties were independently and experimentally determined in Chapter 3 and

4. The driving force for gas exchange was mainly diffusion. Differences in dif-

fusion rates of the different gasses led to total pressure gradients that caused

convective exchange as described by Darcy’s law. Gas exchange was coupled

with the respiration kinetics of fruit tissue. A non-competitive inhibition type of

respiration kinetics was applied for O2 consumption and CO2 production (Lam-

mertyn et al., 2001a; Peppelenbos et al., 1996). Kinetic parameters were esti-

mated by means of respiration experiments. The permeation-diffusion-reaction

model was applied to the axi-symmetric geometry of pear with variations of

gas concentrations in the radial (r) and vertical axis (z ). The full set of model

variables is listed in Table 5.1. Both steady and transient simulations were car-

ried out with different external conditions to study the spatial distribution of

metabolic gasses in intact pears of different shapes and sizes.

5.3.2 Respiration of pear tissue

The non-competitive inhibition model for O2 consumption and CO2 produc-

tion described the measured values well with an adjusted R2 of 0.94 (Fig. 5.2),

indicating that the model was able to explain 94% of the total variability of

the data after correction for the number of degrees of freedom. The correlation

coefficients were all smaller than 0.71, suggesting that the model was not over-

parameterised. Note that because of this correlation between the parameters

the confidence intervals are likely to be underestimated and are larger in reality.

The estimated parameters for Vm,O2 and Vm,f,CO2 of cortex tissue were (2.39±
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Figure 5.2: Respiration of tissue; (a) and (b) O2 consumption and CO2 production

rate in pear tissue disks at 20℃; (c) the Arrhenius plot of maximal O2 consumption and

CO2 production rate of tissue at different temperatures. Symbols denote measurement

and the lines denote fitted model equation.

0.14)×10−4 mol m−3 s−1 and (1.61± 0.13)×10−4 mol m−3 s−1, respectively

(Table 5.1). The confidence interval is dominated by the biological variability.

Km,O2, a measure for the saturation of respiration with respect to O2 was rela-

tive small and equal to (1.00± 0.23) kPa. A significant but low inhibition effect

of CO2 on O2 consumption of pear cortex tissue was found (Kmn,CO2=66±21

kPa). The respiration quotient rq,ox was 0.97± 0.04 and showed that the O2

consumption was about the same as the oxidative CO2 production. The value

Km,f,O2 is a measure of the extent to which fermentation can be inhibited by

O2. The estimated value of 0.28± 0.14 kPa implies that fermentation was al-

ready inhibited at very low levels of O2 concentration. The accuracy of the

estimated parameter is reflected in the standard errors of estimation. The high

standard error of Km,f,O2 is due to the limited amount of information available

in the data on the inhibition of fermentation by O2 since in the experimental

used set-up it was not possible to obtain very small values of O2 partial pressure

could not be obtained. Temperature had a significant effect on the respiration

of the pear cortex tissue with values of Ea,V m,O2 and Ea,V mf,CO2 equal to (80±
12) kJ mol−1 and (57± 13) kJ mol−1, respectively.

5.3.3 Validation of the respiration diffusion model

Respiration of intact pear

The gas concentration profiles of O2 and CO2 in the jar as function of time

as calculated (Eq. 5.9) from experimentally measured respiration kinetics of

intact pear (Lammertyn et al., 2001a) were compared with predictions from the
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Table 5.1: Respiration parameters of pear tissue and their 95% confidence interval.

The parameters were estimated by fitting predicted O2 consumption and CO2 pro-

duction rates of pear tissue samples based on the respiration submodel (Eqs. 5.1–5.4)

to measured data by means of a least squares procedure. Diffusion parameters were

taken from Chapter 3 and 4

Parameters Units Estimated values based

on tissue measurement

Vm,O2,tissue (20℃) mol m−3 s−1 (2.39±0.14)×10−4

Vm,O2,skin(20℃) mol m−3 s−1 (8.3±2.5)×10−4

Vm,f,CO2,tissue (20℃) mol m−3 s−1 (1.61±0.13)×10−4

Vm,f,CO2,skin(20℃) mol m−3 s−1 (4.0±1.3)×10−4

Ea,V mO2 kJ mol−1 80±12

Ea,V mfCO2 kJ mol−1 57±13

Km,O2 kPa 1.00±0.23

Kmn,CO2 kPa 66±21

Km,f,O2 kPa 0.28±0.14

rq,ox 0.97±0.04

DO2,skin m2 s−1 (1.86±0.70)×10−10 (*)

DCO2,skin m2 s−1 (5.1±3.3)×10−10 (*)

DN2,skin m2 s−1 (1.06±0.27)×10−10 (**)

Kskin m2 (2.2±1.4)×10−19 (**)

DO2,r m2 s−1 (2.8±1.6)×10−10 (**)

DCO2,r m2 s−1 (2.32±0.41)×10−9 (*)

DN2,r m2 s−1 (2.7±1.8)×10−10 (**)

Kr m2 (2.4±1.8)×10−19 (**)

DO2,z m2 s−1 (1.10±0.40)×10−9 (**)

DCO2,z m2 s−1 (7.0±2.2)×10−9 (*)

DN2,z m2 s−1 (1.06±0.66)×10−9 (**)

Kz m2 (4.5±1.5)×10−17 (**)

± 95% confidence limits

Indices skin, r and z refer to the position of the skin, along the radial direction

and along the vertical axis of pear, respectively.

(*) and (**) indicate values measured in Chapter 3 and 4, respectively.

Gas transport properties of tissues were measured at 20℃.
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Figure 5.3: O2 and CO2 concentration as a function of time in closed jar at different

temperatures (1, 5, 10 and 20℃). Solid lines (—) and dashed lines (- -) indicate the

O2 and CO2 gas partial pressure in jar calculated by Eq. 5.9 from the experimentally

determined respiration kinetics (Lammertyn et al., 2001a). The symbols (×) and (o)

indicate the O2 and CO2 gas partial pressure predicted by the permeation-diffusion-

reaction model

permeation-diffusion-reaction model (Eq. 5.6–5.8). At 1℃ the correspondence

between measured and predicted gas concentrations is perfect. With increasing

temperature, an increasing deviation of the CO2 profile was found; predicted

values were larger than those experimentally observed. The parameters of the

respiration kinetics of intact pear were also estimated from the simulated O2

and CO2 partial pressure profile in the jar as function of time (adjusted R2 =

0.97). Their values are compared to the experimental values measured by Lam-

mertyn et al. (2001a) in Table 5.2. There is clearly a good agreement between

the two sets, except for Vm,f,CO2. The latter discrepancy is believed to be the

reason for the difference in CO2 profiles at higher temperature displayed in Fig.

5.3.

Composition beneath the epidermis

In this validation, the gas atmosphere just beneath the epidermis at different

external atmosphere and temperature were simulated at steady state and com-
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Table 5.2: Respiration parameters of intact pear and their 95% confidence interval

as determined by Lammertyn et al. (2003a) (column 3). The values computed from

the permeation-reaction-diffusion model are listed in column 4.

Parameters Units Literature values Computed from

permeation-

reaction-diffusion

model

Vm,O2,intact (20℃) mol m−3 s−1 (2.13±0.29)×10−4 (2.37±0.27)×10−4

Vm,f,CO2,intact

(20℃)

mol m−3 s−1 (0.97±0.20)×10−4 (1.64±0.07)×10−4

Ea,V mO2 kJ mol−1 64.4±4.7 67.6±2.5

Ea,V mfCO2 kJ mol−1 58.5±8.9 61.4±2.5

Km,O2 kPa 6.2±0.9 5.3±1.7

Kmn,CO2 kPa 71±22 92±133

Km,f,O2 kPa 0.69±0.17 0.86±1.71

rq,ox 0.76±0.03 0.79±0.05

± denotes 95% confidence limits

pared to the experimental data reported by Lammertyn et al. (2003a). The

results are shown in Table 5.3. A good agreement (±1.4 kPa) was found be-

tween the measured and predicted values of the mean gas concentration. The

results in Table 5.3 suggest that the permeation-diffusion-reaction model with

adapted parameters is suited for predictions of gas exchange of intact fruit at

the macroscopic level.

5.3.4 Effect of permeation of the gas exchange in the whole

fruit

To study the effect of permeation on gas exchange in whole fruit, Eq. 5.6–5.8

were solved without and with permeation taken into account. Both simulations

were done at 20 kPa O2 and 0 kPa CO2 as external conditions, both at 1℃. There

was a significant effect of the permeation on the simulated result (Fig. 5.4).

The O2 and CO2 gas partial pressure profiles along the radial direction from the

center to the surface of the pear are shown in Fig. 5.4. Both the internal O2 and

CO2 partial pressure was higher when permeation was included. While diffusion

is the main process for the gas exchange inside the pear, the permeation clearly

affects the gas exchange profiles. Because there was an effect of permeation
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Table 5.3: Simulated and experimental subepidermal gas concentrations skin of pears

for different ambient conditions. The concentration at the outer surface of the fruit,

just beneath the epidermis and the mean of both is reported. There is a good corre-

spondence between the mean predicted concentrations and the measured ones.

Ambient atmosphere

Condition 20.8%O2, 0% CO2 20.8%O2, 0% CO2 0%O2, 0% CO2

T=20℃ T=1℃ T=20℃

O2 CO2 O2 CO2 O2 CO2

(kPa) (kPa) (kPa) (kPa) (kPa) (kPa)

Measurement 14.7* 4.8* 20.7* 0.6* 0.2* 4*

σexperiment 1.0* 1.1* 0.2* 0.27* 0.071* 0.36*

Model

Surface 20.8 0 20.8 0 0 0

Mean 14 4.7 19.3 0.59 0 4.4

Subepidermal 9.7 7.7 18.6 0.97 0 7.1

σexperiment: standard deviation.

on gas exchange inside the fruit, at a certain environment atmosphere, the N2

partial pressure inside the fruit is not the same as the N2 partial pressure of the

environment. Due to the respiration of the tissue, the O2 gas partial pressure

decreased from the surface to the center of the pear while CO2 decreased in the

opposite direction. An increase of N2 from the surface to the center of the pear

was found (Fig. 5.4).

The absolute ratio of inward convective (
∫

Γ
n · u.CidS ) to diffusive flux

(−
∫

Γ
n · Di∇CidS) over the total pear surface was equal to 0.08, 0.0 and 1.0

for O2, CO2 and N2, respectively. While the convective flux is affected by

the local magnitude of concentration, the diffusive flux is affected by the local

gradient. The 0 value for CO2 is due to the fact that the concentration of

CO2 is 0 at the surface. The value for O2 indicates that diffusion dominates

the exchange, but permeation is not negligible. For N2 both mechanisms are

equally important. This is confirmed by the profiles in Fig. 5.4 showing the

differences when permeation is included or not.
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Figure 5.4: Effect of permeation on gas concentration distribution from the center

to the surface along the radial direction. The simulation was carried out at 1℃, 20

kPa O2, 0 kPa CO2 at the ambient atmosphere. Solid lines (—) and dashed lines (-

-) indicate the model with and without permeation, respectively.

5.3.5 Effect of geometry on local respiratory gas concen-

tration

Gas exchange was simulated for four pear shapes with different equatorial radii

of 2.6; 3.2; 3.4 and 3.7 cm. In Fig. 5.5, the respiratory gas partial pressure pro-

files in the four pears are shown for a storage gas atmosphere composition of 20

kPa O2, 0 kPa CO2 and 80 kPa N2 at -1℃ (further called “regular air storage”).

As expected, the gas concentration profiles are parallel to the boundary of the

fruit. Due to the gas exchange barrier properties of the cortex and epidermis

tissue, the partial pressures of O2 and CO2 in the center of the smallest pear

(8.1 and 2.3 kPa) were significantly higher and lower, respectively, than those

of the largest pear (1.1 and 3.74 kPa). The values of the other pears were in

between these extremes.

5.4 Discussion

5.4.1 Permeation-diffusion-reaction model

Early models for gas exchange in plant tissue were based on Fick’s first law

(Burg and Burg, 1965; Cameron and Yang, 1982; Banks, 1985). They rely on

the assumption that the diffusion resistance of the cortex tissue is low compared

to that of the skin, which would exclude the existence of a gas gradient in the

cortex tissue. The corresponding O2 and CO2 diffusion coefficients are then

measured by effusion experiments. However, the steep gas gradient in Figure

5.4 and 5.5 indicate that these models are not applicable to pear cv Conference.

Further, in the effusion method the diffusion coefficients of O2 and CO2 are

calculated from that of an inert gas using Graham’s law. This law states that
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Figure 5.5: Steady state respiratory gas partial pressure distribution for different

pear geometry at -1℃, 20 kPa O2, 0 kPa CO2, 80 kPa N2.
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the rate of effusion of a gas is inversely proportional to the square root of its

molecular mass and would imply that the ratio of CO2 to O2 diffusivity would

be 0.85. However, Schotsmans et al. (2003) have shown that this law does not

hold for a complex matrix such as fruit tissue and leads to underprediction of

the CO2 diffusivity. This is confirmed by our data (Table 5.1), which suggest

that the CO2 diffusivity of the skin (5.1× 10−10 m2 s−1) is 2.7 times higher than

that of O2 (1.86× 10−10 m2 s−1). This is probably due to the larger solubility

of CO2 in water than that of O2; while O2 would be transported mostly through

the apoplast, CO2 would also diffuse through the cytoplasm.

More advanced reaction-diffusion models describing O2 and CO2 exchange

in fruit have been reported in the literature (Mannapperuma et al., 1991; Lam-

mertyn, 2001; Lammertyn et al., 2003a,b). Mannapperuma et al. (1991) found

values of 2.67×10−9 m2 s−1 and 3.28×10−9 m2 s−1 for the O2 and CO2 diffusiv-

ity in Golden Delicious apple tissue, which is larger than the values reported here

(Table 5.1). This might be explained by the larger porosity of apple compared

to that of pear. Schotsmans et al. (2003) found values for the O2 diffusivity of

skin (3.3× 10−10 m2 s−1) and cortex tissue (4.3×10−10 m2 s−1) after 3 months

of storage, which were comparable those reported here (Table 5.1). Further,

they reported CO2 diffusivity values of 4.3× 10−10 m2 s−1 and 1.73× 10−9 m2

s−1 for skin and cortex, respectively, which also correspond well with the values

found here. Likewise, Lammertyn et al. (2001b, 2003a) found O2 diffusivity val-

ues of 2.84× 10−10 m2 s−1 and 1.71×10−9 m2 s−1, and CO2 diffusivity values

of 9.11×10−10 m2 s−1 and 1.95× 10−8 m2 s−1 for skin and cortex respectively.

It is not clear why the CO2 diffusivity of cortex found by Lammertyn et al.

(2001b) is about ten times higher than that reported here. Note that in our

model a distinction was made between the diffusivity in the axial and radial di-

rection to account for the larger diffusivity in the axial direction due to vascular

bundles which run from the stem to the calyx. The higher diffusivity in the

axial direction compared to that along the radial direction is probably due to

the fact that vascular bundles may be not fully filled with sap during storage of

the fruit. It is, therefore, well possible that the vascular bundles along the axis

of the pear indeed facilitate gas exchange. Moreover, the orientation of the cells

along the vertical axis could be different from that of cells in the radial direc-

tion, and further difference in gas exchange properties may be due to enhanced

interconnectivity of the gas intercellular space along the vertical axis compared

to the radial direction (Ho et al., 2006b). Finally, while gas exchange properties

might be affected by the developmental stage of the fruit through changes in

tissue microstructure, it is interesting to note that Schotsmans et al. (2003) did
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not find appreciable changes in gas diffusion properties of apple tissue during a

period of seven weeks after harvest.

It should be emphasised that, because of the difference in diffusion coeffi-

cient, the produced CO2 leaves the fruit at higher rates than O2 is entering

the fruit. This causes a pressure gradient inside the fruit. This pressure gra-

dient initiates convective transport. Lammertyn et al. (2003a) found that the

O2 partial pressure was under-predicted by this model and increased the O2

diffusivity parameter 3 times to improve the correspondence between measured

and predicted O2 concentration. Such an adjustment was not required in the

permeation-diffusion-reaction model presented here. The pressure gradient was

alleviated in the model by a flux of N2 towards the center of the fruit.

While in the validation experiment at 1℃ the correspondence between pre-

dicted and measured gas profiles was excellent, there was an increasing deviation

for the CO2 profile with increasing temperature. As, in contrast to gas trans-

port properties, the parameters of the respiration kinetics are highly dependent

on temperature (Cameron et al., 1994; Lammertyn et al., 2001a; Nahor et al.,

2005) it is likely that this mismatch can be related to the latter. We believe that

this is due to the fact that fruit used for validation were different from those

used for parameter estimation. In fact, the respiratory activity of pear depends

on its maturity which can vary from season to season or batch to batch (Lam-

mertyn, 2001; Schouten et al., 2004). Also, the preparation of disk samples for

the respiration measurements might have caused an increase of the respiration

rate (Surjadinata and Cisneros-Zevallos, 2003; Hodges and Toivonen, 2008) due

to an ethylene wound response (Kato et al., 2002; Hodges and Toivonen, 2008).

However, the available validation data are insufficiently informative to allow

for re-estimating the respiration parameters. Novel experiments, possibly also

providing data on internal gas concentrations, would be required. Note that

the respiration was assumed to be determined by one-rate limited enzymatic

reaction of the respiration pathway. In general, respiration is covered by many

aspects and regulatory mechanisms related to the respiratory substrates, cellular

energy status or total respiratory capacity (Klotz et al., 2008). Advancements in

the study of mitochondrial and cellular respiration kinetics may help to clarify

the path way of respiration. Ongoing research at the MeBioS Division of the

K.U.Leuven aims at developing more advanced metabolic pathway models for

respiration.

Other models for gas exchange in plant organs have been developed. Denison

(1992) developed such a model for oxygen diffusion and respiration in legume

root nodules while Parkhurst and Mott (1990) described a reaction-diffusion
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model for CO2 assimilation in leaves. Aalto and Juurola (2002) developed a

model for CO2 exchange in leave parenchyma tissue. These models are based

on the microscale geometry, and application to large organs such as fruit would

require huge computer resources if possible at all. In contrast, the model de-

veloped here can be used well to predict gas exchange at the macroscale but

does not provide detailed predictions of gas concentration at the microscale.

We believe that microscale gas exchange models such as the ones developed

by (Parkhurst and Mott, 1990) and (Denison, 1992) can be combined advanta-

geously with macroscale models such as the one developed in this chapter. In

such a multiscale approach, the macroscopic apparent diffusion coefficients can

be estimated from in silico experiments using the microscale model. Multiscale

modelling is an active area of materials engineering and physics (Gorban et al.,

2006) and has not been applied to plant physiology so far.

5.4.2 Comparison of intact pear and pear tissue disk res-

piration

Tissue properties were measured using cylindrical tissue samples. The cutting

process caused a film of juice at the cut surface of the samples which may

fill up pores and, hence, affect the exchange properties. The cut surface was,

therefore, always wiped off with cotton tissue. Further, the cell injury due to

cutting leads to local enzymatic oxidation reactions which probably would not

affect the apparent respiration rate considerably. However, cutting may possibly

also illicit a stress response which might increase respiration. Such effects are

difficult to quantify because there is currently no method available to measure in

vivo gas exchange properties. However, it may explain some of the mismatches

between measured and predicted respiration parameters of intact fruit.

Michelis-Menten kinetics are widely used to describe the relationship be-

tween the O2 concentration and the O2 consumption rate of whole intact fruit

(Chevillotte, 1973). However, the O2 consumption rate is inhibited at high CO2

concentrations and the production of CO2 results from both oxidative and fer-

mentative processes. As the Michelis-Menten model is not capable of describing

such behaviour, it has been extended by various authors (Chang, 1981; Pep-

pelenbos et al., 1996; Peppelenbos and van’t Leven, 1996; Hertog et al., 1998).

Such extended Michelis-Menten models can still be used as a semi-empirical

model to describe the respiration characteristics of the whole intact fruit or veg-

etable. Here we have used such a model described by Eqs. 5.1-5.4 to describe

both respiration of whole intact as well as tissue disks. However, the Michaelis-

Menten constant Km,O2 of the pear cortex tissue (1.00±0.23 kPa) was 6 times
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lower than for the intact pear (6.2±0.9 kPa) (Table 5.1 and 5.2). This illustrates

that the Km,O2 value measured on the intact pears does not only contain infor-

mation of the respiration but also about the macroscopic gas diffusion through

pear cortex tissue and skin (Lammertyn, 2001). An even smaller value was also

found for pear cell protoplast respiration (Km,O2=3.0±0.3 µM corresponding

to 0.18±0.02 kPa in the equilibrium gas phase) by Lammertyn et al. (2001a).

A similar result was also found for the inhibition of fermentation by CO2: the

value for intact pear, Km,f,O2, was 0.69±0.17 kPa while it was 0.28±0.14 kPa

for cortex tissue, or more than 2 times less. The high value of Kmn,CO2 (66±21

and 71±22 kPa for cortex tissue and intact pear, respectively) indicates that the

inhibition effect of CO2 on respiration was small. This value is not exceptionally

large, similar values were also found by Peppelenbos and van’t Leven (1996) for

Goldon Delicious apple (64±50 kPa), Elstar apple (91±126 kPa) and asparagus

(45.1±6.1 kPa). Smaller values were found for broccoli (11.5±2.3 kPa), mung-

bean sprouts (14.2±3.1 kPa) and cut chicory (13.5±4.8 kPa). There is no clear

reason why there should be such a difference; in fact, relatively little is known

about the effect of CO2 on the activity of respiratory enzymes.

The respiration quotient of pear cortex tissue (rq,ox=0.97±0.04) was higher

than that of intact pear (rq,ox=0.76±0.03). We believe that the difference in

rq,ox between cortex tissue and intact pear is due to the fact that CO2 has a

high solubility in the water phase of fruit tissue (the CO2 capacity in the tissue

αCO2 is equal to 0.948 at 20℃). As the estimation of rq,ox is essentially based on

transient measurements of the gas profiles in the jar, it is well possible that CO2

is still accumulating in the intact pear because of the much larger internal gas

exchange resistance compared with that of cortex tissue. Similar observations

were made by Lammertyn et al. (2003a).

A good agreement was found between the Vm,O2 values of intact pear and

pear cortex tissue, while the value of Vm,O2 of the skin was 3.5 times higher than

the maximal respiration rate of the cortex tissue. A large respiration rate of the

epidermis was also found by Lammertyn et al. (2001b) and Schotsmans et al.

(2003). This may be due to the high density of the small cells in the epidermal

region compared to the larger cells of the cortex region. The respiration of the

skin as such might also be higher than that of cortex tissue.

The value of Vm,f,CO2 of the cortex tissue was 1.6 times higher than that

of intact pear. This could be explained by the fact that the high solubility

of CO2 in the water phase of fruit tissue leads to underestimation of the CO2

production of the intact pear. However, the value of Vm,f,CO2 for the tissue

samples led to an over predicted value of the CO2 concentration in the validation
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experiment. Using the intact fruit value even resulted in better comparison

with the validation set, but was outside the 95% confidence interval of the

parameter. The reason for this mismatch is today unclear, but could be related

to microscale balances of the different chemical forms of CO2 that are present in

the intracellular liquid (Bown, 1985). To resolve this issue, a microscale model

of gas exchange and respiration in tissues that unravels the different mechanisms

and species balances is required.

The O2 consumption rate of the intact pear was based on the O2 concen-

tration decrease of the air atmosphere in the jar over a certain period of time.

As the solubility of O2 in the water phase of fruit cortex tissue is low (αO2 is

equal to 1.01×10−1 at 20℃), there was less effect on Vm,O2 of intact pear while

the high solubility of CO2 in the water phase (αCO2 is equal to 9.49×10−1 at

20℃) of fruit cortex tissue could have significant affected Vm,f,CO2 and rq,ox of

the intact pear.

5.4.3 Effect of temperature on gas exchange

Temperature is the most important factor to control the fruit metabolism dur-

ing storage. The influence of the temperature kinetic parameters can be de-

scribed by the activation energy. Both the activation energy for O2 consumption

(Ea,V m,O2=80±12 kJ mol−1) and fermentative CO2 production (Ea,V mf,CO2

=57±13 kJ mol−1) of the cortex tissue were close to that of intact pear (Ea,V m,O2

=64.6±4.7 kJ mol−1 and Ea,V mf,CO2=58.5±8.9 kJ mol−1) described by Lam-

mertyn (2001).

Temperature effects on respiration rate are well known, however, attempts to

characterise temperature influence on tissue diffusion have not revealed substan-

tial temperature effects (Ho et al., 2006a). Temperature had a small influence on

the diffusion while tissue respiration showed a strong effect by temperature. A

high concentration gradient was found at high temperatures. Therefore, storage

temperatures should be low enough to have low respiration activity resulting in

small gas gradients.

5.4.4 Effect of pear size and storage atmosphere compo-

sition on gas exchange

The O2 and CO2 partial pressures were higher and lower, respectively, in the

center of the small pear (8.1 and 2.3 kPa) than in that of the large pear (1.1

and 3.74 kPa). This indicates that smaller fruit are less likely to experience the

adverse effects of low O2 and high CO2 partial pressures, which is in line with
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the results of (Lammertyn et al., 2000) who found that heavy pear fruit are

more susceptible to disorders related to anaerobiosis.

5.5 Conclusions

A permeation-diffusion-reaction model was developed to study gas exchange of

intact pear at the macroscale level. The model accounts for both diffusion and

pressure driven exchange of these gasses and incorporates anisotropic transport

properties. O2 depletion and CO2 production because of respiration were mod-

elled by means of Michaelis Menten kinetics which were modified to account for

O2 and CO2 inhibition effects. As the pear shape cannot be approximated by a

generic geometry such as slab, sphere or cylinder, a computer vision system was

used to reconstruct the actual geometry of the pear and the model equations

were discretised over this geometry. The model was validated successfully un-

der steady and transient conditions at 1℃; there was an increasing deviation for

the CO2 profile with increasing temperature, probably due to season or batch

effects on the parameters of the respiration kinetics. The model structure is

generic: application of the model to other fleshy fruit is straightforward but

the model parameters and the fruit geometry need to be measured. Based on

an in silico study it was found that considerable gradients of metabolic gases

may exist in fruit, hereby invalidating earlier models in which it was assumed

that gas transport could be lumped. Higher values of the Michaelis-Menten

parameters of the respiration of intact fruit compared to those of cortex tissue

could be attributed to the gas exchange barrier function of fruit tissue. The

larger the fruit, the lower and higher the O2 and CO2 partial pressures in the

fruit center, respectively, indicating a larger susceptibility to fermentation and

storage disorders. Further, the large differences in apparent diffusion coefficient

for O2 and CO2 result in an underpressure in the centre of the fruit which causes

permeation gas transport. However, diffusion remains the main mechanism of

gas exchange. An in silico study revealed that, in contrast to small pears, large

pears are more susceptible to disorders related to anaerobiosis under extreme

storage conditions.



Chapter 6

Microscale mechanisms of

gas exchange in fruit tissue

6.1 Introduction

Diffusion barriers have been shown to restrict fluxes of O2 and CO2 to cells in

bulky plant organs such as roots, tubers, stems, inflorescences, seeds and fruit

(Sinclair and Goudriaan, 1981; Geigenberger et al., 2000; Seymour, 2001; Kirk,

2003; Van Dongen et al., 2003; Armstrong et al., 2006). Restricted fluxes of

respiratory gasses may lead to anoxia, eventually resulting in cell death (Malik

et al., 2003; Franck et al., 2007). Differences in gas exchange properties of

plant organs have been observed in response to a wide range of factors covering

nutrient availability, water status, environmental conditions, development stage,

cultivar and crop management (Malik et al., 2003; Armstrong et al., 2006; Ho

et al., 2006a).

Knowledge of gas exchange mechanisms would be very valuable to guide

commercial storage practices for stored fruits such as pears, since disorders un-

der controlled atmosphere related to fermentation are a prime cause of concern

(Adams and Brown, 2007; Franck et al., 2007). The intercellular free space is

believed to greatly affect gas exchange in the fruit tissue (Raven, 1996; Arm-

strong et al., 2006) as it provides a low resistance pathway for gas supply. At the

fruit tissue level, the hypothesis is that O2 is transported through the intercel-

lular space system and subsequently permeates through the cellular membrane

to the cytoplasm. Finally, the O2 diffuses within the cytoplasm into the mi-

tochondria. Through respiration O2 is reduced to water and CO2 is produced.

CO2 essentially follows the reversed path. However, the air volume fraction of

93
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fruit such as pear is smaller than 10% of the fruit volume (Schotsmans et al.,

2002). Further, the solubility of CO2 in water is higher than that of O2 and

and magnitude of CO2 concentration in liquid phase is comparable to its con-

centration in air; therefore, the exchange mechanisms of the two gasses may be

significantly different. The relative importance of intra- and intercellular gas

exchange rates and metabolic reaction rates has not yet been quantified.

Gas exchange in fruit and other bulky storage organs have been described

macroscopically with Fick’s laws (Burg and Burg, 1965; Cameron and Yang,

1982; Lammertyn et al., 2001b; Schotsmans et al., 2003; Ho et al., 2006a,b).

Typically, the gas exchange at the microscale is not modeled explicitely; instead

a macroscopic diffusion equation is used containing apparent parameters that

implicitly incorporate the microscale topology (Wood et al., 2002; Ho et al.,

2006b). However, this averaging procedure essentially hides the microscale phe-

nomena which are essential to understand gas exchange at the macroscopic scale.

A microscale model of gas transport of fruit tissue is, therefore, essential. Mi-

croscale gas exchange in leaves has been investigated using theoretical models

(Vesala et al., 1996; Aalto and Juurola, 2002). These authors constructed a

three-dimensional leaf model consisting of basic geometrical elements such as

spheres and cylinders and calculated CO2 transport using a computational fluid

dynamics code. However, O2 transport, which is essential to respiration pro-

cesses in fruit was not addressed. Further, the geometrical model is relatively

crude compared to the actual irregular microstructure of the tissue.

The mass transport of a component gas in the microstructure occurs in both

the gas phase of the intercellular space and the liquid phase of the cytoplasm.

Gas exchange between the intercellular space and cell can be described by gas

permeation through the plasma membrane (Nobel, 1991). Gas equilibrium be-

tween the gas and liquid phase follows Henry’s law (Lide, 1999). CO2 transport

is complicated by the fact that there is hydration of CO2 into HCO−3 . Moreover,

the equilibrium between soluble forms of CO2 in the liquid phase is affected by

the cytoplasmatic and vacuolar pH (Bown, 1985; Boron, 2004). Transport of

CO2 in biological liquids in the form of dissolved CO2 and HCO−3 was discussed

for blood and mammal tissue by (Geers and Gros, 2000). A recent review by

Teskey et al. (2008) indicates that the high CO2 storage capacity through hy-

dration and dissociation of CO2 to other forms in the liquid phase can affect

CO2 exchange considerably. Hydration and dissociation of CO2 to other forms

in the liquid phase has not been investigated quantitatively yet in relation to

CO2 transport in plant tissue.

In this chapter, a new approach for the detailed study of O2 and CO2 ex-



Microscale mechanisms of gas exchange in fruit tissue 95

change through the intercellular spaces, cell wall and cytoplasm of cells in pear

fruit tissue is introduced using a microscale model and pear as a model system.

The objectives were (1) to verify the applicability of the microscale model of gas

transport at the tissue level and (2) to quantify the pathways of gas transport

in relation to the microstructure of fruit tissue. The microscale model will serve

as a building block for multiscale models of gas transport in virtual fruit we are

currently developing.

This Chapter consists of 5 sections. In Section 6.2, the materials and meth-

ods will be described. The 2-D geometry of pear tissue will be generated from

light microscopic images. Microscale gas exchange model for O2 and CO2 will be

constructed. Models will be solved by the finite element method (Comsol AB,

Stockholm). An in silico gas exchange will be presented in Section 6.3. The

microscopic O2 and CO2 concentration profiles in tissue will be investigated.

Microscopic gas exchange will be validated by comparison to macroscopic gas

diffusion measurements. A sensitivity analysis will be carried out to study the

effect of microscale model parameters on the apparent diffusivity. In Section

6.4, the microscale model will be compared to the macroscale model. The bio-

logical variation of diffusivity will be discussed in relation to the variability of

the micro structure. The risks of anoxia in relation to physiological disorders

will be considered. Some final remarks will be presented in Section 6.5.

The results described in this chapter were partially published in Ho et al.

(2008a).

6.2 Materials and Methods

6.2.1 Materials

Pears (Pyrus communis L. cv. Conference) were harvested on August, 20th,

2007 at the pre-climacteric stage at the Fruitteeltcentrum (Rillaar, Belgium),

cooled and stored according to commercial protocols for a period of 21 days at

-1℃ preceding CA storage (2.5 kPa O2, 0.7 kPa CO2 at -1℃) until they were

used for the experiments.

6.2.2 Gas concentration profiles in intact fruit

The O2 concentration in the center of intact pear fruit was measured with flu-

orescent optical probes (Foxy-18G probe with overcoat, Ocean Optics, Duiven,

The Netherlands) by inserting the probe to the center of the fruit after cali-

bration in water with dissolved oxygen at different concentrations. Afterwards,
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a second calibration was performed to correct sensor drift. The sensor uses

fluorescence quenching of a rhutenium complex by O2, which diffuses in a dye

covering the tip of the fiber optic probe.

6.2.3 Characteristic gas exchange rates in tissue samples

Overall gas diffusion rates through fruit tissue samples of 1-2 mm thickness were

measured by the method described in Chapter 3. The results are given in terms

of the apparent diffusivity (m2 s−1), i.e. the rate (mol s−1 m−2) expressed per

unit thickness (m) and per unit concentration difference (mol m−3) over the

sample slice. Therefore, this value is assumed characteristic of the particular

tissue regardless of the concentration gradient and the sample thickness.

6.2.4 Construction of a 2-D geometric model of pear cor-

tex tissue

Light microscopic images of cortex parenchyma tissue of pear (Pyrus communis

cv. Conference) were used as a basis for a 2-D geometric model (see Mebatsion

et al. (2006b) for more details about sample preparation and microscopy). The

images were digitized in the Matlab programming environment version 7.0 (The

Mathworks, Natick, MA) by in house developed software. The ellipse tessella-

tion algorithm developed by Mebatsion et al. (2006a) was used to generate an

equivalent tissue geometry involving two sub-procedures. First, area moments

(such as area, centroids and moments of inertia) of each cell were determined by

means of a numerical procedure outlined in Mebatsion et al. (2006a). Second,

an ellipse was fitted on every cell and overlapping ellipses were truncated. As a

result, a virtual microstructure consisting of truncated ellipses fills up the entire

space with the same number of cells as that of the microscopic images and with

equivalent area, orientation and aspect ratio distribution (Fig. 6.1 (a) & (b)).

The cell wall was defined by shrinking the cell geometry until the desired cell

wall thickness (Fig. 6.1 (c) & (d)). The cell wall thickness was determined

from transmission electron microscopic images. The representative geometry

of the tissue was then exported into a finite element simulation code (Comsol

3.3, Comsol AB, Stockholm, Sweden) via a Matlab interface (Mebatsion et al.,

2006a). The plasma membrane is only about 8 nm thick (Gunning and Steer

1996) and the flux through the cell membrane was considered to be product of

concentration difference over the membrane and the permeability through cell

membrane (conductance). It was, therefore, not included in the model geometry.

To study the effect of microstructural variations of tissue on apparent dif-
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Figure 6.1: Light microscopic image of pear tissue versus geometrical model us-

ing the ellipse tessellation algorithm (adapted from Mebatsion et al. (2006a)). (a)

Original light microscopic image of pear tissue, (b) ellipse tessellation geometry, (c)

Transmission electron microscopic image of pear cortex tissue for cell wall thickness

determination, (d) Detail of tissue structure model.

fusivity, nine equivalent geometries using the ellipse tessellation algorithm were

generated from nine different microscopic images of pear cortex tissue. A first

geometry was used for estimating the O2 and CO2 diffusivity of cell wall; the

remaining eight geometries were used for investigating the biological variability.

6.2.5 Microscale gas exchange model

The microscale model for gas exchange includes mass transport of the respira-

tory gasses in the intercellular space (pore), the cell wall network, through the

cell membrane into the cytoplasm. Respiration was taken into account. We

have supposed that the size of the pores and channels connecting the pores

(equivalent diameter is about 18µm in this case) is large compared to the mean

free path of molecular motions which is typically 0.07 µm for N2 at 20℃ and

105 kPa (Leuning, 1983). Therefore, microscale diffusion was considered to be
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mainly through Fickian instead of Knudsen diffusion.

6.2.5.1 O2 transport model

Microscale diffusion was assumed to dominate transport through each of the

compartments and was described by Fick’s second law (Eq. 6.1). Respiration

was incorporated into the model as a source term.

∂CO2

∂t
= ∇ ·DO2∇CO2 +RO2 (6.1)

where CO2 (mol m−3) is the O2 concentration in a certain phase, ∇ is the

gradient operator (m−1) and DO2 (m2 s−1) is the O2 diffusivity.

Redgwell et al. (1997) assumed that the cell wall of fruit was a porous net-

work of cellulose and hemicellulose, and swelling of the cell wall during fruit

ripening was associated with movement of water into the voids of the cell wall

network by solubilised pectin. In such case, the resistance would be high. How-

ever, no data are available yet to support this hypothesis. In this study, the

cell wall was assumed to be a porous material with air voids. It was therefore

assumed that in the intercellular space and the cell wall network O2 diffuses

through the gas phase while in the cytoplasm through the liquid phase. The

relationship between the oxygen concentration in the gas phase CO2,g and that

in the liquid phase CO2,l is given by Henry’s law:

CO2,l = RTHO2CO2,g (6.2)

with R (8.314 J mol−1 K−1) the universal gas constant, T (K) the temperature,

and HO2 (mol m−3 kPa−1) Henry’s constant for O2.

In the intercellular space and the cell wall network, the respiration RO2 is

zero while in the intra-cellular liquid phase this term is the consumption rate

of O2. Michaelis-Menten kinetics can be used as a phenomenological model to

describe the oxygen consumption rate of cell protoplasts (Lammertyn et al.,

2001b) as follows

RO2 = − Vm,O2CO2

Km,O2 + CO2
(6.3)

with Vm,O2 (mol m−3 s−1) the maximal O2 consumption rate in liquid phase,

and Km,O2 (mol m−3) the Michaelis constant for O2 consumption. The cell

membrane is essentially a phospholipid bilayer. Passive gas transfer across the

cell membrane is comparative to Fick’s first law as a consequence of a concen-

tration difference over the membrane. The flux JO2 (mol m−2 s−1) through the

membrane was written as

JO2 = −hO2,mem (CO2 − C∗O2) (6.4)
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where hO2,mem (m s−1) is the O2 permeability of the cell membrane, C∗O2 (mol

m−3) is the equilibrium O2 concentration in the liquid phase of the outer mem-

brane.

6.2.5.2 CO2 transport model (lumped CO2 transport model)

Transport of CO2 was considered by means of diffusion through the intercellular

space, the cell walls and the cytoplasm. For pores and cell walls, the following

equation was used:
∂CCO2

∂t
= ∇ ·DCO2∇CCO2 (6.5)

with CCO2 (mol m−3) the CO2 concentration in a certain phase, DCO2 (m2

s−1) the CO2 diffusivity. Similar to O2, transport of CO2 in the cell wall was

assumed to happen in gas phase. The model for CO2 transport in the cytoplasm

was more complex because of the various equilibria of CO2 in the liquid phase.

The cytoplasmic pH of plant cells appears to be fairly constant and around 7

despite metabolic processes which generate or consume H+ and despite the wide

variation in the external pH (Smith and Raven, 1979; Roberts et al., 1982). The

pH in the vacuole is lower due to the large pool of organic acids. Therefore,

dissociation of HCO−3 to H+ and CO2−
3 was neglected in both the cytoplasm

and the vacuole. The diffusivity of H+ is high (9.3×10−9 m−2 s−1; (Moore,

1962)) so that within the cytoplasm or vacuole the pH can be assumed constant

and uniform in this model. The model of CO2 transport in the liquid phase

was, therefore,

∂CCO2

∂t
= ∇ ·DCO2∇CCO2 +RCO2 + k2

[H]+ CHCO−3

K
− k1CCO2 (6.6)

∂CHCO−3

∂t
= ∇ ·DHCO−3

∇CHCO−3
− k2

[H]+ CHCO−3

K
+ k1CCO2 (6.7)

with CHCO−3
(mol m−3), DHCO−3

(m2 s−1) the cytoplasmic concentration and

diffusivity of HCO−3 , respectively, RCO2(mol m3 s−1) the cytoplasmic CO2 pro-

duction rate, k1 (s−1) and k2 (s−1) the CO2 hydration rate constant and H2CO3

dehydration rate constant, respectively. [H]+ (mol L−1) and K (mol L−1) are

the concentration of protons H+ and the acid dissociation constant for H2CO3.

Details of hydration and dissociation of CO2 species in liquid phase was reported

in the Appendix C. The first term k1CCO2 and second term k2

[H]+ CHCO−3

K
of

Eq. 6.6 & 6.7 indicate the forward and backward conversion rate of CO2 to

HCO−3 species, respectively. The equation for the production rate of CO2 in cy-

toplasm accounts for both oxidative and fermentative respiration (Peppelenbos
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et al., 1996),

RCO2 = −rq,oxRO2 +
Vm,f,CO2(

1 +
CO2

Km,f,O2

) (6.8)

with Vm,f,CO2 (mol m−3 s−1) the maximum fermentative CO2 production rate of

the intra-cellular cellular liquid phase, Km,f,O2 (mol m−3) the Michaelis-Menten

constant of O2 inhibition on fermentative CO2 production, rq,ox the respiration

quotient at high O2 partial pressure (ratio between CO2 production and O2

consumption). The first term in the right hand side indicates the oxidative CO2

production rate due to consumption of O2 while the second term represents

anoxic conditions in the cell where the oxidative respiration process is inhibited

and replaced by a fermentation pathway. It is noticed that the fermentative term

vanishes when the O2 concentration saturates to the maximal O2 consumption

rate level while it becomes more important when the O2 concentration reaches

zero (Hertog et al., 1998). Similar to O2 transport, the flux JCO2 (mol m−2

s−1) through the membrane was written as

JCO2 = −hCO2,mem (CCO2 − C∗CO2) (6.9)

where hCO2,mem (m s−1) is the CO2 permeability of the cell membrane, C∗CO2

(mol m−3) is the equilibrium CO2 concentration in the liquid phase of the outer

membrane. The relationship between the equilibrium CO2 concentration in the

gas (CCO2,g) and liquid phase (CCO2,l) was again assumed to be described by

Henry’s law:

CCO2,l = RTHCO2CCO2,g (6.10)

with HCO2 (mol m−3 kPa−1) Henry’s constant for CO2.

6.2.6 Physical properties and respiration parameters of

pores, cell walls and cells

The values and sources of the material properties and respiration parameters

are listed in Table 6.1. The RO2,tissue at O2 saturation (2.26×10−4 mol m−3

s−1 at 20℃, (Ho et al., 2006b) was converted to Vm,O2 by dividing it by the

porosity of the tissue. Km,O2 (mol m−3) was set equal to 3 µM (3×10−3 mol

m−3) (Lammertyn et al., 2001b). Km,f,O2 at the cellular scale was not found in

the literature. However, this fermentative process is completely inhibited when

the oxidative respiration is at saturation. In this study, microscale gas exchange

was simulated at high O2 concentration and the second term in the right hand

side of Eq. 6.8 could thus be omitted. The rq,ox was assumed to be equal to 1

for the ideal oxidative respiration of hexoses (Andrich et al., 2006).
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The diffusivities of both O2 and CO2 in the cell wall were estimated by

fitting the calculated apparent diffusivity of a representative sample of tissue

to experimental diffusivity data available in Chapter 3 (Ho et al., 2006a) us-

ing a non linear least square estimation procedure in Matlab (The Mathworks,

Inc., Natick, USA). The resulting values were equal to 4.25×10−9 m2 s−1 and

5.23×10−9 m2 s−1 for DO2,w and DCO2,w, respectively (Table 6.1). While the

protoplast typically has a pH of about 7, the vacuolar pH is below 5. In this

model it was assumed that the protoplast and vacuole could be represented by

a single liquid phase with an average pH of 5. The validity of this approach is

shown in the Appendix C.

6.2.7 In silico study of gas exchange

The geometry model was imported to Comsol Multiphysics vs. 3.3 (Comsol AB,

Stockholm) for numerical computation of the gas exchange using the model

equations outlined above. The geometric model was, therefore, meshed into

267,863 quadratic elements with triangular shape by the automatic Comsol

mesh generator. The non-linear coupled model equations from 6.1 to 6.10 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. The program was run on a node of 4 GB of

RAM (Opteron 250, Duo core Opteron 275) of the High Performance Computer

(HPC, AMD Opteron cluster) of K.U.Leuven (Leuven, Belgium). The time

consumption was around 15 minutes for each steady state simulation.

6.2.8 Apparent diffusivity of pear cortex tissue

In silico analyses were carried out to study microscale gas exchange in pear fruit

tissue. A difference in concentration was applied to two opposite boundaries of

the tissue geometry while the other two lateral boundaries were defined to be

insulated. The macroscopic apparent diffusivity of component i (i is O2 or CO2)

in cortex tissue Di,tissue (m2 s−1) was computed from

Di,tissue = −Ji,total
Ltissue

∆Ci
(6.11)

with Ji,total (mol m−2 s−1), the total steady state flux of gas i through the fruit

tissue, ∆Ci (mol m−3) the assigned concentration difference of gas between

the two opposite sides and Ltissue (m) the thickness of the simulated tissue.

The minus sign indicates that the gas diffuses from high to low concentration.

Note that when respiration takes place, the flux Ji,total is not constant. For cal-
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Table 6.1: Physical parameters of microscale gas transport model

Model pa-

rameters

O2 microscale

model

CO2 microscale

model

Diffusivity

-Pore DO2,g 1.6×10−5 m2

s−1(1) at 20℃

DCO2,g 1.6×10−5 m2

s−1(1) at 20℃

1.39×10−5 m2

s−1(1) at 0℃

1.39×10−5 m2

s−1(1) at 0℃

-Cell DO2,l 2.01×10−9 m2

s−1(1) at 20℃

DCO2,l 1.67×10−9 m2

s−1(1) at 20℃

1.07×10−9 m2s−1

(1) at 0℃

0.95×10−9 m2

s−1(1) at 0℃

-Cellwall DO2,w 4.25×10−9 m2 s−1 DCO2,w 5.23×10−9 m2 s−1

D
HCO−3

1.17×10−9 m2

s−1(4)

Lw 0.73 µm Lw 0.73 µm

Membrane Lmem 6-10 nm(2) - -

permeability DO2,mem 2.91×10−9 m2

s−1(3)

- -

hO2,mem 3.63×10−2 m s−1∗ hCO2,mem 3.5×10−3 m s−1(8)

h
HCO−3 ,mem

5.6×10−6 m s−1(9)

Henry’s con-

stant

HO2 1.37×10−2 mol

m−3 kPa−1(1) at

20℃

HCO2 0.3876 mol m−3

kPa−1(1) at 20℃

2.11×10−2 mol

m−3 kPa−1(1) at

0℃

0.673 mol m−3

kPa−1(1) at 0℃

CO2 reaction k1 0.039 s−1(5)

rate constant k2 23 s−1(5)

K 2.5×10−4 mol

L−1(5)

Respiration

rate constant

Vm,O2,tissue 2.26×10−4 mol

m−3 s−1(6)

rq,ox 1

Km,O2 3×10−3 mol

m−3(7)

Ea,V m,O2 (80±12) kJ

mol−1(10)

(1)Lide (1999), (2)Gunning and Steer (1996), (3)Uchida et al. (1992), (4)Geers

and Gros (2000), (5)Jolly (1985), (6)Ho et al. (2006a), (7)Lammertyn et al.

(2001b), (8)Gutknecht et al. (1977), (9)Sieger et al. (1994), (10)Ho et al. (2008b)

The value of HO2,mem was calculated as DO2,mem/Lmem
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culating the apparent diffusivity we, therefore, neglected the respiration term

in the gas transport equations. We validated this approach by carrying out a

transient simulation with the model including respiration in which we changed

the boundary condition from fixed partial pressure to impermeable and by com-

paring the microscale O2 and CO2 partial pressure time profiles at the bottom

with those obtained with a macroscale continuum model.

6.2.9 Macroscale continuum model

Gas transport at the microscale level was more complex due to heterogeneous

geometry and multiphase transport of pore and intra-cell. The equations that

described gas transport and respiration kinetics were volumed-averaged to de-

rive a continuum model (macroscale) (Wood et al., 2002; Ho et al., 2006b). For

the continuum model it was assumed that gas transport in plant materials was

macroscopically approximated by Fick’s law of diffusion including the consump-

tion and production of metabolic active gases and characterized by apparent

diffusivities of tissue (Lammertyn et al., 2003a; Ho et al., 2006b, 2008b).

6.2.10 Sensitivity analysis

A sensitivity analysis was performed to study how sensitive a particular pre-

dicted 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 SDO2,tissue of the

predicted model value DO2,tissue (macroscopic apparent diffusion coefficient of

O2 of tissue) with respect to parameter P was defined as follows

SDO2,tissue,P =
∂DO2,tissue/∂P

DO2,tissue/P

∼=
DO2,tissue,P+∆P −DO2,tissue,P−∆P

2∆P
P

DO2,tissue
(6.12)

The perturbation of the parameters was taken as 10% of the nominal value of

P which was used for simulation.
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6.3 Results

6.3.1 Microscale gas exchange

The simultaneous gas exchange of O2 and CO2 coupled with respiration kinetics

in a tissue sample of 4.19×10−4 m thickness was investigated using in silico

analysis (Figs. 6.2). In the simulation, the two opposite sides were applied

with gas partial pressure differences (∆O2=20 kPa, ∆CO2=5 kPa, respectively);

while the other sides were assumed to be impermeable. The resulting 2-D

oxygen profile shows that the O2 concentration is low inside the cells (Fig.

6.2(a)). There was a one order of magnitude difference in O2 concentration

between the gas and liquid phases. This is due to the fact that O2 has a low

solubility in the cell (Henry’s constant for O2 at 20℃ is 1.37×10−2 mol m−3

kPa−1) and the O2 diffusivity in air is about 104 times that in water. The CO2

concentration profiles are shown in Fig. 6.2(b). The results indicate a high

CO2 concentration in the cytoplasm, because CO2 has high solubility in the

cell (Henry’s constant for CO2 at 20℃ is 3.876×10−1 mol m−3 kPa−1). As a

result, the CO2 concentration in the gas and liquid phase have the same order

of magnitude.

6.3.2 Apparent O2 and CO2 diffusivity

Fig. 6.3(a) shows the O2 and CO2 partial pressure at the bottom side of

the sample as a function of time for both the microscale and macro-scale gas

transport models including respiration. In this simulation, the O2 and CO2

partial pressures at the top boundary of the sample were applied by 5 kPa

and 8 kPa, respectively, at the bottom boundary they were set to 30 kPa and

3 kPa, respectively. The other sides were assumed to be impermeable. The

steady state O2 and CO2 profile was used as an initial condition; at time zero

the bottom boundary was changed to impermeable. A good agreement between

respiratory gas profiles of the microscale and macro-scale model can be observed.

This indicates that the in silico model allows to estimate apparent diffusivities

without the need to model the respiration process directly.

To compare simulated gas exchange rates to previous results, apparent dif-

fusivity of the microscopic samples were calculated. Mean values of apparent

diffusivity and corresponding 95% confidence interval of nine different cellular

structures in the pear cortex are given in Table 6.2. The resulting apparent

O2 and CO2 diffusivities from microscale simulations are clearly very variable.

The mean apparent diffusivity of O2 at 20℃ was (3.54±0.68)×10−10 m2 s−1,

while the experimental values were (2.87±0.45)×10−10 m2 s−1 as reported in
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Figure 6.2: Simulated respiratory gas concentration (mol m−3) in pear cortex tissue

at steady state, taking into account intracellular respiration (∆O2 = 20kPa, ∆CO2 =

5kPa, T=20℃). (a) O2 concentration; (b) CO2 concentration
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Table 6.2: Macroscopic apparent diffusivities of O2 and CO2 in pear parenchyma

tissue. The values reported for the microscale model are average values for 9 different

tissue geometries

T (℃) DO2,tissue (m2 s−1) DCO2,tissue (m2 s−1)

Microscale model 20 (3.54±0.68)×10−10 (3.13±0.59)×10−9

0 (3.23±0.63)×10−10 (2.83±0.45)×10−9

Measurement 20 (2.87±0.45)×10−10(1) (2.6±0.36)×10−9(1)

12 (4.3±1.7)×10−10(2) (1.73±1.15)×10−9(2)

20 (5.6±3.1)×10−10(3) (5.3±1.4)×10−9(3)

± 95% confidence limits. (1) Ho et al. (2006a), (2) Schotsmans et al. (2003), (3)

Measurement from experiment of 2007.

Chapter 3. These values are quite small and may be explained by the small void

fraction of pear cortex tissue (5%-15%). The effect of void fraction on apparent

diffusivity of both gasses is plotted in Figures 6.3(c) and (d).

Simulation of model with lumped intracellular pH=5 and model with differ-

ent pH in protoplast and vacuole was shown in Appendix C.3. The apparent

CO2 diffusivity of the tissue in both cases was almost the same. The estimated

apparent diffusivity of CO2 was (3.13±0.59)×10−9 m2 s−1 at 20℃ while the

experimental values were (2.6±0.36)×10−9 m2 s−1 as reported by Ho et al.

(2006a). The measured apparent CO2 diffusivity was one order of magnitude

larger than that of O2. The microscale models confirm this observation.

In silico analysis showed that temperature does not have much effect on the

gas diffusivity. The mean apparent diffusivity of O2 and CO2 was (3.54±0.68)×
10−10 m2 s−1 and (3.13± 0.59)×10−9 m2 s−1 at 20℃ while the tissue diffusivities

were (3.23±0.63)×10−10 m2 s−1 and (2.83±0.45)×10−9 m2 s−1 at 0℃. The

predicted activation energy for O2 and CO2 diffusivity were (3.1±7.4) kJ mol−1

and (3.2±6.5) kJ mol−1. The effect of temperature on tissue diffusivity was

not statistically significant due to the high variability of the tissue diffusivity.

Temperature mainly affects the intracellular respiration rates.

6.3.3 Gas concentration gradients in pear fruit

Oxygen measurements in the pear core revealed the existence of large oxygen

concentration gradients in the fruit. The higher the temperature, the lower

the measured core value (Table 6.3 (a)). The macroscopic gradients of O2

concentration inside the fruit were confirmed by the macroscale model of Ho

et al. (2008b). The corresponding O2 profiles from the surface to the centre along

the radial direction at different tempereatures are given in Fig. 6.3(b). A sharp
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Figure 6.3: (a)O2 and CO2 partial pressures as a function of time using transient

simulation of gas exchange over a pear cortex tissue sample (thickness = 4.19×10−4

m). One side of the sample is maintained at a partial pressures of 5 kPa O2 and 8 kPa

CO2 while at the other side the change in partial pressure is measured from initial

values of 30 kPa O2 and 3 kPa CO2. Solid lines (—) and dashed lines (- -) indicate the

O2 and CO2 gas partial pressure for the continuum model with apparent diffusivity.

The symbols (o) and (∇) indicate the O2 and CO2 gas partial pressure predicted by

the microscale model. (b) O2 concentration profile along the radial direction of pear

fruit predicted by the continuum gas exchange simulation (model of Ho et al. (2008b)).

Solid line (—), dashed line (- -) and dashed dotted line (- · -) indicate the profiles at

0, 10 and 20℃. (c) and (d) Apparent O2 and CO2 diffusivity of pear cortex tissue

versus void fraction (porosity), respectively.
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Table 6.3: (a) Comparison of measued O2 concentration in center of pear fruit to sim-

ulated values. (b) Concentration gradients in the fruit, macroscale versus microscale.

(a) Oxygen concentration in the pear centre (kPa)

T (C) Experiment Simulation (Ho et al., 2008b)

0 12.2±4.9 15.5

10 5.0±6.3 2.5

20 0.5±1.6 0

(b) Concentration gradients in the pear cortex

T (℃) ∇PO2,tissue(kPa mm−1) ∇PCO2,tissue (kPa mm−1)

Macroscale model 20 0.39 0.18

0 0.14 0.02

Microscale model 20 0.38 0.3

0 0.27 0.03

± standard errors of nine different pears.

decrease exists in the skin layers due to their high resistance to gas exchange and

high respiration rates (Ho et al., 2006a). The oxygen concentration decreases

parabolically towards the centre. At high ambient temperatures, oxygen partial

pressure in the pear core approaches 0 kPa. Similar O2 concentration gradients

were also found in plant seeds (Rolletschek et al., 2003, 2004). Table 6.3 (b)

also compares average observed gas concentration gradients in the pear cortex

to those obtained from the microscale model presented here. A good agreement

was found at all temperatures, for O2 as well as CO2.

Under the prevailing macroscopic gas concentration gradients in the pear

fruit cortex, simulation of simultaneous gas exchange of O2 and CO2 coupled

with respiration kinetics in microscopic tissue samples of 4.19×10−4 m thickness

was conducted. By this means, the intra- and extracellular concentrations and

local fluxes could be quantified. The equilibrium 2-D oxygen profile shows

that the O2 concentration is low inside the cells (Fig. 6.4(b)) compared to

the intercellular spaces (Fig. 6.4(a)). Transfer of O2 occurred mostly in the

gas phase through the pores and the cell wall networks. The corresponding

microscale fluxes are given in Fig. 6.5.

The CO2 concentration profiles are shown in Figs. 6.4(c) and (d). The

results indicate the CO2 concentration in the gas and liquid phase have the

same order of magnitude.

The ratio of cytoplasmic to gas phase flux was 0.3 and 1.41 for O2 and CO2,

respectively. In contrast to O2, CO2 transfer occurs not only in the gas phase,

through the pores and the cell wall network, but also through the intracellular

liquid phase.
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Figure 6.4: Simulated respiratory gas concentration (mol m−3) in pear cortex tis-

sue at steady state, taking into account intracellular respiration. At the top of the

computational domain the overall macroscopic gas flux were applied at the position

(r=0.0212 m) where the overall gradient was equal to the actual local gradient (Table

6.3(b)); at the bottom the local gas concentration at the same position was applied

to ensure realistic conditions (CO2 = 0.356 mol m−3, CCO2 = 2.638 mol m−3). The

lateral sides of the sample were assumed to be impermeable. Temperature was set to

20℃. (a) O2 concentration the gas phase; (b) Intracellular O2 concentration; (c) CO2

concentration the gas phase; (d) Intracellular CO2 concentration



110 6.4 Discussion

Figure 6.5: Total O2 (a) and CO2 (b) flux through tissue in the microscale model

for the simulations with the conditions applied in Fig 6.4. The color bar indicates the

normal flux on a logarithmic scale (log10(flux)), (flux unit is mol m−2 s−1).

6.3.4 Sensitivity of gas exchange to microscale features

The values of the cell wall thickness and the diffusivity of the cell wall have

a large influence on the macroscopic apparent diffusivity of O2 (Table 6.4). In

contrast, the parameters relevant to O2 diffusion in the pore space did not have a

significant effect on the predicted O2 diffusivity value. Likewise, the membrane

permeability did not affect the apparent diffusivity of O2. The results also show

that the solubility as well as the diffusivity of O2 in liquid phase have a small

effect on the macroscopic apparent diffusivity of O2. In contrast to O2 diffusion,

the cell wall has not much effect on the CO2 transport. Only the solubility and

diffusivity of CO2 in liquid phase affected the apparent CO2 diffusivity (Table

6.4).

6.4 Discussion

6.4.1 Microscale model vs. macroscale model

The obtained simulation results suggest for the first time that the local gas con-

centration profiles are very different from those obtained from previous macro-

scopic apparent diffusivity models (Mannapperuma et al., 1991; Lammertyn

et al., 2003a; Ho et al., 2006b, 2008b). The microscale model predicts a signif-

icantly lower O2 concentration in the cytoplasm than in the intercellular space

(the mean ratio of O2 concentration in the cytoplasm to O2 concentration in the
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Table 6.4: Relative sensitivity of O2 and CO2 apparent diffusivity with respect to

the microscale model parameters

Parameters SDO2,tissue,P

DO2,g (m2 s−1) 1.6×10−5 1.57×10−4

DO2,l (m2 s−1) 2.01×10−9 3.68×10−1

DO2,w (m2 s−1) 4.25×10−9 6.3×10−1

hO2,mem (m s−1) 3.63×10−2 6.2×10−4

HO2 (mol m−3 kPa−1) 1.37×10−2 3.68×10−1

Lw (µm) 0.73 4.8×10−1

Parameters SDCO2,tissue,P

DCO2,g (m2 s−1) 1.6×10−5 6.3×10−1

DCO2,l (m2 s−1) 1.67×10−9 8.9×10−1

DCO2,w (m2 s−1) 5.23×10−9 1.0×10−1

hCO2,mem (m s−1) 3.5×10−3 1.37×10−2

HCO2 (mol m−3 kPa−1) 0.3876 9.1×10−1

Lw (µm) 0.73 6.1×10−2

D
HCO−3

(m2 s−1) 1.17×10−9 2.8×10−3

k1 (s−1) 0.039 7.2×10−3

k2 (s−1) 23 -2.8×10−3

K (mol L−1) 2.5×10−4 2.8×10−3

Simulations were carried out at 20℃.
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intercellular space is around 3.3×10−2). The simulation results of microscale

fluxes in Figure 6.4 indicate that gas transport through the microstructure is

much more heterogeneous - the ratio of the mean O2 flux in cytoplasm to the

O2 flux in gas phase was around 0.3 indicating that O2 was mainly transported

in the gas phase; for CO2 this ratio was 1.41. This corresponds well to the

difference in apparent gas diffusivity observed in Chapter 3.

As a consequence, the continuum model is not capable of predicting local

phenomena such as anoxia at the cellular level which may have important phys-

iological consequences at certain external conditions.

6.4.2 Importance of the cell wall

The cell wall diffusion model of respiratory gasses assumed that the cell wall

is a porous structure containing interconnected air spaces (Fig. 6.1). As a

consequence of this assumption in the model, calculated fluxes through cell walls

were relatively high. In fact, cell walls acted as channels connecting the larger

pores in the tissue, thereby creating a void network structure that facilitates

gas exchange. A network structure with strong connectivity has indeed been

observed in other plant organs (Kuroki et al., 2004; Mendoza et al., 2007),

but was only recently confirmed in pear fruit (Verboven et al., 2008). If the

cell wall structure was assumed to be saturated with liquid, the flux decreased

drastically. The measured apparent O2 diffusivity of the tissue could then not

be predicted by the microscale model (1.02×10−10 m2 s−1 vs. 3.5×10−10 m2

s−1 in reality). Therefore, the results reported here indicate that either the cell

wall acts as an important gas diffusion channel, or the interconnectivity due

to the 3-D microstructure is considerably larger than expected from the 2-D

microscopic images. The latter is currently investigated by the authors based

on measurements of Verboven et al. (2008). Redgwell et al. (1997) reported

that swelling of the cell wall during fruit ripening was assumed to be associated

with movement of water into voids of the cell wall network by solubilised pectin.

Hence, the resultant increase of the resistance to gas exchange could attribute

to anoxia, eventually resulting in cell death at the final stage of ripening.

6.4.3 Transport of CO2 in the intracellular compartments

The overall CO2 transport in the liquid phase is the sum of the diffusion of

dissolved CO2 and CO2 bound as HCO−3 . The contribution of HCO−3 to CO2

transport was first described by Longmuir et al. (1966). Gros and Moll (1974);

Gros et al. (1976) have shown that facilitated CO2 diffusion involves a flux of
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H+ equivalent to that of HCO−3 , a fact which matches the other fact that hy-

dration of CO2 produces equal amounts of H+ and HCO−3 . In a liquid system,

CO2 diffusion can be facilitated by HCO−3 diffusion with rapid conversion of

CO2 into HCO−3 and H+. It was assumed that the pH of the cytoplasm of

plant tissues, cells and protoplasts were maintained constant irrespective to ac-

cumulation or extrusion of respiratory CO2. The cytoplasmic pH of plant cells

appears fairly constant despite metabolic processes, which generate or consume

H+, and despite wide variation in the external pH (Smith and Raven, 1979).

Boron (2004) reported that a high buffering capacity of intra-cellular liquid for

regulation of intracellular pH leads to a constant pH regarding to acid loading or

extruding. The pH of fruit juices is typical about 5, indicating high concentra-

tions of dissociated and undissociated organic acids in the vacuole (Smith and

Raven, 1979). The pH of the cytoplasm was found equal to 7 (Kurkdjian et al.,

1978). Roberts et al. (1981, 1982) reported cytoplasmic and vacuolar pH values

of maize root tips of about 7.2-7.5 and 5.5-5.6, respectively. The pH of pear

juice in this study was about 5. Assuming a cytoplasmic pH of 7 and applying

a mass balance for protons in the cytoplasm and vacuole to match the juice pH

resulted in a vacuolar pH value around 4.82. Simulations of CO2 transport with

the model including a vacuole (see Appendix C) showed that there was no dif-

ference in apparent CO2 diffusion compared to the model without vacuole but

with an intracellular pH of 5. This latter model was considerably more efficient

in terms of computation time.

6.4.4 Biological variation of apparent diffusivities

Measurement of apparent diffusivity of pear tissue showed that there was high

variation of values among samples (Schotsmans et al., 2003; Ho et al., 2006a).

We believe that this is mainly due to microstructural variations. Simulations

with different tissue structures in this study showed that differences in porosity,

connectivity and cell distribution affected to a large extent the gas exchange

in the tissue. An increase of porosity resulted in an increase of apparent diffu-

sivities of the tissue predicted by the microscale model (Fig. 6.3(c) and (d)).

Macroscopically observed variation in tissues was therefore for the first time

apparently linked to the irregular microstructure of the tissue.

6.4.5 Anoxia and core disorders in bulky plant organs

Respiration is the main reason of lower O2 concentrations in fruit and it is

affected by the development stage of fruit (Wills et al., 1998). The growth stage
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is the period of cell division and enlargement. During this stage, respiration

decreases and reaches to a minimum. Anoxia is thus not likely to occur in

favorable growth conditions in well-managed orchards. Moreover, it is possible

that photosynthesis could elevate internal O2 concentration. In fact, in seeds,

embryo photosynthesis has been shown to elevate the internal O2 concentration

up to approximately 50% of atmospheric levels (Rolletschek et al., 2003). The

maturation stage involves biochemical reaction processes that transform the

fruit from an inedible organ to a tasteful product. At the end of this stage

the fruit is detached from the tree, while it remains metabolically active. Fruit

ripening then occurs; it is the ensemble of changes taking place in the later stages

of maturation and the beginning of senescence with a marked rise in respiratory

activity. In this period the fruit are most prone to anoxic stress, depending

on specific conditions. We have shown here that temperature has a very small

effect on gas exchange properties of the fruit cortex, while it has a large effect

on respiration. As a result, gas concentration gradients in the pear cortex at

0℃ were much smaller than at 20℃. The gradients are such that in the core of

pears the lowest oxygen concentrations are found, and they are lower for larger

fruit (Chapter 5). We found a zero oxygen pressure in the core of harvested and

stored pears at 20℃ and normal air oxygen levels. These critical internal levels

of oxygen have also been observed in other plant organs (roots, rhizomes, seeds,

coleoptiles), under normal air oxygen, and led to the development and growth

of the anaerobic core in roots (Saglio et al., 1984; Drew, 1992).

When exposure of pears to low oxygen is limited in time to a few hours,

e.g. during a hot day at the end of summer, cells may survive. Direct cell

damage in plant organs due to limited fermentative energy supply during the

oxygen stress period can be prevented for periods up to 15 hours in some cases

(Drew, 1997). However, anoxia reduces levels of detoxification enzymes against

harmful reactive oxygen species, which are produced as byproducts of aerobic

metabolism (Purvis, 1997; Drew, 1997; Moller, 2001; Apel and Hirt, 2004). Re-

entry of oxygen then leads to unrecoverable cell damage. In practice, it is

recommended to start cooling immediately after harvest, but to wait at least 3

weeks before applying low oxygen conditions (Franck et al., 2007). The current

results show that this indeed prevents too low oxygen concentrations in the pear

core.

Core disorder does regularly develop in stored harvested fruit at low temper-

ature and gas conditions of 2.5 kPa O2 and 0.7 kPa CO2 (Franck et al., 2007).

The occurrence depends on the season and can currently not be predicted. The

optimal gas conditions for storage are well established by dedicated storage ex-
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periments over several growth seasons (Franck et al., 2007), and should normally

not lead to storage disorders. The respiration activity is brought to a minimum,

and anoxic conditions are unlikely even with the high resistance to gas exchange

of the pear cortex. A multiscale analysis combining the macroscale model, to

calculate average oxygen concentration profiles in the parenchyma near the core

of a representative fruit, 0.232 kPa, and the microscale model, to compute the

corresponding intracellular concentration was conducted. The resulting average

minimal intracellular oxygen concentration in the 9 tissue samples of 4.8 µM

are well above known estimates of Km for cytochrome oxidase and alternate

oxidase in isolated plant mitochondria, 0.14 and 1.7 µM, respectively (Millar

et al., 1994; Drew, 1997). While inhibition of respiration at these storage con-

ditions is rapid, ATP formation through oxidative phosphorylation is therefore

not inhibited and secured by the normal respiration pathway. On the other

hand, recent tomographic studies on pear tissues using synchrotron radiation

X-rays have shown that cell may be clustered very tightly in regions close to the

vascular xylem vessels, without any aerated gas spaces (Verboven et al., 2008).

In such regions the apparent O2 diffusivity may drop markedly with decreasing

void fraction, increasing the risk of insufficient O2 supply to cells.

6.5 Conclusion

A microscale model for O2 and CO2 exchange through the intercellular spaces,

cell wall and cytoplasm of cells in the pear cortex added a new and important

level of detail to existing gas exchange models for plants. Under a range of

prevailing levels of oxygen and temperature, the microscale model produced

correct tissue gas fluxes in bulky storage organs such as fruit. In silico analysis

revealed that the local gas concentration profiles and fluxes are very different.

Our simulations predict that the oxygen exchange occurs mainly through the

intercellular space, the cell wall network and less through the intracellular liquid

whereas CO2 exchange occurs at similar rates through each of these phases. The

biological variation of the apparent diffusivity of gasses in tissue was related

to the naturally random distribution of cells and pores in the cortex tissue.

Hypoxia and anoxia can now be readily investigated at the cellular level in

intact fruit, combining our macroscale and microscale model in a multiscale

analysis.

Further advances require that the 3-D modeling of gas exchange in the mi-

crostructure of the tissue is investigated to explain the effect of interconnectivity

on the macroscopic gas transport properties of tissue. Indeed, the 2-D results are
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only valid assuming cell walls to be interconnecting pathways for gas exchange

through the pores.



Chapter 7

3-D Microscale modelling of

gas diffusion in fruit tissue

7.1 Introduction

In Chapter 6, a 2-D microscale gas exchange model was presented. The model

predicted that O2 transport mainly occurred through the intercellular space and

less through the intracellular liquid, while CO2 was transported at equal rates

in both phases. However, the model implied that gas transport through the

cell wall complex would be considerable – a somewhat unlikely hypothesis as

the cell wall complex would be expected to be fully hydrated and, hence, not

porous. A possible explaination is that the intercellular space is actually much

more interconnected in 3-D than appears from the 2-D images. In this case, gas

transport would occur through the intercellular space rather than through the

cell wall network, which is much more plausible. Infact, in other plant organs,

the structural geometry of the pore space is believed to play a fundamental role

in governing fluid and gas transport through porous media (Prat, 2002; Drazeta

et al., 2004). In plant organs, the gas-filled intercellular spaces are, particularly,

considered the predominant pathway of the gas transport through the plant

and are important in diffusion properties of tissue (Raven, 1996; Kader, 1988;

Kuroki et al., 2004; Schotsmans et al., 2004). Several authors have shown the

existence of strong connectivity in other fruit (Kuroki et al., 2004; Mendoza

et al., 2007), and in pear fruit in particular (Verboven et al., 2008). It seems

therefore necessary to extend the aformentioned microscale gas exchange model

to 3-D.

3-D microscale gas exchange in plant organs such as leaves has been inves-

117
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tigated using theoretical models (Vesala et al., 1996; Aalto and Juurola, 2002).

These authors constructed a three-dimensional leaf model consisting of basic

geometrical elements such as spheres and cylinders and calculated CO2 trans-

port using a computational fluid dynamics code. However, O2 transport, which

is essential to respiration processes in fruit was not addressed. Further, the

geometrical model the author used was relatively crude compared to the actual

irregular microstructure of the tissue.

In this Chapter, a 3-D microscale model for the transport of metabolic gas

in pear fruit tissue will be developed. The model incorporates the actual 3-

D microstructure of the tissue as obtained by means of synchrotron radiation

tomography. The objectives were (1) to quantify the pathways of gas transport

in relation to the microstructure of fruit tissue (2) to study 3-D gas transport

in different types of fruit tissue. Because of limitation of computer resources,

only O2 transport will be considered.

This Chapter consists of 5 sections. In Section 7.2, the materials and meth-

ods will be described. We will first describe how 3-D geometric models of pear

tissue can be derived from synchrotron radiation tomography images. A trans-

port model for microscale O2 exchange will be constructed. The models will

be numerically solved by means of the finite volume method. Gas transport

through different types of tissue will be investigated in Section 7.3 through in

silico experiments. The microscopic O2 concentration profiles in tissue will be

analysed in detail. Microscale gas exchange in different types of pear tissue will

be analysed. The results will be discussed in Section 7.4, in which the microscale

gas diffusivity will be compared to the measured values. Also, the variation of

diffusivity will be discussed in relation to different types of pear tissue. Some

final remarks will be presented in Section 7.5.

7.2 Materials and methods

7.2.1 Tissue microstructure

The 3-D microstructure of pear tissue was obtained from synchrotron radiation

tomography images described by Verboven et al. (2008). The absorption images

were segmented into intercellular space and cells based on a greyscale threshold

(Verboven et al., 2008).
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7.2.2 Microscale gas exchange model

Microscale diffusion was assumed to dominate transport in each of the two

phases, while in the cells respiration was assumed to take place.

∂CO2,i

∂t
= ∇ ·DO2,i∇CO2,i +RO2,i (7.1)

where the index i indicates pore (g) or cell (l). CO2,i (mol m−3) is the O2 con-

centration in the ith phase, ∇ is the gradient operator (m−1) and DO2,i (m2 s−1)

the O2 diffusivity in phase i. RO2,i (mol m−3 s−1) is the source term representing

respiration. For pores and cell walls, this term is zero while in the intra-cellular

liquid phase this term is the consumption rate of O2. Michaelis-Menten kinetics

were used as a semi-empirical model to describe the O2 consumption rate of cell

protoplasts (Lammertyn et al., 2001b) as follows

RO2,l = − Vm,O2CO2,l

Km,O2,l + CO2,l
(7.2)

with RO2,l (mol m−3 s−1), the O2 consumption rate of the cells, Vm,O2,l (mol

m−3 s−1), the maximal O2 consumption rate in the cells and Km,O2,l (mol m−3),

the Michaelis constant for O2 consumption. Note that respiration is saturated

to the maximal O2 consumption rate and can be treated as a constant at high

O2 concentration. The O2 transport model of the cells was rewritten to the

equivalent O2 concentration in the gas phase according Henry’s law:

CO2,l = RTHO2CO2,g (7.3)

with R (8.314 J mol−1 K−1) the universal gas constant, T (K) the temperature

and HO2 (mol m−3 kPa−1) the Henry’s constant for O2. The resistance to the

gas transport of the cell wall and cell membrane was taken into account at the

interface between gas and liquid phase. More details are provided in Section

7.2.3.

7.2.3 Numerical solution

The model for O2 diffusion was solved on the 3-D geometry using the finite

volume method. Cubic tomographic images of fruit tissue samples with edge

dimensions of approximately 358 µm were discretised into 2,097,152 cube ele-

ments (2.8 µm per element). The pores and the cell were distinguished by a

binary variable in each voxel of the 3-D cubic sample image of tissue. Code

was written in Matlab (The Mathworks, Natick, MA) to map the information

(pore or cell) from each voxel onto the corresponding finite volume. Physical

transport properties of O2 in the gas phase were assigned to pore voxels; those
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Figure 7.1: (a) Voxel of pore neighbored to voxel of intra-cell, (b) Mass flow through

a control volume (cubic element)

of O2 in the liquid phase to cell voxels. The resistance of cell wall and mem-

brane at the interface between pore and cell was represented by an effective

permeability parameter. For example, on the pore finite volume Vi−1,j,k next

to the cell finite volume Vi,j,k (Fig. 7.1), the diffusion flux JE
i,j,k from Vi−1,j,k

to Vi,j,k was characterised by

JE
i,j,k = −ADE

i,j,k

C∗i,j,k − Ci−1,j,k

∆x
(7.4)

where A (m2) is the cross-section area , ∆x (m) is the edge length of the finite

volume in the x direction, C∗i,j,k (mol m−3) is the O2 concentration in the

equivalent gas phase. The coefficient DE
i,j,k (m2 s−1) from Vi−1,j,k to Vi,j,k was

calculated from

DE
i,j,k =

1
1

2DO2,g
+

1
2DO2,lRTHO2

+
1

Peff ∆xRTHO2

(7.5)

where Peff (m s−1) is the effective permeability. The term RTHO2 was taken

into account for expression of O2 in the equivalent gas phase.

The Eq. 7.1 was discretised over the finite volume grid to yield a linear

system of algebraic equations on the unknown concentrations at the nodes (See

Chapter 2). The system was solved by the GMRES code (Generalized Minimal

Residual Method) available in Matlab.

Since O2 is not very soluble in water, it can be assumed that the O2 trans-

port mainly occures via the interconnected pores. The solution can be com-



3-D Microscale modelling of gas diffusion in fruit tissue 121

puted only in the gas phase for tissue having a high interconnectivity of the

intercellular space. By neglecting diffusion transport in the cells, the system of

algebraic equations was reduced to address only nodes of the connected inter-

cellular spaces, and the required memory resources were greatly reduced. Note

that this was only possible when pores were strongly connected through the ge-

ometry of tissue. We applied this to the sample which included vascular tissue

and also to a large samples (edge dimensions of 716.8 µm). The number of cubic

finite volumes was 16,777,216 in this case. The solution proceeded as a follows.

First, the connectivity of the pores was determined. A script was written in

Matlab to label all the pores and subsequently removing all unconnected pores

from geometry. Then, Eq. 7.1 was discretized over the remaining pores and the

resulting algebraic system was solved.

The program was run on 16 GB RAM node (Opteron 250) of the High Per-

formance Computer (HPC, AMD Opteron cluster) of the K.U.Leuven (Leuven,

Belgium). For post-processing, a script was written in Matlab to export and

visualize the simulated results on the 3-D volume of tissue.

7.2.4 Physical properties and respiration parameters of

the microscale model

The values and sources of the material properties and respiration parameters

are listed in Table 7.1. The diffusivity of the gas molecules in air at 20℃ was

taken from Lide (1999) and is equal to 1.6×10−5 m2 s−1 while the O2 diffusivity

in the cell was assumed to be equal to that in water (2.01×10−9 m2 s−1; Lide

(1999)). The O2 comsumption of tissue at O2 saturation (2.26×10−4 mol m−3

s−1 at 20℃) was converted to Vm,O2,l by dividing it by the porosity of the tissue.

Since Km,O2,l was quite small (3µM, Lammertyn et al. (2001a)), respiration is

saturated at sufficiently high O2 concentrations.

The diffusivity of O2 in the cell wall was assumed to be equal to the diffusivity

of the liquid phase while the cell wall thickness of pear tissue was about 0.76

µm (Chapter 6). Uchida et al. (1992) found that the diffusivity of the plasma

membrane DO2,mem was equal to 2.91×10−9 m2 s−1. The plasma membrane

Lmem is only about 8 nm thick (Gunning and Steer, 1996). The resistance of

cell wall and membrane was taken into account at the interface between gas

and liquid phase by an effective permeability value calculated by the following

equation

Peff =
1

Lw

DO2,w
+

Lmem

DO2,mem

(7.6)
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Table 7.1: Physical parameters of 3-D microscale gas transport model

Model parameters O2 microscale model

Diffusivity

-Pore DO2,g 1.6×10−5 m2 s−1(1)

-Cell DO2,l 2.01×10−9 m2 s−1(1)

-Cell wall DO2,w 2.01×10−9 m2 s−1

Cell wall thickness Lw 0.73 µm

Membrane Lmem 6-10 nm (2)

DO2,mem 2.91×10−9 m2 s−1(3)

hO2,mem 3.63×10−2 m s−1*

Henrys constant HO2 1.37×10−2 mol m−3 kPa−1(1)

Respiration rate constant Vm,O2,tissue 2.26×10−4 mol m−3 s−1(4)

Km,O2 3×10−3 mol m−3(5)

Ea,V m,O2 (80±12) kJ mol−1(4)

(1) Lide (1999), (2) Gunning and Steer (1996), (3) Uchida et al. (1992), (4) Ho

et al. (2006a), (5) Lammertyn et al. (2001b). DO2,w was assumed to be equal

diffusivity of water. * The value of hO2,mem was calculated as DO2,mem/Lmem

Parameters were chosen at 20℃.

Such effective permeability has been used to express the resistance of diffusion

transport from outside to the cell (Nobel, 1991).

7.2.5 Continuum model and apparent diffusivity

In the continuum model, gas transport in plant materials was assumed to be

macroscopically approximated by Fick’s law of diffusion including the consump-

tion and production of metabolic active gases and characterized by the apparent

diffusivities of tissue (Lammertyn et al., 2003a; Ho et al., 2008b) (See details in

Chapter 5).

To calculate the apparent diffusivity in 3-D microscale model of O2 transport,

a difference in concentration was applied to two opposite boundaries of the

tissue domain (the top and the bottom) while the remaining other four lateral

boundaries were assumed to be insulated. The macroscopic apparent diffusivity

of O2 in sample tissue DO2,tissue (m2 s−1) was computed from

DO2,tissue = −JO2,total
Ltissue

∆CO2
(7.7)

It is noticed that in the in silico study, the simulation was done without respi-

ration for calculating the apparent diffusivity. This approach was validated in

Chapter 6.
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Figure 7.2: Simulated O2 concentration in a typical sample of cortex tissue of pear.

At the top and bottom side, an O2 partial pressure of 30 and 5 kPa was applied,

respectively. The lateral sides of the sample were assumed to be impermeable. (a) O2

concentration in pore, (b) O2 concentration in the cell. The color bar indicates the

O2 gas concentration (mol m−3).

7.3 Results

7.3.1 Gas concentration profile

Fig. 7.2 shows the simulation results of 3-D microscale O2 gas transport per-

formed on a tissue sample of 358 µm thick. It is mentioned that the high gas

concentration difference between the top (30 kPa) and botom (5 kPa) of the

computational domain was applied for the in silico study. While this case was

not realistic, this can be useful to analyse the flux and calculate the apparent

diffusivity of tissue. Clearly, the O2 concentration is low inside the cells (Fig.

7.2 (b)). This is due to the fact that O2 has a low solubility in the cell (Henry’s

constant for O2 at 20℃ is 1.37×10−2 mol m−3 kPa−1) and the O2 diffusivity

in air is about 104 times of that in water. There was one order of magnitude

difference in O2 concentration between the gas and liquid phases. Transfer of O2

occurred mostly in the gas phase through the pore network. Steady state gas ex-

change was simulated for epidermis, hypodermis, parenchyma, brachysclereids

(stone cells) and vascular bundle samples.
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Figure 7.3: Simulation of O2 diffusion in three samples of epidermis and hypodermis

tissue. (a) Epidermis, (b) Epidermis at 3.584×10−4 m below skin surface, (c) hypo-

dermis at 7.168×10−4 m below skin surface. Color bar indicates O2 gas concentration

(mol m−3). At the top and bottom side, an O2 partial pressure of 30 and 5 kPa was

applied, respectively. The lateral sides of the sample were assumed to be impermeable.

7.3.2 O2 transport in different types of pear tissue

7.3.2.1 O2 transport in the epidermis and hypodermis

The 3-D O2 distribution in the pores of the epidermis and subepidermis tissue

is shown in Fig. 7.3. The epidermis forms a large barrier to gas diffusion since

the skin tomography revealed a low porosity and low interconnectivity of pores.

The simulated apparent diffusivity values ranged from 8.5×10−11 to 1.9×10−10

m2 s−1, in line with these observations.
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Figure 7.4: Simulation of O2 diffusion in four different parenchyma tissue samples.

Color bar indicates O2 gas concentration (mol m−3). At the top and bottom side, an

O2 partial pressure of 30 and 5 kPa was applied, respectively. The lateral sides of the

sample were assumed to be impermeable.

7.3.2.2 O2 transport in the cortex tissue

Parenchyma tissue: The typical pore size in pear cortex tissue is smaller than

that of parenchyma cells, but each cell is surrounded by connected pores result-

ing in a dense intercellular network. The O2 diffusivity of pear tissue ranged

from 3.6×10−10 to 2.74×10−8 m2 s−1. The high value of the tissue diffusivity

indicates that the pores in the parenchyma tissue have a high connectivity and

that gas exchange was mainly through the gas phase of pore network (Fig. 7.4).

Brachysclereids (stone cells) regions: A specific feature found in pears are the

brachysclereid group. The presence of brachysclereids causes a large effect on

the pore network distribution resulting in an increased barrier to gas diffusion

(Fig. 7.5). Two samples with stone cells had a diffusivity of 1.48×10−10 m2 s−1
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Figure 7.5: Simulation of O2 diffusion in two different brachysclereids regions. Color

bar indicates O2 gas concentration (mol m−3). At the top and bottom side, an O2

partial pressure of 30 and 5 kPa was applied, respectively. The lateral sides of the

sample were assumed to be impermeable.

and 3.27×10−10 m2 s−1, respectively.

Vascular bundles: The pores of the vascular bundle tissue are highly inter-

connected in the length direction (from the stem to the calyx) while the inter-

connectivity in the other direction was low. Analysis of the vascular tissue

indicated that the connectivity was mainly in the vascular bundles and less in

the pores of cortex near the vascular bundle (Fig. 7.6). Simulations were carried

out in a sample containing vascular bundles with the size of 0.72mm×0.72mm

×0.72mm. In this case, we assumed that gas transport mainly occures in the

interconnected vascular bundles and pores and the solution was solved in the

interconnected gas phase of the tissue in the length direction only (See Section

7.2.3). The results indicated that the diffusivity of this region is very high in the

length direction (DO2,tissue=3.45×10−8 m2 s−1) while in the radial direction,

the diffusivity was much smaller (DO2,tissue=8.23×10−11 m2 s−1 to 9.02×10−11

m2 s−1).
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Figure 7.6: Simulation of O2 diffusion in the interconnected pores of a cortex sample

containing vascular tissue. Color bar indicates O2 gas concentration (mol m−3). At the

top and bottom side, an O2 partial pressure of 30 and 5 kPa was applied, respectively.

The lateral sides of the sample were assumed to be impermeable.
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Table 7.2: Simulation results of O2 gas transport in different types of pear tissue

Tissue type Sample Apparent O2 Ratio of pore to cell flux

diffusivity (m2 s−1) (Fluxgas/F luxliquid)

-Epidermis and

hypodermis E1 8.5×10−11 0.27

E2 8.1×10−11 0.21

E3 1.9×10−10 1.83

-Parenchyma

P1 3.60×10−10 4.53

P2 7.42×10−9 109

P3 1.64×10−8 244

P4 2.74×10−8 550

- Brachysclereids

(stone cell group) B1 1.47×10−10 1.19

B2 3.27×10−10 3.88

-Vascular tissue

In the axis direction VA1 3.45×10−8 -

In the radial direction VR1 9.02×10−11 0.32

Simulations were carried out at 20℃.

7.3.3 Flux of gas transport through the tissue

Simulation results indicated that O2 transport in the microstructure was more

complicated than that in the macroscale. The gas exchange through the gas and

liquid phase was quantified by comparing the pore to cell flux ratio. The results

are shown in Table 7.2. In the epidermis and the subepidermis, this ratio varied

from 0.27 to 1.83. Gas exchange occured both in the gas and liquid phase. This

type of tissue had a high barrier to gas diffusion since the apparent diffusivity

was 8.5×10−11 m2 s−1 to 1.9×10−10 m2 s−1. In the parenchyma tissue, gas

exchange was mainly in the gas phase of pore. The pore to cell flux ratio of O2

ranged from 4.53 to 550. Brachysclereids also form a barrier to gas diffusion,

the flux ratio of O2 in the gas to liquid phase was 1.19 to 3.88. The vascular

tissue allowed fast gas exchange in the vertical axis; the apparent diffusivity

was as high as 3.45×10−8 m2 s−1. The vascular bundles facilitate gas transport

greatly compared to the pore spaces in the vascular tissue since the ratio of flux

in the vascular bundles to the pores was 27.38.
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Figure 7.7: Representative elementary volume analysis (REV) of pear cortex tissue.

Bars represent standard deviations surrounding the mean of computed values.(a) Con-

nected pore fraction as function of sample size and (b) Porosity as function of sample

size.

7.3.4 REV and simulated diffusivity in cortex tissue

Fig. 7.7(a) shows the average connected pore fraction of the tissue while Fig.

7.7(b) shows the average porosity computed from images of pear tissue in re-

lation to the volume size of the sample. The former was defined as the relative

volumes of pores which were connected through the volume tissue and was deter-

mined by Matlab scripts. For the smallest samples with edge size of 1.79×10−1

mm, a high variation of the connected pore fraction was found. The variation of

the connected pore fraction can reach 92.8% while the porosity has a variation

of 25.2%. Increasing the size resulted in a decreased variability of the percent-

age of connected pores and porosity among the samples. It can be observed

that for a sample size of 7.17×10−1 mm, the connected pore and porosity frac-

tion have a coefficient of variation of 31.8% and 9.9%. From this analysis the

relevant REV for a continuum assumption of pear tissue therefore appears to

be 7.17×10−1 mm with a reasonable standard deviation of 31.8% and 9.9% for

connected pore fraction and porosity, respectively. Note that for the samples of

edge size 7.17×10−1 mm, only transport in the intercellular spaces was consid-
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Table 7.3: Simulated O2 diffusivity in cortex tissue (± 95% Confidence interval)

Size of sample Apparent O2 diffusivity (m2 s−1)

3.584×10−4 m (10.7±8.3)×10−9

7.168×10−4 m (6.6±4.0)×10−9

9.87×10−4 m 5.17×10−9

Simulations were carried out at 20℃.

ered. Simulation of the diffusivity of fruit tissue indicated that the diffusivity

was in the range of (6.6±4.0)×10−9 m2 s−1 for a sample size of 7.17×10−1

mm. The diffusivity of a sample size of 9.87×10−1 mm had an O2 diffusion of

5.17×10−9 m2 s−1 (Table 7.3).

7.4 Discussion

7.4.1 3-D microscale model versus 2-D model

In Chapter 6, a 2-D microscale model for gas exchange through fruit tissue was

developed, and the O2 and CO2 exchange through the intercellular space, cell

wall and cytoplasm of cells in the pear fruit tissue was investigated in detail.

The thickness and the diffusivity of the cell wall were shown to have a large

influence on the macroscopic apparent diffusivity of O2 (Chapter 6). This was

due to the fact that in 2-D the pores of the tissue are almost not connected, so

that in order to predict realistic apparent diffusivity values, O2 gas transport

must occur mainly through the cell walls. This is unlikely as the cell wall can

readily be assumed to be fully hydrated. Actually in 3-D, network structure

with strong connectivity has indeed been observed in fruit (Kuroki et al., 2004;

Cloetens et al., 2006; Mendoza et al., 2007), and has been clearly shown for

pear fruit (Verboven et al., 2008). For the 3-D microscale simulation, the cell

wall diffusivity was incorporated into effective permeability Peff . Note that for

such a tissue having high interconnectivity of pores, the apparent diffusivity is

not much affected by Peff parameter even when the cell wall was assumed free

of air.

7.4.2 Gas diffusion at different types of tissue

Fruit skin has often been considered to be the largest barrier to gas diffusion

(Cameron and Yang, 1982; Lammertyn et al., 2001b; Schotsmans et al., 2003;
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Ho et al., 2006a). Schotsmans et al. (2004) observed that the epidermis and

hypodermis of skin tissue consisted of layers of small cells. The cells gradually

increased in size towards the cortex. The skin constituted a large barrier to

gas diffusion since the simulated O2 diffusivity in 3-D was small, ranging from

8.5×10−11 to 1.9×10−10 m2 s−1. A good agreement of the predicted apparent

diffusivity of the skin and the measured one was observed since the latter was

(1.86±0.70)×10−10 m2 s−1.

The connectivity of pores in the cortex tissue is high. Simulation of O2

diffusion in a cortex tissue sample with a thickness of 3.58×10−4 m resulted in

an apparent diffusivity ranging from 3.6×10−10 m2 s−1 to 2.74×10−8 m2 s−1.

A high variation of diffusivity was found among the samples.

Brachysclereids are often found in pear tissue. Schotsmans (2003) observed

that one single group of brachysclereids occupied up to 11% of the 2-D slice of

pear cortex tissue using light microscopic image. The cells surrounding groups

of brachysclereids or stone cells are affected since they are enlongated towards

the center of brachysclereids groups. Verboven et al. (2008) also found that the

brachysclereids that appear frequently in pear fruit cortex have a large effect

on the pore network distribution. Analysis of connected pore and flux ratio of

gas and liquid phase indicated that the brachysclereids form barriers to the gas

diffusion in pear tissue. Low diffusion value were obtained indeed from in silico

simulation of O2 transport in cortex tissue containing brachysclereids.

The vascular bundles of the fruit run from the stem to the calyx through the

cortex. The pores of the neighboring parenchyma surrounding vascular bundles

are poorly interconnected. During storage of pear fruit, the xylem of vascular

bundle appears to be empty and hence, contributes to the gas exchange of the

fruit with the environment. The high diffusivity along the vascular bundles may

contribute to the large diffusivity of pear tissue in the vertical axis compared to

the radial direction (Ho et al., 2006a; Sorz and Hietz, 2006)

Cortex tissue of pear typically consists of parenchyma cell with a size of

around 100µm. Among the parenchyma cells are brachysclereids. The REV is

frequently expressed as a range of averaging volumes within which the charac-

teristic property remains quasi constant with acceptable variation (Bear, 1972;

Helmis et al., 2006; Mendoza et al., 2007). The pore distribution in pear cortex

tissue is quite heterogeneous. Analysis of pear tissue showed that at a typi-

cal REV length of 7.17×10−4 m a reasonable standard deviation of 31.8% of

connected pores fraction and 9.9% of porosity was observed.

The O2 diffusivity of pear tissue is highly variable and depends on the tis-

sue types. The simulated O2 diffusivity was found to be (6.6±4.0)×10−9 m2
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s−1 for cortex tissues of size 7.17×10−4 m. The measured diffusivity of O2

in the radial direction in pear cortex tissue for different batch of pear was in

the range (2.87±0.45)×10−10 m2 s−1 to (5.6±3.1)×10−10 m2 s−1. Schotsmans

et al. (2003) found a value of (4.3±1.7)×10−10 m2 s−1 for the O2 diffusivities

of cortex tissue. A O2 diffusivity in flesh of 1.71×10−9 m2 s−1 was reported by

Lammertyn et al. (2001b). There is clearly a discrepancy between the measured

and simulated O2 diffusion. It might be that cutting of the sample may affect

the gas transport due to leaking of water into the micropores of tissue.

Large differences and variability of the apparent diffusivity of material have

also been reported by other authors. Li et al. (2007) reported that measurements

of gas diffusivity in porous materials (packed bed with small particles size of 50

µm) ranged from 1×10−10 m2 s−1 to 3×10−8 m2 s−1. Sorz and Hietz (2006)

measured the O2 diffusivity in wood and observed that the diffusivity in the

radial direction was mostly between 1×10−11 m2 s−1 to 1×10−7 m2 s−1 and

was strongly related to porosity. At 15% air porosity, the diffusivity for axial

diffusion ranged from 9.5×10−10 m2 s−1 to 1.3×10−8 m2 s−1 for different types

of wood.

7.5 Conclusions

In this Chapter, 3-D O2 transport was simulated in different types of pear tissue

at the microscale. The geometrical model was constructed based on synchrotron

X-ray images. The model was based on Fick’s second law of diffusion and was

discretised using a finite volume method. The characteristic brachysclereids

(stone cells) that appear frequently in pear fruit cortex have a large effect on

the void network distribution, resulting in an increased barrier to diffusion, sam-

ples with stone cells had a diffusivity of 1.48×10−10 m2 s−1 and 3.27×10−10 m2

s−1. The simulated diffusivities of epidermis and subepidermis were comparable

to measurement values while a discrepancy between the simulated and measured

O2 diffusivities in the cortex tissue was found. 3-D microscale simulation of cor-

tex tissue showed a larger diffusivity than the measurement. Structural changes

and heterogeneity of tissues are related to imbalances in gas exchange that may

eventually lead to cell death at a certain storage condition.



Chapter 8

Multiscale modelling of gas

exchange

8.1 Introduction

Exchange of O2 and CO2 of plants with their environment is essential for

metabolic processes such as photosynthesis and respiration. In some fruits such

as pears, which are typically stored under CA condition, anoxia may occur,

eventually leading to physiological disorders. For a better understanding of the

plant metabolism it is important to quantify the metabolic gas exchange and the

effect of the external condition to the intra-cellular metabolic gas concentration.

Macroscopic models have been developed by several authors to predict gas

transport in bulky fruit organs (Mannapperuma et al., 1991; Lammertyn et al.,

2003a,b). In these models, fruit is considered as a continuum, and consist

of different interconnected tissues (Wood and Whitaker, 1998; Wood et al.,

2002; Quintard et al., 2006) characterised by apparent macroscopic properties

of the biological materials. Apparent properties of fruit tissue such as diffusion

and permeation properties were determined by measuring gas exchange through

small tissue samples (Lammertyn et al., 2001a; Schotsmans et al., 2003, 2004).

However, plant tissue has a cellular structure. The microscale topology in which

individual cells and intercellular space can be distinguished determines to a large

extent gas transport in the tissue. Fruit tissue, hence, cannot be considered as

a real continuum materials. As a consequence, the predicted gas concentrations

must be considered as partially averaged concentrations which may be different

from the actual microscopic concentrations.

In Chapter 6 and 7, microscale gas tranport models were developed to de-
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scribe gas transport at the cellular levels through the intercellular space. Al-

though such models provided detailed predictions of the local microscale gas

concentrations, a transport model covering gas transport at the macroscale and

at the same time incorporating the detailed microscale topology is currently not

feasible because of excessive computer resources required to solve such a model.

The multiscale modeling paradigm may provide an alternative approach to com-

bine the relative simplicity of continuum-type models defined at the macroscale

level with the level of detail of models incorporating the microscale features.

A multiscale gas transport model is basically a hierarchy of models which de-

scribe the gas transport phenomena at different spatial scales. These models

are coupled via in silico analysis, in which the model parameters relevant to a

particular spatial scale are derived from simulations at a smaller spatial scale.

In this chapter, a multiscale model will be introduced to perform in silico

analysis to study gas exchange in pear fruit at different scales. The model

will be applied to evaluate the effect of external storage conditions, fruit size

and maturity on cellular respiration and the risk of physiological disorders. In

Section 8.2, a multiscale gas transport model will be described. Two basic

submodels describing the gas transport phenomena at two different spatial scales

including the macro- and microscale will be the core of the multiscale model.

The simulation results will be shown in Section 8.3. Gas exchange parameters

and respiration kinetics parameters will be investigated. The model will be

used to study gas transport of pear in relation to storage condition using an in

silico study on normal and ripening fruit. Respiratory gas concentration in the

cytoplasm near the core of the fruit will be studied with different external O2

partial pressures and fruit size. The application of multiscale modelling will be

discussed in Section 8.4. The effect of O2 depletion and CO2 elevation on the

risk of physiological disorders will be discussed. Some remarks will be concluded

in Section 8.5.

8.2 Materials and Methods

8.2.1 Materials

Pears (Pyrus communis L. cv. Conference) were harvested on August, 20th,

2007, at the pre-climacteric stage at the Fruitteeltcentrum (Rillaar, Belgium),

cooled and stored according to commercial protocols for a period of 21 days at

-1℃ preceding CA storage (2.5 kPa O2, 0.7 kPa CO2 at -1℃) until they were

used for the experiments.
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8.2.2 Macroscale model

At the macroscopic spatial scale, the fruit tissue was considered as continuum

material. A permeation-diffusion-reaction model was applied to study gas ex-

change due to respiration of intact fruit with the environment (Chapter 5).

Michaelis-Menten kinetics was used to describe the respiration behavior of tis-

sues. The driving force for gas exchange was mainly by diffusion. Differences

in diffusion rates of the different gasses lead to total pressure gradients that

caused convective exchange as described by Darcy’s law. A non-competitive in-

hibition model (Chang, 1981; Peppelenbos and van’t Leven, 1996; Hertog et al.,

1998) was used to describe O2 consumption and CO2 production of fruit tissue.

Details of macroscale model can be found in Chapter 5.

8.2.2.1 Geometrical model

The macroscale geometrical model was based on reconstructed photographic im-

ages of intact pear. The pear geometry was considered to be axi-symmetric and

the model was solved with gas concentration variations only in the radial direc-

tion (r) and vertical axis (z ). Details of the geometrical model were described

in Chapter 5. To study the effect of fruit size on gas exchange, geometrical

models were constructed with radii of 2.6; 3; 3.2; 3.7 and 4.2 cm by scaling the

original geometrical model.

8.2.2.2 Measurement of gas transport properties

The gas transport properties of the fruit tissue were measured in the mea-

surement setup using fluorescent optical probes. More details can be found in

Chapter 3 and 4.

8.2.2.3 Tissue respiration kinetics parameters

A non-competitive inhibition model was used to describe respiration kinetic of

fruit tissue. Respiration kinetics parameters were reported in Chapter 5. The

respiratory activity of pear depends on its maturity (Veltman et al., 1999b).

Since the respiration rate was assumed to be determined by one rate limiting

enzymatic reaction (Chevillotte, 1973), the Michaelis Menten constant Km,c,

which is a ratio of rate constants, would be expected to be relatively indepen-

dent of temperature (Hertog et al., 1998). The Km value for O2 and CO2 was,

therefore, assumed to be constant. On the other hand, the maximal O2 con-

sumption rate Vm,O2 and maximal CO2 production rate Vm,f,CO2 are function
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of the initially available enzyme concentration (Hertog et al., 1998). These pa-

rameters were, therefore, considered to vary from batch to batch, depending on

fruit maturity and season.

To determine the Vm,O2 and Vm,f,CO2 values of tissue, a respiration experi-

ment was carried out in which a pear was put into a closed jar at the ambient

air, -1℃. The O2 and CO2 gas partial pressures changes with time were mea-

sured by a gas analyser (Checkmate II, PBI Dansensor, Denmark). Vm,O2 and

Vm,f,CO2 were estimated by fitting of the macroscale model to the experimental

data using a nonlinear least squares estimation program written in Matlab. To

determine the changes of Vm,O2 and Vm,f,CO2 due to ripening, the pears were

kept for a period of 7 days at 20℃ at the normal air preceding the respiration

measurement at -1℃. Then, the Vm,O2 and Vm,f,CO2 of tissue were estimated

based on the respiration measurement data.

8.2.3 Microscale model

At this scale level, the transport of metabolic gasses was considered to occur in

two phases in relation to the intercellular gas phase, cell wall network and intra-

cellular liquid phase. The microscale model was applied to describe respiratory

gas diffusion in the intercellular space (pore), the cell wall network, through

the cell membrane into the cytoplasm (Chapter 6). Respiration was taken into

account. Microscale diffusion was assumed to dominate transport through each

of the compartments and was described by Fick’s second law. The relationship

between the concentration in the gas phase and that in the liquid phase was

given by Henry’s law. Michaelis-Menten kinetics was used as a phenomenological

model to describe the O2 consumption rate and CO2 production rate of cell

protoplasts. Note that because of the limitations of the available computer

resources we did not consider 3-D microscale transport in this chapter.

8.2.3.1 Microscale structure of fruit tissue

Light microscopic images of cortex parenchyma tissue of pear (Pyrus communis

L. cv. Conference) were used as a basis for a 2-D geometric model (see Mebat-

sion et al. (2006b) for more details about sample preparation and microscopy).

The images were digitized in the Matlab programming environment version 7.0

(The Mathworks, Natick, MA) by in house developed software. The geometri-

cal model was generated using the ellipse tessellation algorithm developed by

Mebatsion et al. (2006b). The tissue model was then exported into a finite

element simulation code (Comsol 3.3, Comsol AB, Stockholm, Sweden) via a
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Matlab interface (Mebatsion et al., 2006a). A more extensive description of the

geometrical model can be found in Chapter 6.

8.2.3.2 Microscale model parameters

The values and sources of the material properties and respiration parameters

of the microscale model were reported in Chapter 6. The Vm,O2 of tissue was

converted to the value for cytoplasm by dividing it by the porosity of the tissue.

8.2.4 Localisation

In this in silico analysis for multiscale simulation, we started from the macroscale

gas transport model. In silico experiments were carried out for pear under well-

defined external conditions. In total, 35 conditions at 0.1 to 3.5 kPa O2 in

combination with 0.7 kPa CO2 at -1℃ were applied. The critical region was

defined as the position where the minimal O2 and the maximal CO2 in the pear

from the macroscale model occured. This region was considered to be more sus-

ceptible to physiological disorders due to anoxia or high CO2 partial pressure.

The microscale model was solved to compute the corresponding intracellular

concentration.

8.2.5 Numerical solution

For each simulation, the geometrical model was imported to Comsol Multi-

physics vs. 3.3 (Comsol AB, Stockholm) for numerical computation of the

gas exchange equations. The geometrical model was, therefore, meshed into

quadratic elements with triangular shape by the automatic Comsol mesh gen-

erator. The non-linear coupled model equations at each scale 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 an

accuracy threshold of less than 10−6. Details of the finite element solution for

each scale were reported in Chapter 5 and 6.

8.3 Results

8.3.1 Gas transport properties and respiration kinetics

parameters of fruit tissue

The measured gas transport properties are shown in Table 8.1. A high variability

was observed. The diffusivity values for representation of the epidermis and
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subepidermis were small. The higher diffusivity in the axial direction compared

to that along the radial direction is probably due to the fact that vascular

bundles may be not fully filled with sap during storage of the fruit. It is,

therefore, likely that the vascular bundles along the axis of the pear indeed

facilitate gas exchange (Chapter 7). The diffusivity of CO2 was larger than that

of O2 and N2.

Table 8.1: Estimated gas diffusion properties pear tissues and their 95% confidence

interval

Parameters Units Estimated value

DO2,skin m2 s−1 (1.86±0.70)×10−10 (*)

DCO2,skin m2 s−1 (5.1±3.3)×10−10 (*)

DN2,skin m2 s−1 (1.06±0.29)×10−10 (**)

Kskin m2 (2.2±1.4)×10−19 (**)

DO2,r m2 s−1 (5.6±3.1)×10−10

DCO2,r m2 s−1 (5.3±1.4)×10−9

DN2,r m2 s−1 (6.3±3.7)×10−10

Kr m2 (6.2±8.3)×10−19

DO2,z m2 s−1 (3.2±1.3)×10−9

DCO2,z m2 s−1 (1.4±0.43)×10−8

DN2,z m2 s−1 (1.7±1.1)×10−9

Kz m2 (9.2±11.7)×10−17

Parameters were measured at 20℃. (*) and (**) indicate values measured in

Chapter 3 and 4, respectively.

An extended Michaelis Menten kinetics was applied to the respiration sub-

model of the macroscale. The Michaelis Menten constants were treated as con-

stant and taken from Ho et al. (2008b) (Chapter 5). Only the maximal O2

consumption rate Vm,O2 and maximal CO2 production rate Vm,f,CO2 were as-

sumed to vary depending on fruit maturity and differ from batch to batch. These

parameters were determined by fitting the permeation-diffusion reaction model

prediction to the measured respiration kinetics of intact fruit. The fit is shown

in Figure 8.1. Estimation including 3 parameters Vm,O2, Vm,f,CO2 and rq,ox

resulted in a better fit than with only two parameters of Vm,O2 and Vm,f,CO2.

The estimated values of Vm,O2, Vm,f,CO2 and rq,ox were (1.1173±0.0003)×10−5,

(1.1148±0.0002)×10−5 mol m−3 s−1 and 0.83±0.0004 (Table 8.2). The esti-

mated values of Vm,O2 and Vm,f,CO2 of tissue for pear measured at -1℃ fol-

lowing storage for 7 days at 20℃ at ambient air were (2.93±0.01)×10−5 and

(3.57±0.02)×10−5, which were considerably higher than those for the pears
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which were kept the whole time at -1℃ (Table 8.3).

Table 8.2: Respiration kinetics parameters. (*): the maximal O2 consumption rate

Vm,O2, the maximal CO2 production rate Vm,f,CO2 and rq,ox were estimated by fitting

of the permeation-diffusion-reaction model to the measured O2 and CO2 gas partial

pressure in the jars. The remained Michaelis Menten constants were treated as con-

stant and taken from Chapter 5.

Parameters Units Estimated value

Vm,O2,tissue (-1℃) mol m−3 s−1 (1.1173±0.0003)×10−5(*)

Vm,O2,skin (-1℃) mol m−3 s−1 3.48×Vm,O2,tissue

Vm,f,CO2,tissue (-1℃) mol m−3 s−1 (1.1148±0.0002)×10−5(*)

Vm,f,CO2,skin (-1℃) mol m−3 s−1 2.5×Vm,f,CO2,tissue

Ea,V mO2 kJ mol−1 80±12

Ea,V mfCO2 kJ mol−1 57±13

Km,O2 kPa 1.00±0.23

Kmn,CO2 kPa 66±21

Km,f,O2 kPa 0.28±0.14

rq,ox 0.83±0.0004(*)
± 95% confidence limits.

Table 8.3: Increase of the maximal O2 consumption rate Vm,O2, the maximal CO2

production rate Vm,f,CO2 of tissue due to ripening. The values were estimated by

fitting the permeation-diffusion-reaction model to the measured data.

Respiration Vm,O2,tissue Vm,f,CO2,tissue

(mol m−3 s−1) (mol m−3 s−1)

At -1℃ 1.12×10−5 1.11×10−5

Effect of ripening(*) 2.93×10−5 3.57×10−5

(*) Pear stored at 20℃ for 7 days for ripening, then again at -1℃.

The macroscale model parameters were validated by comparing the mea-

sured O2 and CO2 concentration as a function of time in the jar to simulated

values at 10℃ (Fig. 8.2). A good agreement between simulations and measure-

ment was observed.

8.3.2 Multiscale modeling of gas transport of pear in re-

lation to storage conditions

In this in silico analysis for multiscale gas exchange, the continuum model was

first simulated with different external conditions and fruit sizes at a storage
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Figure 8.1: O2 and CO2 concentration as a function of time in a closed jar at a

storage temperature of -1℃. Dashed lines (- -), solid lines (—), indicate the O2 and

CO2 gas partial pressure in jar fitted by the permeation-diffusion-reaction model. The

symbols (×) and (+) indicate the measured O2 and CO2 gas partial pressure. The

initial condition of these simulation and measurement was at 20 kPa O2, 0 kPa CO2.

Dashed dotted line (- · -) and symbols (o) indicate the fitted and measured CO2 gas

partial pressure in the jar with initial condition of 0 kPa O2, 0 kPa CO2.
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Figure 8.2: O2 and CO2 concentration as a function of time in a closed jar at a

storage temperature of 10℃. Dashed lines (- -), solid lines (—) indicate the O2 and

CO2 gas partial pressure in jar predicted by the permeation-diffusion-reaction model.

The symbols (×) and (+) indicate the measured O2 and CO2 gas partial pressure.

The initial condition of these simulation and measurement was at 20 kPa O2, 0 kPa

CO2. Dashed dotted line (- · -) and symbols (o) indicate the predicted and measured

CO2 gas partial pressure in the jar with initial condition of 0 kPa O2, 0 kPa CO2.
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Figure 8.3: Minimal O2 concentration (µM) in the cytoplasm as a function of O2

partial pressure and pear radius. The storage temperature was -1℃. The color bar

indicates the O2 concentration (µM)

temperature of -1℃. Details of the continuum model are described in Chapter

5. The critical region is defined as the site where lowest O2 and highest CO2

was computed from the macroscale model. Then, the intra-cellular level was

analysed by simulating gas transport using the microscale model with bound-

ary conditions from the critical values of the macroscale simulation (See Chapter

6). The minimal O2 concentration (µM) in the cytoplasm as a function of ex-

ternal O2 partial pressure and pear radius is shown in Fig. 8.3. The storage

temperature was -1℃. The minimal O2 concentration increased with increasing

external O2 partial pressure and decreased with increasing radius. With a typ-

ical external O2 partial pressure of 2.5 kPa, the minimal O2 concentration for

the fruit with radius from 2.6 to 4.2 cm was higher than 1 µM.

8.3.3 Effect of fruit ripening on internal gas concentration

To study the effect of fruit ripening on the risk of storage disorder, the maxi-

mal O2 consumption rate Vm,O2, the maximal CO2 production rate Vm,f,CO2 of

tissue due to ripening from Table 8.3 was computed for the macroscale simula-

tion. The microscale model was used to predict the corresponding intracellular

concentration at the critical region from the macroscale model. The simulated

minimal O2 concentration (µM) in the cytoplasm at -1℃ is shown in Fig. 8.4.

The results show that the increasing respiration rate due to fruit ripening may
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Figure 8.4: The minimal O2 concentration (µM) as a function of O2 partial pressure

and pear radius. The storage temperature was -1℃. Fruit was stored previously at

20℃ in ambient air for 7 days. The color bar indicates the O2 concentration (µM)

lead to anoxia. The multiscale model indicated that the minimal O2 concen-

tration in ripe fruit was more severe compared to that of normal fruit. While

normal fruit had a minimal O2 concentration higher than 1 µM, in ripe and large

fruit this value decreased below 0.1 µM when the external O2 partial pressure

had 2.5 kPa.

8.3.4 CO2 concentration in pear fruit

The maximal CO2 concentration in the center of the fruit was computed for

different pear radii and external O2 concentration. The CO2 concentration in

the center of the fruit is more sensitive to the fruit size (Fig. 8.5). In small fruit

(Rpear ≤ 3 cm), the CO2 concentration seemed to be saturated with increasing

O2 concentration. Increasing the fruit size led to a high CO2 concentration in

the center of the fruit.

8.4 Discussion

CA storage is based on retarding physiological processes in the fruit by decreas-

ing the temperature and O2 availability; and by increasing the CO2 concen-

tration in the external atmosphere. However, the optimal gas composition is

critical, as too low an O2 partial pressure can induces a fermentative metabolism
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Figure 8.5: Maximal CO2 concentration (kPa) computed from the macroscale model

as a function of O2 partial pressure and pear radius. The storage temperature was

-1℃. The color bar indicates CO2 concentration (kPa).

in the fruit (Yearsley et al., 1996; Beaudry, 1999). Cytochrome c oxidase has

been reported as the rate limiting enzyme in the oxidative respiration pathway

(Chevillotte, 1973). Different values for Km,O2 of cytochrome c oxidase were

found in the literature. Solomos (1982) obtained a value of 0.1 µM for the

Km,O2 for isolated cytochrome c oxidase for apple. Millar et al. (1994) calcu-

lated Km,O2 value of 0.14 µM in soybeen shoot mitochondria while Taiz and

Zeiger (1993) found Km,O2 value of 1 µM for the cytochrome c oxidase in plant

tissue. An in silico analysis revealed that, O2 concentration of optimal picked

pear stored at typical controlled atmosphere condition (2.5 kPa O2, 0.7 kPa

CO2 at -1℃) were higher than the Michaelis Menten constant for cytochrome

c oxidase Km,c, the rate limiting enzyme of the respiration pathways. Con-

sequently, the O2 concentration will not be rate limiting and the respiratory

pathway will be active. In contrast to small pears, in large pears and under

extreme low O2 storage conditions the oxygen concentration can decrease well

below the Michaelis Menten constant for cytochrome c oxidase. This most prob-

ably leads to anoxia and physiological disorders had more chance to occur which

have been observed under such conditions (Lammertyn et al., 2000).

Ripening of the fruit increases the risk of physiological disorder since increas-

ing the respiration rate due to ripening resulted in anoxia in the center region

of the fruit even at typical controlled atmosphere conditions. (See Fig. 8.6).
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Figure 8.6: The intra-cellular O2 concentration (µM) of the critical region as a

function of O2 partial pressure and pear radius. The storage temperature was -1℃.

(a) Normal pear; (b) O2 concentration where it is equal to the Michaelis Menten

constant for cytochrome c oxidase Km,O2 (0.14 µM) (Millar et al., 1994); (c) Fruit

was stored previously at 20℃ in ambient air for 7 days.

Depletion of O2 in the sensitive region was more severe in large fruit compared

to small fruit. This corresponds to the observation that late picked fruit was

more susceptible to storage disorder as described by Lammertyn et al. (2000).

These results show that the multiscale model described in this Chapter helps in

explaining the occurrence of controlled atmosphere related physiological storage

disorders in pear.

Anoxic stress was reported to damage membrane stability (Rawyler et al.,

2002) and lead to formation of reactive oxygen species in plant cells (Pavelic

et al., 2000; Blokhina et al., 2001, 2003) under re-oxygenation conditions. The

increase of reactive oxygen species due to hypoxia may lead to the browning of

tissue and storage disorder of fruits such as core break-down in Conference pear.

Since increasing the respiration leads to anoxia even at the storage condition, the

optimal picking time is an important factor in relation to the storage disorder

of pear fruit as found by Lammertyn et al. (2000). This is a major step forward
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in understanding the biophysical processes underlying physiological disorders

compared to statistical models such as the one developed by Lammertyn et al.

(2000).

8.4.1 Effect of CO2 on the risk of browning disorder

The internal gas partial pressures, which depend on the externally applied gas

partial pressures and gas transport properties of the fruit, influence both the

respiration rate, and, hence, the intra-cellular energy level (Saquet et al., 2003),

as well as the antioxidant system (Agar et al., 1997; Veltman et al., 1999b; Lar-

rigaudiere et al., 2001; Franck et al., 2003, 2007). A high CO2 partial pressure

during storage of the fruit was likely to induce brown core development in Con-

ference pear (Veltman et al., 1999b; Franck et al., 2003, 2007). Note that the

pH of the cytoplasm is controlled by pH buffering capacity (Smith and Raven,

1979; Boron, 2004) and proton pumps (Nishi and Forgac, 2002); the required

ATP energy for the proton transport was provided by V-ATPases system (Nishi

and Forgac, 2002). Increasing the CO2 level in the pore of fruit tissue may lead

to a decreased pH in the cytoplasm. To maintain the pH of cytoplasm, the

intracellular system may need more energy for pumping of protons among the

compartments. Shortage of energy could happen during storage of the fruit to

maintain the intra-cellular pH at high CO2 concentration levels. Moreover, it is

possible that a change of the pH may result in loosing the membrane integrity

and formation of reactive oxygen species such as super oxide species during the

respiration. This may explained the impairment of the anti-oxidation system (L

Ascobic acid) and brown core development in pear as was found in the literature

(Veltman et al., 1999b, 2003a; Saquet et al., 2003; Franck et al., 2003, 2007).

8.5 Conclusion

A multiscale model was developed to study the effect of different external air

conditions at the storage temperature on gas exchange of fruit. A localisation

procedure was implemented in which first the critical region was predicted by

the macroscale model. The critical region was defined as the region where the

O2 and CO2 concentration were minimal and maximal, respectively. Subse-

quently, the microscale model was applied to quantify intra-cellular metabolic

gas concentration of this critical region. An in silico study revealed that the

O2 concentration inside optimally picked pear stored at typical controlled at-

mosphere conditions (2.5 kPa O2, 0.7 kPa CO2 at -1℃) was higher than the

Michaelis Menten constant for cytochrome c oxidase Km,c, the rate limiting en-
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zyme of the respiration pathway. In contrast to small pears, in large pears and

under very low O2 storage conditions the oxygen concentration can decrease

well below the Michaelis Menten constant for cytochrome c oxidase. This most

probably leads to fermentation and physiological disorders which have been

observed under such conditions. Ripening of the fruit causes more risk of phys-

iological disorders since increasing the respiration rate due to ripening resulted

in anoxia in the center region of the fruit even at the typical controlled atmo-

sphere conditions. A multiscale approach can provide a much better insight in

the mechanism of gas transport in pear and in fruit tissue in general, and for

the first time, a quantitative explanation of the relation between gas exchange

and the development of physiological disorders in fruit has been given.
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Chapter 9

General conclusions and

future work

9.1 General conclusions

Respiratory gas exchange of plants with their environment is essential for meta-

bolic processes. 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 may occur, eventually, leading to physiological

disorders. The gas exchange through fruit is affected both by local respiration

behavior and by gas diffusion properties of different tissues resulting in a more

different O2 and CO2 tension than that of the applied external atmosphere.

Quantification of the gas exchange of the intact fruit and prediction of the

local intra-cellular gas concentration at cellular level is essential for study local

storage disorders of fruit.

The main objective of this research was to contribute to a better insight in

the physical gas transport processes inside a fruit and their effect on the risk of

physiological storage disorders. More specifically, we investigate the hypothesis

that macroscale gas transport depends to a large extent on the microstructure of

the fruit. Towards the end, a multiscale gas transport approach was developed.

Conference pear was chosen as a model system.

Multiscale gas transport models are basically a hierarchy of models which de-

scribe the gas transport phenomena at different spatial scales. The macroscale

model addresses the fruit as a continuum, that consists of different homoge-

nous materials representing the different tissues. The microscale model takes

into account the actual topology of the fruit tissue and incorporates building
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components of the intercellular space, cell walls and individual cells. The mi-

croscale model relies on a mathematical description of gas transport through the

intercellular space, the cell wall complex and the cytoplasm. The macroscale

model describes transport of volume averaged gas concentration rather than to

explicitly model the microscopic transport phenomena.

Gas diffusion properties of fruit tissue are important in relation to gas ex-

change of the fruit with its environment during storage. A gas diffusion mea-

surement setup was constructed for measuring tissue diffusivity using fluores-

cent optical probes. Diffusivity of O2 and CO2 were determined simultaneously

based on the finite element model describing O2 and CO2 gas transport and

respiration in the tissue. Application of optical sensors resulted in good infor-

mative gas partial pressure versus time profiles. The results showed that gas

transport in a tightly packed fruit tissue does not follow Graham’s law. The

CO2 diffusivity was much higher than that of O2. The diffusivity of O2 and

CO2 at different positions in the pear was investigated. Both the diffusivity

of O2 and CO2 were low at the skin. Along the equatorial radial direction of

the pear, the diffusivity of both O2 and CO2 in the cortex tissue was almost

constant while they were high in the core of the pear. Gas diffusion coefficients

in the vertical axis were higher than along the equatorial radial direction. The

O2 diffusivity was not influenced by temperature, while temperature had a sta-

tistically significant effect on CO2 diffusivity although it was small compared

to its biological variability. Picking date had no effect on the gas diffusivity of

tissue. Diffusivities in brown tissue of disordered pears were lower than diffu-

sivities in sound tissue irrespective of whether the sound tissue came from a

healthy or a disordered pear. Gas transport in fruit tissue is governed by both

diffusion and permeation. The later phenomenon is caused by overall pressure

gradients which may developed due to a large difference in O2 and CO2 diffusiv-

ity. The measurement set up was extended for gas permeation measurements.

An analytical model described the experimentally estimated permeation well.

Permeation coefficients of the skin and tissue along the radial direction were

more or less equal while the permeability in the vertical axis was higher than

along the radial direction.

A permeation-diffusion-reaction model was developed to study gas exchange

of intact pear at the macroscale level. The model accounts for both diffusion and

pressure driven exchange of these gasses, and incorporates anisotropic transport

properties. Respiration was modelled by means of Michaelis Menten kinetics,

which modified to account for O2 and CO2 inhibition effects. The model has

been used to perform in silico analysis to evaluate the effect of, e.g., fruit size
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or ambient gas concentration on internal O2 and CO2 levels. The simulation

incorporates the actual shape of the fruit and was solved using fluid dynam-

ics software. The model was validated successfully under steady and transient

conditions at 1℃; there was an increasing deviation for the CO2 profile with

increasing temperature, probably due to season or batch effects on the param-

eters of the respiration kinetics. The model structure is generic: application of

the model to other fleshy fruit is straightforward but the model parameters and

the fruit geometry need to be measured. Based on an in silico study, higher

values of the Michaelis-Menten parameters of the respiration of intact fruit com-

pared to those of cortex tissue could be attributed to the gas exchange barrier

function of fruit tissue. Environmental conditions such as temperature and gas

composition have a large effect on the internal distribution of O2 and CO2 in

fruit. Also, the fruit size has a considerable effect on local metabolic gas con-

centrations. Depending on the size, local anaerobic conditions may result which

eventually may lead to physiological disorders.

While the macroscale model described the gas exchange of intact fruit, this

approach essentially hides the microscale phenomena which are essential to un-

derstand gas exchange. A microscale model for O2 and CO2 exchange through

the intercellular spaces, cell wall and cytoplasm of cells in the pear cortex added

a new and important level of detail to existing gas exchange models for plants.

The microstructure of cortex tissue was modelled based on light microscopy

(2-D model) and synchrotron radiation tomography images (3-D model). The

transport of the respiratory gases O2 and CO2 in the intercellular space, the

cell wall network and cytoplasm was modelled using diffusion laws, irreversible

thermodynamics and enzyme kinetics. The model equations were solved using

the finite element method. Under a range of prevailing levels of O2 and temper-

ature, the microscale model produced correct tissue gas fluxes in bulky storage

organs such as fruit. In silico analysis revealed that the local gas concentration

profiles and fluxes are very different. The O2 exchange occurs mainly through

the intercellular space, the cell wall network and less through the intracellu-

lar liquid whereas CO2 exchange occurs at similar rates through each of these

phases. The biological variation of the apparent diffusivity of gasses in tissue

was related to the naturally random distribution of cells and pores in the cortex

tissue. O2 transport in different types of pear tissue was analysed using in sil-

ico 3-D microscale simulation. In 3-D microscale simulation of O2 transport, a

discrepancy between the measured and simulated O2 diffusion was found since

the simulated O2 diffusivity was larger than that of the measurement.

A multiscale model was used to study the effect of different external air con-
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ditions at the commercial storage temperature on gas exchange of pear fruit. In

this hierarchy, critical regions (the lowest and highest regions of O2 and CO2 dis-

tribution of intact fruit) were first predicted through the macroscale model. Sub-

sequently, the microscale model was applied to quantify intra-cellular metabolic

gas concentration of the critical regions of the tissue. An in silico study revealed

that the O2 concentration of optimal picked pears stored at a typical controlled

atmosphere condition (2.5 kPa O2, 0.7 kPa CO2 at -1℃) were higher than the

Michaelis Menten constant for cytochrome c oxidase Km,c, the rate limiting en-

zyme of the respiration pathways. In contrast to small pears, in large pears and

under extremely low O2 storage conditions the O2 concentration can decrease

well below Michaelis Menten constant for cytochrome c oxidase. This most prob-

ably leads to fermentation and physiological disorders which have been observed

under such conditions. Ripened fruit have more risk on physiological disorders

since increasing the respiration rate due to ripening resulted in anoxia in the

center region of the fruit even at the typical controlled atmosphere conditions.

A multiscale approach can provide a much better insight in the mechanism of

gas transport in pear fruit and tissue in general. A quantitative explanation of

gas exchange and its relation to the physiological disorder development in fruit

such as core breakdown was given.

9.2 Future work

Several issues related to the present work remain unresolved.

• 3-D microscale simulation of gas exchange requires considerable memory

resources and computer time. Moreover, gas exchange is still solved lin-

early by assuming a constant respiration which is only valid when the O2

concentration is sufficiently high. In reality, respiration is highly nonlinear

and dependent on the O2 and CO2 concentration. Further, a 3-D model

for microscale gas exchange of CO2 has not been implemented yet due to

its highly nonlinear nature. Moreover, the difference in diffusivity in the

gas and the liquid phase results in very high differences in the magnitude of

conductance elements and may lead to convergence problems for problems

with a high number of discretisation points. The 3-D microscale model

needs to be implemented on a parallel computer in order to solve the large

memory requirements and reduce computation time. The mesh density

could possibly be reduced by applying the ellipsoid tessellation method of

Mebatsion et al. (2008b) to the segmented synchrotron tomographic im-

ages. The resulting geometrical model could then likely be meshed with
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a coarser mesh, as the mesh does not need to have the same resolution of

the images any more. An alternative approach is quantification of the 3-D

tissue based on 3-D skeletonisation of the connected pore spaces. The me-

dial axis parameters could be used for construction of percolation network

gas exchange models.

• Quantification of the effect of CO2 for the intracellular metabolic processes

is important for understanding the initiation of storage disorder in fruit.

In the microscale model, the pH of the intracellular compartments was

assumed to be constant. In reality, the pH of the cytoplasm is controlled

by the pH buffering capacity of the cell (Smith and Raven, 1979; Boron,

2004) and proton pumps (Nishi and Forgac, 2002) which require ATP. The

effect of internal CO2 gas partial pressure on the pH of the intracellular

compartments should be addressed.

• Browning and core breakdown disorders are believed to be caused by lim-

ited availability of energy and antioxidants (Veltman et al., 1999a; Larri-

gaudiere et al., 2001; Franck et al., 2003, 2007), leading to the unability of

the cell to carry out essential membrane repair processes. Depending on

the parameters such as the maturity stage of the fruit and diffusion char-

acteristics, browning of tissue is then initiated. The modified Michaelis-

Menten kinetics which are now included in the multiscale gas exchange

model is incapable of predicting such detailed biochemical information.

This model needs to be updated by a new and more comprehensive model

which should describe the pathways of respiration and fermentation.

• Linking of the multiscale gas exchange model to other transport processes

such as water and ethanol transport may provide better insight in the

core breakdown development during long term storage of fruit since the

incidence and development of core breakdown is related to both processes.
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Appendix A

A.1 Sensitivity analysis and optimization of the

measurement set-up

The resulting diffusivities and respiration parameters were used to simulate O2

and CO2 partial pressure profiles in 16 measurement set-up conditions: tissue

thicknesses (L) of 1 mm to 2.5 mm were combined with measurement chamber

volumes (V ) of 7.5 mL to 15 mL. The gas diffusivities D∗ of O2 and CO2 were

re-estimated on the simulated profiles. A bias was defined as ∆Dbias = D∗−D,

with D (m2 s−1) the original diffusivity used for the simulation.

A sensitivity analysis was applied to study how sensitive a particular pre-

dicted model value was with regard to small changes in design parameters of

tissue thickness and measurement chamber volume. The measurement volume

and the tissue thickness can be determined with an accuracy of around 2%

and 5% for the skin thickness, respectively. Perturbing the 16 measurement

set-up conditions by 2% for the tissue thickness, 5% for the skin thickness and

2% for the measurement volume, simulating the partial pressure profiles and

re-estimating the diffusivity values resulted in deviations due to deviation of

L (∆DL) and due to deviation of V (∆DV ). Coefficients of variation of the

estimated diffusivity D due to perturbation of L and V were defined for both

O2 and CO2 as

∆DL

D
=
DL+∆L −DL−∆L

2D
and

∆DV

D
=
DV +∆V −DV−∆V

2D
(A.1)

Since the bias, uncertainties in thickness of sample L, volume of the measure-

ment chamber V can be considered as independent, a total coefficient of varia-

tion for the diffusion coefficient due to bias, perturbation of L and V was defined
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as Lammertyn et al. (2003a).

f =
∆Dtotal

D
=

√
∆Dbias

D

2

+
∆DL

D

2

+
∆DV

D

2

(A.2)

A response surface was fitted through the simulated points of the total coefficient

of variation. Optimal values for L and V were found corresponding to the

minimization of the objective function f subjected to the following constraints

0 ∈=
[ ∣∣∣∣∆Dbias

D

∣∣∣∣−
√

∆DL

D

2

+
∆DV

D

2

,

∣∣∣∣∆Dbias

D

∣∣∣∣+

√
∆DL

D

2

+
∆DV

D

2]
(A.3)

1mm ≤ L ≤ 2.5mm (A.4)

7.5mL ≤ V ≤ 15mL (A.5)

Constraint (A.3) implied that the coefficient of variation due to bias should be

equal or smaller than the coefficient of variation due to variation of the volume

of the measurement chamber and thickness of tissue while constraints (A.4) and

(A.5) were the constraints of the thickness of sample and volume of measurement

chamber.

A.2 Relative bias of gas diffusivity

O2 and CO2 diffusivities were re-estimated on the simulated gas profiles from

16 measurement setup conditions. Since the gas diffusivities D∗ re-estimated on

the simulated profiles were not exactly the gas diffusivity used to simulate the

profiles, a bias was found (Fig. A.1). The results showed that the estimation

procedure was acceptable since the relative bias of oxygen and carbon dioxide

diffusivities of cortex tissue which can be considered as errors of the estimation

procedure were less than 0.07% and 0.2%, respectively. Similarly, a value of

0.05% was found for errors of estimation of oxygen and carbon dioxide diffusivity

in skin.

The relative bias of O2 and CO2 diffusivities was much less compared to the

coefficient of variation due to deviation of the volume of measurement chamber

V and thickness of the sample L (data of coefficient of variation due to deviation

of volume of measurement chamber V and thickness of the sample L was not

shown). Therefore, the constraint (A.3) was always met in the domain of volume

V of 7.5 mL to 15mL combined with thickness L of 1 mm to 2.5 mm.
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Figure A.1: Relative bias of O2 and CO2 diffusivities in cortex tissue and skin; a)

and b) CO2 diffusion in tissue; c) O2 and d) CO2 diffusion in skin.

A.3 Total coefficient of variation

Simulating the partial pressure profiles of cortex tissue diffusion in the measure-

ment chamber taking into account perturbation of measurement set up condi-

tions such as the volume of the measurement chamber V and thickness of sample

L by 2% and re-estimating of diffusivities resulted in deviation of estimated dif-

fusivities due to deviation of parameters V and L. The response surfaces of the

total coefficient of variation of O2 diffusion in the tissue due to the bias, the

deviation of measurement chamber V and thickness of sample L were rather flat

(Fig. A.2). Minimal values of the total coefficient of variation were 0.0198 for

O2 diffusivity (L = 2.5 mm; V= 10.58 mL) and 0.0225 for CO2 diffusivity (L =

1.4 mm; V= 10.54 mL) in the cortex tissue. Results showed that total coefficient

of variation of O2 and CO2 diffusivity of the pear cortex tissue was 0.02-0.023

and 0.0215-0.024, respectively when cortex tissue thickness of the sample was

in the range of 1 mm to 2 mm and volume of measurement chamber was in the

range of 7.5 mL to 15 mL. The optimal volume of the measurement chamber

was 10.5 mL while the thickness of sample was 2.5 mm for O2 diffusivity and

1.4 mm for CO2 diffusivity. Since the magnitudes between the maximal and

minimal values of total coefficient of variations were small (0.003 and 0.0025 for

O2 and CO2, respectively), value of L in the range of 1.4 mm to 2.5mm can be

accepted for the optimal set-up.
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Figure A.2: Total coefficient variations of O2 and CO2 diffusivity due to the bias

and variation of V and L; a) O2 and b) CO2 diffusion in tissue; c) O2 and d) CO2

diffusion in skin.

The response surface of total coefficient of variation for O2 diffusivity in the

cortex tissue was more or less parallel to the V axis. This meant that at a

certain sample thickness, oxygen diffusion variation due to volume uncertainty

was more or less constant irrespective of the volume of the measurement chamber

used. Increasing the sample thickness can lead to a reduction of the error.

However, increasing the sample thickness leads to other measurement difficulties

due to slow diffusion and small measurement signals. Difference in shape of the

response surface for O2 and CO2 could be due to differences in gas diffusivities

in the pear cortex tissue since the CO2 diffusivity in pear cortex tissue was 10

times higher than O2 diffusivity.

Similarly, results showed that total coefficient of variations of O2 and CO2

diffusivity of the pear skin were 0.047-0.051 and 0.041-0.049, respectively for

skin thickness of the sample in the range of 0.5 mm to 0.8 mm and volume of

measurement chamber in the range of 7.5 mL to 15 mL. The similarity in shape

of the response surface of O2 and CO2 diffusivity could be due to the same

magnitude of gas diffusivities in the pear skin.



Appendix B

B.1 Numerical scheme for the permeation-diffusion-

reaction model

1. To ensure that the O2 concentration cannot become negative due to O2

consumption (RO2 ≤ 0 ), the respiration term in the permeation-diffusion-

reaction model was modified for the O2 and CO2 in the solution:

If CO2,g < 0 then RO2 = 0 and RCO2 = Vm,f,CO2

If CO2,g ≥ 0 then RO2 and RCO2 are described by Eq. 5.1 and 5.2.

Analytically, there is no O2 consumption when O2 reaches zero. Therefore,

the O2 concentration should never become negative. It is clear that when the

O2 concentration is positive, the reaction terms are the same as the original

model. The solution, therefore, will be physically consistent.

2. Transformation of the governing equation An exponential transformation of

the main variable was used to impose positive values for the O2 concentration:

CO2,g = exp (UO2) (B.1)

Hence, Eq. 5.6 for the O2 was transformed into(
exp (UO2)αO2

)
∂UO2

∂t
+∇·

(
u exp (UO2)

)
= ∇·

(
DO2 exp (UO2)

)
∇UO2+RO2

(B.2)

At the boundary

UO2,b = ln (CO2,∞) (B.3)

The permeation model (Eq. 5.8) was transformed into

u = −kRT
µ

(
exp (UO2)∇UO2 +∇CCO2,g +∇CN2,g

)
(B.4)

Similarly, exponential transformation of the O2 concentration was applied in

the respiration Eq. 5.1 and 5.2.
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Appendix C

C.1 Sample preparation for microscopic image

Parenchyma tissue of Conference pear was used to make microscopic images.

Pear samples were randomly picked on the 12th of September at the Fruit-

teeltcentrum of the KU Leuven in Rillaar (Belgium) and cooled for a period

of 21 days at -1℃ preceding CA storage (-1℃, 2% O2 and 0.7% CO2) accord-

ing to the commercial protocols. Thin pear samples (about 2 mm thickness),

were taken from 0.5 to 1 cm below the skin. To preserve the sections in their

original state they were placed in a fixation solution for 3 days. To enable

the production of very thin sections, samples were impregnated in a resin by

dehydration in a graded ethanol series followed by impregnation with a solu-

tion containing 2-hydroxyethyl methylacrylate and benzoyl peroxide (Technovit

kulzer 7100, Heraeus Kulzer, Wehrheim, Germany) for 3 days. Subsequently,

microscopy samples of 4 µm thickness were cut using an ultra-microtome (Bio-

cut Model 1130 microtome, Reichert-Jung, Germany). Samples were inspected

with a light microscope with planachromatic objectives and phase contrast op-

tics (Trino Topic T, Ceti, Antwerp, Belgium) and captured with a JVC TK-1360

color CCD camera (Schotsmans, 2003).

C.2 CO2 species in the liquid phase

In liquid form, CO2 hydrates to yield H2CO3

CO2 + H2O k1←−−→
k2

H2CO3

where k1 and k2 are the forward and backward rate constanst. H2CO3 dissoci-

ates immediately to yield H+ and HCO−3

H2CO3
K←−−→ H+ + HCO−3
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with K (mol L−1) is the acid dissociation constant for H2CO3. At low pH,

most CO2 occurs mainly as CO2 while HCO−3 is predominant at neutral pH.

The dissociation of HCO−3 to H+ and CO2−
3 is not significant at pH values below

8.

C.3 CO2 transport model in cell including the

vacuole

C.3.1 Model of CO2 transport with cell including the vac-

uole (CIV model)

The vacuolar pH is smaller than the cytoplasmatic pH and vacuole volume

can be up to 90% of the total volume of a mature plant cell (Nobel, 1991). We

therefore also implemented a model which included both cytoplasm and vacuole.

As the vacuole volume is very variable, we here created vacuoles by shrinking

the cell geometry until the ratio of the resulting vacuole area to original cell area

was around 0.6. Simulations showed that the gas concentrations did not change

much when another ratio was used (not shown). The pH of pear juice was 5.

The cytoplasmic pH was assumed to be 7, the vacuolar pH was calculated from

a proton balance and found equal to 4.82. The model equations for O2 and CO2

in the cytoplasm and vacuole were the same as before. An additional equation

for transport through the tonoplast was included.

JHCO−3
= −hHCO−3 ,mem∆CHCO−3

(C.1)

with ∆CHCO−3
(mol m−3) the concentration difference of HCO−3 over the tono-

plast.

C.3.2 In silico simulation of CO2 transport with cell in-

cluding the vacuole (CIV model)

For the CO2 transport model with cells including the vacuole, the model was

also solved in steady state conditions at 20℃ in which 8 kPa and 3 kPa of

CO2 were applied at two opposite boundaries while the others were insulated.

These boundary conditions were identical to those applied to the microscale

model without vacuoles. Simulations showed, due to the low pH of the vacuole,

the ratio of CHCO−3
to CCO2 in the vacuole varied from 0.035 to 0.06 while in

cytoplasm this ratio varied from 0.053 to 0.18. The results are shown in Table
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Table C.1: Comparison between CO2 transport model with cell including vacuole

(CIV) and lumped pH CO2 transport model (LP). Concentration values were calcu-

lated as mean values

Model including vacuole Lumped model

Cytoplasm Vacuole Intra cell Intra cell

CCO2,l(mol m−3) 2.096 2.109 2.105 2.099

C
HCO−3

(mol m−3) 0.23 0.089 0.137 0.089

CCO2,total(mol m−3) 2.33 2.2 2.24 2.189

pH 7 4.82 4.9987 5

DCO2,tissue (m2 s−1) 2.58×10−9 2.6×10−9

C.1. Note that, although at equilibrium CHCO−3
is much higher than CCO2 at

neutral pH, here the time constants for diffusion of both CO2 and HCO−3 are

of the same order of magnitude as those for the conversion of both components

into each other. As a consequence, CHCO−3
was not much higher than but a

lower value of than of was found in the cytoplasm (Fig. C.1). The results also

show a larger value of CHCO−3
(0.137 mol m−3) for the model with vacuole

than that for the model without vacuole (CHCO−3
= 0.089 mol m−3). However,

the predicted CO2 concentration and apparent diffusivity was similar in both

the model with (CCO2=2.105 mol m−3, DCO2,tissue= 2.58×10−9 m2 s−1) and

without vacuole (CCO2=2.099 mol m−3; DCO2,tissue=2.6×10−9 m2 s−1). This

indicates that it is not necessary to include the vacuole in the model. Note that

different values of hHCO−3 ,mem of the membrane have been reported by Norris

and Powell (1992) and Sieger et al. (1994). The above results were obtained

with hHCO−3 ,mem=5.6×10−6 m s−1 taken from Sieger et al. (1994). Simulations

using hHCO−3 ,mem= 4.3×10−8 m s−1 according to Norris and Powell (1992)

resulted in a higher and lower concentration of HCO−3 in the cytoplasm and

vacuoles, respectively (data not shown). However, in both cases the apparent

CO2 diffusivity of the tissue was almost the same.
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Figure C.1: Concentration of dissolved CO2 (CCO2) and HCO−3 (C
HCO−3

) of the

model with (a) and without vacuole (b). A steady state simulation was performed. At

the top boundary of the sample the O2 and CO2 partial pressures were applied 5 kPa

and 8 kPa, respectively; at the bottom boundary they were set to 30 kPa and 3 kPa,

respectively. The other sides were assumed to be impermeable.
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(2003). Ascorbic acid content during fruit development and postharvest stor-

age of conference pears. Journal of Agriculture and Food Chemistry, 51:4757–

4763.

Franck, C., Lammertyn, J., Ho, Q. T., Verboven, P., Verlinden, B., and Nicoläı,
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Jancsók, P., Clijmans, L., Nicoläı, B. M., and De Baerdemaeker, J. (2001).

Investigation of the effect of shape on the acoustic response of Conference

pears by finite element modelling. Postharvest Biology and Technology, 23:1–

12.

Jolly, W. L. (1985). Modern inorganic chemistry. McGraw-Hill, New York.

Kadam, S. S., Dhumal, A., and Shinde, N. N. (1995). Pear. In Salunkhe, D. K.

and Kadam, S. S., editors, Handbook of Fruit Science and Technology, pages

183–202. Marcel Dekker Inc., New York, USA.

Kader, A. A. (1988). Respiration and gas exchange of vegetables. In Weichmann,

J., editor, Postharvest physiology of vegetables, pages 25–43. Marcel Dekker

Inc., New York, USA.

Kader, A. A. (1989). Mode of action of oxygen and carbon dioxide on posthar-

vest physiology of ‘Bartlett’ pears. Acta Horticulturae, 258:161–167.

Kato, M., Kamo, T., Wang, R., Nishikawa, F., Hyodo, H., Ikoma, Y., Sugiura,

M., and Yano, M. (2002). Wound-induced ethylene synthesis in stem tissue

of harvested broccoli and its effect on senescence and ethylene synthesis in

broccoli florets. Postharvest Biology and Technology, 24:69–78.

Kays, S. J. (1991). Postharvest physiology of perishable plant products. New

York, Van Nostrand Reinhold.

Ke, D., Yahia, E., Mateos, M., and Kader, A. A. (1994). Ethanolic fermentation

of ‘Bartlett’ pears as influenced by ripening stage and atmospheric composi-

tion. Journal of American Society of Horticultural Science, 119:976–982.

Kirk, G. J. D. (2003). Rice root properties for internal aeration and efficient

nutrient acquisition in submerged soil. New Phytologist, 159:185–194.

Klotz, K. L., Finger, F. L., and Anderson, M. D. (2008). Respiration in posthar-

vest sugarbeet roots is not limited by respiratory capacity or adenylates. Jour-

nal of plant physiology, 165:1500–1510.

Knee, M. (1991). Rapid measurement of diffusion of gas through the skin of

apple fruits. Horticultural Science, 26:885–887.



172 BIBLIOGRAPHY

Kubo, Y., Inaba, A., and Nakamura, R. (1990). Respiration and ethylen pro-

duction in various harvested crops held in CO2-enriches atmospheres. Journal

of the American Society of Horticultural Science, 115:975–978.

Kurkdjian, A., Leguay, J., and Guern, J. (1978). Measurement of intracellular

pH and aspects of its control in higher plant cells cultivated in liquid medium.

Respiration Physiology, 33:75–89.

Kuroki, S., Oshita, S., Sotome, I., Kawagoe, Y., and Seo, Y. (2004). Visualiza-

tion of 3-D network of gas-filled intercellular spaces in cucumber fruit after

harvest. Postharvest Biology and Technology, 33(3):255–262.

Lambinon, J., de Langhe J., L., D., and J., D. (1998). Flora van België, het
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(2000). Logistic regression analysis of factors influencing core breakdown in

‘Conference’ pears. Postharvest Biology and Technology, 20:25–37.

Lammertyn, J., Franck, C., Verlinden, B. E., and Nicoläı, B. M. (2001a). Com-
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(2003b). A respiration-diffusion model for ‘Conference’ pears II: Simulation

and relation to core breakdown. Postharvest Biology and Technology, 30:43–

55.

Lammertyn, J., Scheerlinck, N., Verlinden, B. E., Schotsmans, W., and Nicoläı,
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(2007). Simultaneous measurement of oxygen and carbon dioxide diffu-

sivities in pear fruit tissue using optical sensors. Journal of the Science of

Food and Agriculture, 87, 1858−1867.

Ho, Q. T., Verboven, P., Verlinden, B. E.,Lammertyn, J., Vandewalle, S.,
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Nicoläı, B. M., Hertog, M. L. A. T. M., Ho, Q.T., Lammertyn, J., Verboven,

P. and Verlinden B.E. (2007). Gas Exchange Properties of Foods. In:

Encyclopedia of Agricultural, Food, and Biological Engineering. Taylor &

Francis, London, UK. DOI: 10.1081/E-EAFE-120042366.

Conference proceedings

Ho, Q. T., Verlinden, B. E., Verboven, P., Vandewalle, S. and Nicoläı, B. M.
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