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Abstract

A three-compartment non-equilibrium gas transport model of ‘Conference’ pear fruit under
controlled atmosphere (CA) storage was developed. The model fruit tissue consists of cells, in
which the concentrations of respiratory gasses can show gradients, and intercellular space, in
which gasses are uniformly distributed. Non-equilibrium of gas concentrations in the cell
compartment and intercellular space is assumed. A respiration model based on Michaelis-Menten
respiration kinetics without inhibition of respiration by CO> and incorporating down-regulation of
the maximal O, consumption rate in response to O, was developed. Conversion of CO> dissolved
in the cell compartment to hydrogen carbonate at a constant pH of 5.0 was included. The model
was validated based on experimental data of ‘Conference’ pear fruit during a complete depletion
experiment starting from 3.58 mol m® O, and 0.00 mol m3 CO.. Model predictions match

experimental observations well. Gas concentrations in the cell compartment were found to be in
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equilibrium with the gas concentrations in the intercellular space. The model was used to calculate
apparent respiration rates and RQ as if measured in the storage headspace. Apparent values were
compared to actual values in the fruit cells and it was found that apparent respiration rates and RQ,
calculated based on headspace measurements, underestimated the actual respiration rate and
respiratory quotient in the fruit cells. Relative differences of 4 %, 41 % and 41 % were found for
the apparent O. consumption rate, CO. production rate and RQ, respectively. This affects the

design of commercial RQ based DCA systems.

Keywords

Dynamic controlled atmosphere, Respiration rate, Mathematical model, non-equilibrium, Pyrus

communis L.

1 Introduction

After harvest, pear fruit (Pyrus communis L.) are often stored at low temperature and under
controlled atmosphere (CA) gas conditions to slow down the metabolic and ripening-related processes
that lead to quality loss of the fruit (Peppelenbos, 2003; Verboven et al., 2006). Today, pear fruit
are almost exclusively stored under static CA conditions in which fruit are stored at a fixed O

concentration throughout the whole storage period (Hoehn et al., 2009).

Optimal Oz concentrations in CA storage for a given cultivar are determined by means of trial and
error (Saltveit, 2003). However, the optimal O. concentration for a specific batch of fruit depends
on the growing conditions and maturity stage of the fruit and may therefore vary for fruit of the
same cultivar in a spatially and timely manner (Dilley, 2010; Gasser et al., 2010). As a result,
conventional CA storage often leads to more quality loss than expected as the O concentration in
storage might be higher or lower than the anaerobic compensation point (ACP) - the O

concentration at which the CO> production of the fruit is minimal (Boersig et al., 1988).

2
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As a solution, dynamic controlled atmosphere (DCA) storage was developed. With DCA, the O
concentration in-storage is dynamically adapted towards the lower O limit of the fruit, based on
measurements of a biological response of the stored fruit to low O stress (Wolfe et al., 1993). In
this way, fruit respiration and ethylene production is minimized, leading to maximal quality
retention while avoiding off-flavors and storage disorders associated with fermentation. One type
of DCA developed is the dynamic control system (DCS) which uses ethanol measurements of the
headspace in a small box of sample fruit that is positioned inside the storage environment as a
response to low O stress (Prange et al., 2002; Schouten et al., 1997; Veltman et al., 2003).
However, due its high solubility in water, ethanol accumulates in the fruit and the majority of
ethanol formed remains in the fruit (Gupta et al., 2000; Knee and Hatfield, 1976), making detection
difficult. Furthermore, ethanol produced can be re-metabolized to acetaldehyde and ethyl esters by
other fruit, leading to an underestimation of the low O stress experienced by the fruit (Pesis et al.,
2002). Another DCA system, based on chlorophyll fluorescence has been developed (DCA-CF)
(DeLong et al., 2004). With DCA-CF, the chlorophyll fluorescence of the fruit skin of a sample of
6 fruit placed in a small container is used to detect low O>. This implies the need of placing many
sample containers in a storage room to have enough samples to represent the O stress level of the
entire room. Additionally, peaks in chlorophyll fluorescence can be caused by other types of stress

than low O stress, such as chilling stress and CO- stress (Ogren, 1990; Wright et al., 2010).

RQ-DCA uses measurements of the RQ of the stored fruit as bio response to detect low O stress.
RQ is defined as the ratio of the CO> production rate to the O> consumption rate of the fruit
(Fonseca et al., 2002). Under aerobic conditions, RQ has a value close to 1.0, but increases
exponentially at low O concentrations when the fruit metabolism shift from aerobic respiration to

fermentation (Ho et al., 2013; Yearsley et al., 1996). The principle of using RQ as a biological
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response to detect low O; stress has been known for many years (Wollin et al., 1985; Wolfe et al.,
1993), but had not been used commercially as gas leakage of the storage environment corrupts the
measurements. This problem was solved by the development of a model-based leak correction
measurement, allowing real-time correction of measured RQ-values for leakage of the storage
environment (Bessemans et al., 2018) and, alternatively, by the enclosure of fruit in RQ
measurement chambers within or connected to the CA room (Schaefer and Bishop, 2014;

Brackmann, 2015) .

Today, an increasing amount of publications report on the performance of RQ-DCA storage on
maintaining fruit quality and aroma biosynthesis (Bessemans et al., 2016; Both et al., 2017;
Oliveira et al., 2018). In all work reported, it is assumed that the fruit-environment system is in
steady-state and that respiration rates of O, and CO, measured in the headspace of the storage
facility represent the respiration rates inside the fruit cells (Burg and Burg, 1965; Gran and
Beaudry, 1993; Yearsley et al., 1996). Hereby, it is assumed that all CO> produced by the cells
immediately diffuses out of the fruit and that O, consumed by respiration in the cells diffuses
instantaneously from the storage headspace through the fruit cortex tissue and into the cells. In
practice, respiration rates are calculated from measured changes in gas concentrations over time,
implying that steady-state conditions can never be met. Previous modelling efforts by Ho et al.
(2010) have shown that the fruit skin is the main resistance to gas exchange between fruit and
storage environment, creating a large concentration difference between the gas concentrations in-
and outside the fruit. Inside the fruit, the cortical parenchyma tissue consists of a matrix of two
phases, namely the fruit cells and intercellular space, which facilitate gas exchange between fruit
cells and environment (Herremans et al., 2015a, 2015b). Until recently, it was thought that due to

the bulkiness of the fruit and, thus, the resistance of the fruit cortex tissue to transport of O, and
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CO:2 gas, internal gradients in the concentrations of these gasses were present in the fruit (Ho et
al., 2013, 2010). Recently, Ho et al. (2018) demonstrated that in 'Conference' pear fruit, internal
gradients in gas concentrations became more shallow, when respiration decreased due to low
temperature or decreasing O concentrations. However, they assumed the gas concentrations in the
intercellular space and in the cell compartment phase inside the fruit tissue was in equilibrium,
which mathematically forces the gas in or out the fruit cells depending on Henry's law (Rosenberg

and Peticolas, 2004).

Under aerobic conditions cellular RQ is equal to 1.0 when hexoses are used as substrates in the
respiration process. Deviations varying from 0.7 to 1.3; when lipids are used as a substrate, RQ
values will be lower than 1.0, and when organic acids are used as substrate, they will be greater
than 1.0 (Kader, 1997; Cameron et al., 1994; Renault et al., 1994; Saltveit 2019). In RQ-DCA
storage, RQ measurements were observed that deviate more from 1.0 than could biochemically
explained. An explanation for observed RQ-values greater than 1.3 was found in the leak of O
gas into the storage room during RQ-measurement (Bessemans et al., 2018). However, in RQ-

DCA storage, RQ values lower than 0.7 were observed, which remain inexplicable until now.

The hypothesis of this work is that the apparent respiration rates and RQ, determined based on
measured changes in gas concentrations in the headspace of the storage environment,
underestimate the actual respiration rates and RQ in the fruit cells in static storage environments
due to the difference in solubility and transport properties of Oz and CO; in the fruit tissue. The

following objectives were targeted to evaluate the hypothesis:

1. Development of a lumped three-compartment non-equilibrium gas transport model

describing the Oz and CO: gas exchange between pear fruit and their storage environment.
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2.1

By lumped it is meant that no internal gas gradients occur inside the fruit, so that at every
point inside the fruit volume the local concentration equals the average concentration inside
the fruit;

Estimate necessary model parameters and validate the developed model based on
experimental data;

Use the validated model to evaluate the assumption of equilibrium between the gas and
cell compartment phase in the fruit;

Use the validated model to compare actual O, consumption, CO> production rates and RQ
in the fruit cells to the apparent estimated respiration rates and RQ observed in the storage

headspace.

Materials and methods

Three-compartment gas exchange model

We developed a gas exchange model of fruit that can simulate the gas exchange dynamics of fruit

with a confined environment. The model incorporates three compartments: the confined

environment headspace (e.g. storage room or respiration jar), the intercellular space and the

cellular compartment.

Consider a stack of fruit in a confined environment. The headspace compartment is defined as the

free space between the fruit in the confined storage space and contains the storage atmosphere.

The intercellular pores compartment is defined as the space inside the fruit in between the fruit

cells. Finally, the cellular compartment is defined as the space occupied by the cells inside the

fruit. When completely airtight, the rate of change of respiratory gasses in the storage atmosphere

depends on the resistance of the fruit skin to gas transport as this is the rate limiting factor of gas



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

exchange between fruit and environment. Assuming that the atmosphere in the storage volume is
perfectly mixed and gas exchange between fruit and environment occurs via the intercellular space

of the fruit, the mass rate of change of respiratory gasses in the storage headspace is given by:

dCO a
V, 2= —_h zysﬁg Co,.a —Co,,
dt (0] ( (0] (0] g) (1)

C
COa
- _hcoz‘s A% (Ccoz,a - CCOz,g )

°odt
where V, represents the volume of the storage atmosphere [m®], C,the concentration of

component i (Oz or COy) in the storage atmosphere [mol m™], hLs the permeability of the fruit skin

for component i [m s™], A the total surface area of skin of the fruit [m?] and C; 4 the concentration

of gas component i in the intercellular space of the fruit [mol m]. The skin permeability can be

calculated as:

his = =5 (2)

with &, the average thickness of the fruit skin [m] and D, _ the diffusivity of gas component i in the
fruit skin [m? Y.

Due to the extensive network of intercellular space, the gas inside the fruit cortex may be assumed
to be uniformly distributed around the fruit cells, without occurrence of gradients in the gas
concentrations in the intercellular spaces (Herremans et al., 2015b; Ho et al, 2018). The volume
integrated rate of concentration change of respiratory gases in the intercellular space, is, therefore,
equal to the sum of the gas exchange between the intercellular space and the storage environment

and the gas exchange between the intercellular space and the fruit cells:
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dc
€Vf —dO.E’g = _hoz,SAg (Cozyg - Coz,a ) - h02'ce|| A:ortexvf (Coz‘g RTH02 s Coz‘ce” )
(3)

dce,
&V dtz,g - _hCoz,sA% (Ccoz,g _CCOZ,a)_hCOZ,ceII'%ortefo (Ccoz,gRTHco2 _CCOZ,ceII)

with & the porosity of the fruit cortex tissue [-], h, ., the permeability of the cells for component
i [ms™], A the specific area of the fruit cortex tissue [m* m™], v, the fruit volume [m?], R the

universal gas constant [J mol™* K*], T the temperature [K], H, the Henry constant of component

i in the cell compartment at 0 °C [mol m Pa] and C; ; the concentration of component i in the

fruit cells [mol m=]. Note that although no equilibrium is assumed between the gas concentrations
in the cells and the intercellular space, local equilibrium is assumed at their interface using Henry’s

law.

During transition of gas molecules from the intercellular space to the fruit cells and vice versa, the
cell wall, cell membrane and cell compartment provide the main resistances to gas transport.
Assuming spherical cells, the permeability of the cells for component i can be calculated from

these resistances in series and is given by:

1

Scw " Scm +0-75Rcell

hi,C = (4)

Di,cw Di,cm Di,cell

with &, the thickness of the cell wall [m], b, _,, the diffusivity of gas component i in the cell wall
[m? s, &, thickness of the cell membrane [m], D, .. the diffusivity of gas component i in the

cell membrane [m? s], R, the average spherical equivalent radius of the pear cells [m], D

i,cell !
the diffusivity of gas component i in the cell compartment [m? s™X]. As the cells are assumed to be

spherical, if internal gas concentration gradients occur, at the radial position from the cell centre
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equal to 0.25 times the cell radius, the gas concentrations is equal to the average concentration in
the fruit cell (Smith and Bennet, 1965). Therefore 0.75 of the cell radius was used to calculate the
resistance of the cell compartment to gas transport. An schematic representation of the fruit skin-

and cell resistance to gas transport is depicted in Figure 1.

Gasses in the cell compartment are associated with fruit respiration. In the respiration process, O2
is consumed while CO> is produced. Furthermore, CO> dissolved in the cell compartment may be
converted into H2COs and further to HCOs", depending on the pH of the cell compartment.
Therefore, the volume integrated rates of change of the concentrations of the respiratory gasses in

the cell compartment are given by:

dc

(1— E)Vf (;21:'08” = hoz‘cell A:ortexvf (Coz‘g RTHOZ - COZ,Cell ) + rOZ (1_ 8)Vf

(5)

dCeo. e
(1_ g)Vf Cg? == hcozvce., AorexV (CCOM RTHco, —Ceo, cen )"‘ Ieo, (1_ S)Vf +Sco, (1_ g)Vf

where r, represents the rate of Oz consumption by respiration [mol m=s™], Ieo, the rate of CO,
production by respiration [mol m= s?] and Seo, & Volumetric source term accounting for the

(re)conversion of dissolved CO, to HCO3 [mol m= s2]. This volumetric source term links the CO;
equation of the cell compartment to the equation describing the mass rate of change of the

concentration of HCOs", given by:

oc_ .
(l—g)Vf 2;03 :_Scoz (1_5)Vf (6)

with ¢ the concentration of HCOs' in the cell compartment [mol m?3].

2.2 Respiration model
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In previous work (Ho et al. 2018, Lammertyn et al., 2001 and Lammertyn et al., 2003), Michaelis-
Menten respiration models of intact fruit or fruit tissue disks were developed to simulate fruit
respiration behavior. The model parameters estimated in these modeling approaches are not
suitable to model respiration, as the Michaelis-Menten constants also contain information about
the macroscopic diffusion of gas through the fruit tissue (Lammertyn et al., 2001). Therefore, in
this work a cellular respiration model was used A Michaelis-Menten model with non-competitive
inhibition of respiration by CO. (Hertog et al., 1998; Ho et al., 2010; Lammertyn, 2001) was used

to describe the consumption of O by respiration as given by:

V,

m,0,

COZ Jcell (7)

(Km,o2 + Coz,cell )

o, =

with V,o, the maximal rate of O consumption by respiration [mol m= s?], Koo, the Michaelis-

Menten constant of respiration [mol m=].

The equation for CO, production by respiration consists of an oxidative and a fermentative part

(Peppelenbos, 1996):

V
Ieo, = RQ, Io, e (8)
1 0,,cell
m,f,0,
with RQ,, the respiratory quotient of fruit cells under aerobic conditions [-], v, , .., the maximal
fermentative rate of CO2 production [mol m2s?], and k the Michaelis-Menten constant of

m, f,0,

fermentation [mol m=3s1].

10
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A value for Ko, of pear protoplasts was obtained from Lammertyn et al. (2001). Our model,

assumed a RQ,, value of 1.0, representing fully oxidative respiration of hexoses (Andrich, 2006).

Other model parameters for respiration were not found in literature and were estimated by fitting

the model to experimental data obtained from experiments described in Section 2.4.

The response of fruit respiration to external O» concentrations was taken into account following
the approach proposed by Ho et al. (2018) who assumed changing O2 concentrations to cause a
signal transduction cascade, resulting in a change in the enzymes involved in respiration and so in

V,,o, - Under thesis circumstances, the rate of change of v, , is given by:

av,, )
dto =k (Vr _vaoz)
(Vr,z _Vrvl)ci cell (9)
Vr :Vr,l K + C2 -
H

O cell

with k, the rate of response of V0,0 changing O concentrations [s?], K, the sensitivity of Voo,

to the Oz concentration [mol* m®], v, the maximal rate of O, consumption under aerobic
conditions [mol m?s™], v, , the basal maximal O consumption rate [mol m™ s™'], V, the maximal

O consumption rate at a steady state O, concentration [mol m=s™] and (Vr'2 —Vr]l) the amplitude

of regulation of v, by the Oz concentration [mol m™ s].

2.3 CO: conversion model

CO; dissolved in the cell compartment can react with water, resulting in formation of H2COs3,
which is a weak acid ( pK, = 6.35) and which, depending on the pH of cell compartment, can
dissociate in HCO3 and H* according to:

11
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CO, + H,0z=—=—=H,CO, =——=—=HCO; + H"
2 2 K 2 3 3

with k, the CO, hydration constant (s), k, the dehydration constant of HCO3 (s*) and K the acid

dissociation constant of H2COs (mol m™). From this equilibrium reaction, a volumetric source term
Sco, can be derived describing the formation/reaction of CO- dissolved in the cell compartment:

_ k CHCO'3 CH+

Sco2 - T - I(1‘3002 (10)

where ¢ . represents the concentration of HCOs™ in the cell compartment (mol m?), c,.the

concentration of H* in the cell compartment (mol m3). Inside the fruit cortex tissue cells, the pH
of the cytosol is buffered at a constant value of 7.0, which is the normal pH of plant cells (Kurkdjian
et al., 1978; Roberts et al., 1982). Contrary, in the vacuole, due the high abundance of organic
acids, the pH is much lower (Smith and Raven, 1979). The vacuole makes up to 90 % of the cellular
volume (Nobel, 1991). The overall pH of the cell compartment of the pear cells in our model was
assumed to be equal to 5.0, which is the pH of pear juice (Lide 1999). The solubility of CO: in the
cellular liquid depends mainly on the pH as dissolved CO2 may react with water to form H2COs,
which can dissociate to form HCOz". Sensitivity analysis on the effect of pH on the ratio of HCOz
and CO- concentrations in the liquid phase in the cells by Ho et al. (2009) indicated that at pH 7
(cytosolic pH) or pH 4.82 (vacuolar pH) almost all CO: in the cellular liquid is present in the form

of CO2, the ratio of cyco; 10 c¢o, in the vacuole varied from 0.0367 to 0.0544 while in cytoplasm

this ratio varied from 0.0516 to 0.163. Therefore changes in pH this region will affect model
outcome on CO; concentrations very little. Moreover, due to the high diffusivity of H* (9.3 x 10

m? s1), pH in the vacoule may be assumed to be constant and uniform (Ho et al., 2009). As a

12
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concequence, it is very unlikely that the pH and solubility of CO2 in the cellular liquid changes

significantly, especially during the short period of 11 d this experiment.
2.4  Determination of respiration model parameters

Experiments were conducted to obtain experimental data to fit the model and obtainestimates of
the respiration model parameters. ‘Conference’ pear fruit were placed in 5 glass jars (2 fruit per
jar) with a volume of 1.7 L, acting as static respirometers. On average, the fruit-headspace volume
ratio of the jars was 0.45 £ 0.036. The fruit volume was determined using Archimedes’ principle,
while the volume of the jars was determined using their empty weight and their weight when filled
with water at known temperature. The intercellular pore spaces are included in the fruit volume as
they are part of the fruit. Headspace volume was finally calculated by subtracting the volume of
the fruits from the empty jar volume for each individual jar. Jars were closed airtight, placed in a
dark cold room at 0 °C and flushed with a gas mixture of 3.58 mol m (8.0 kPa) Oz and 0.0 mol
m= (0.0 kPa) CO; for a period of 24 h, using an in-house built gas mixing pannel. Subsequently,
gas fractions in the jars were measured once a day for a period of 11 d using a portable gas analyzer
(Checkmate I1, PBI, Dansensor, Denmark). The gas analyzer had an accuracy of £ 0.1 % and = 0.5
% of the Oz reading and CO; reading, respectively. The analyzer was calibrated against calibrated
mixtures (Air Products N.V., Belgium). Along with daily gas fraction measurements, jar pressure
was measured using a portable pressure sensor (DPI 142, GE Druck, Germany) with an accuracy
of £ 0.01 % of the reading. Measured changes in gas fraction and pressure were used to calculate
molar gas concentrations and respiration rates expressed in mol per m? fresh volume of sample
and per s using the ideal gas law. The obtained gas concentrations over time were used to fit the
gas exchange model (equations (1), (3), (5) and (6)) and thus obtain estimates for the respiration
model parameters of equations (7), (8) and (9), except Kk, and RQ,, that were obtained from

13
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literature. Optimization of the model parameters was conducted in OptiPa (Hertog et al., 2007), a
dedicated optimization tool which was developed using Matlab (The MathWorks, Inc., Natick,
MA, USA). Differential equations were solved using the Matlab odel5s solver for stiff equations
and the model parameters were estimated using non-linear least squares optimization making use

of the Levenberg—Marquardt method.
2.5 Evaluation of non-equilibrium assumption

To evaluate the assumption of non-equilibrium between gas concentrations in the cell
compartment and those in the intercellular pore space, concentrations of Oz and CO- in the cell
compartment, simulated using the non-equilibrium model, were compared to the concentrations of
02 and COz in the cell compartment calculated under the assumption of equilibrium. At a constant
temperature of 0 °C as during the experiment, Henry’s law can be used to calculate equilibrium
gas concentrations in the cell compartment from the gas concentrations in the gas in the
intercellular space. Henry’s law states that the amount of a gas dissolved in a liquid with a fixed
volume, is directly proportional with the concentration of that gas in equilibrium with the liquid
(Rosenberg and Peticolas, 2004). Therefore, concentrations of Oz and COz in the cell compartment

under the equilibrium assumption were carculated as:

eqh
Cor ., =Co, RTH,,

O2‘ceII

el _
Cco,., = Cco,, RTHco,

(11)

with ¢3! and cgf the concentration of Oz and CO, respectively, in the cells under the

assumption of equilibrium with the intercellular space [mol m=].

2.6  Calculation of cellular and headspace respiration rates and RQ

14
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To compare simulated actual respiration rates and RQ in the cell compartment to the simulated
and measured apparent respiration rates and RQ in the headspace of the jars, the validated model
was used to simulate the depletion experiment for a respiration jar with the avarage fruit-to-
headspace volume ratio of 0.45 used in the experiments. Values of the actual respiration rates in
the cell compartment were calculated using the respiration model given by equations (7-8), while
the actual RQ of the pear cells was calculated by taking the ratio of the cellular CO2 production

rate and O consumption rate, i.e.:

I
RchII = % (12)

0,

where RQ,_, represents the cellular respiratory quotient.

ell

Apparent simulated Oz consumption rate and CO2 production rate in the headspace of the jar were

calculated as:

\Y/ d
_ a 13
I’ozya Vf (1—8) dt 0,.,a ( )
and
\Y/ d
=—2—— 14
rcozva Vf (1—8) dt CO,.,a ( )

where ro,, represents the apparent O, consumption rate in the headspace of the jar [mol m3s] and
leo,, the apparent CO; production rate in the headspace of the jar [mol m=s?]. Note that the factor
(l—g) corrects for the fact that not the whole fruit volume consists of fruit cells, but also partially
of intercellular space.

15
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Values of the apparent respiratory quotient in the headspace of the jar were calculated as:

i
RQ, = =2 (15)

o, a

where RQ, represents the apparent respiratory quotient calculated from concentration changes in

the headspace of the jar.

Experimental respiration rates were calculated based on the measured concentrations profiles of
Oz and CO: gas during the depletion experiments described in Section 2.4. Hereto, gas
concentrations were converted into molar concentrations using the ideal gas law. From this, the
apparent O, consumption and apparent CO> production rates of the fruit were calculated using the
headspace volume of the jar and the volume of pear fruit cells. Finally, relative errors of the

apparent respiration rates r, , I, and RQ, were calculated and compared.

3 Results

3.1 Model fit to experimental data and respiration parameters

Figure 2 A — E depicts the experimentally determined gas concentrations of O> (blue circles) and
CO2 (red circles) during the 1 d of flushing at 3.58 mol m (8.0 kPa) O, and 3.58 mol m= (0.0
kPa) CO., followed by 10 d depletion of the respiration jars placed in a dark cool room at 0 °C.
Each figure represents the gas concentrations measured in a 1.7 L glass respiration jar containing
two ‘Conference’ pear fruit. During the 1 d period of flushing, the O2 concentration and CO-
concentration in all jars remained constant at 3.58 mol m= and 0.0 mol m, respectively. After
flushing, when the jars were closed, the O2 concentration in the headspace of the jars decreased

due to O2 consumption by fruit respiration, while the CO concentration in the headspace of the

16
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jars increased by CO> production by fruit respiration. After 6.5 d, O was completely depleted in
all jars. From 7 d from the start of the depletion experiment onwards, although O2 had been
depleted, CO2 gas concentrations still increased in all jars due to fermentative CO; production.
Figure 2 A - E also shows the O, and CO> concentration inside the jars predicted by the model as
a function of time during the experiment. For both O» and CO- gas concentrations in the headspace
of the jars, the model fits the experimental data well. The estimated parameters are given in Table

1.

3.2 Gas concentrations inside fruit and evaluation of non-equilibrium

assumption

Figure 3 A - E shows the average Oz and CO: concentrations predicted by the model in the
headspace of each 1.7 L jar, intercellular space, cell compartment, as well as the average
concentration predicted by the model of HCOgs in the cell compartment. The lowest O:
concentrations were found inside the cell compartment, due to consumption of O by respiration.
In the intercellular space the O concentrations were found to be higher than in the cell
compartment, but lower than in the ambient air in the jar surrounding the fruit, due the fruit skin
resistance limiting Oz gas exchange between fruit and air in the jar. During the period of 1 d of
flushing, when the system was in steady-state, at 3.58 mol m O, and 0.00 mol m= CO in the
headspace of the jars, O, concentrations of 3.05 mol m and 0.146 mol m* were found in the
intercellular space and cell compartment, respectively. Post-flushing, steady-state conditions were
not satisfied anymore and O concentrations started to decrease. After 6.5 d, O, concentrations in
the jars, intercellular space and cell compartment, reached an average value of 0.399 mol m™,

0.166 mol m and 0.003 mol m, respectively. As the value of Koo, IN the respiration model is

o
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equal to 0.003 mol m™, at this O, concentration fermentation rather than aerobic respiration will
become the dominant energy pathway of the fruit. After 11 d, at the end of the experiment O2 was
completely depleted in the fruit cells (average concentration of 3.55 x 10 mol m), while in the
intercellular spacepace and headspace of the jars Oz concentrations of 7.92 x 10~° mol m2and 2.96

x 10* mol mwere found, respectively.

CO2 concentrations were highest inside the cell compartment, as CO: is produced by respiration
and is transported from cells to the environment. CO, concentrations in the intercellular spaces
were lower than inside the cell compartment, but higher than the CO> concentrations in the jar, as
the skin resistance of the fruit limits transport of CO2 gas from the intercellular space to the
environment. During the period of 1 d of flushing, when the system was in steady-state, at 3.58
mol m= O, and 0.00 mol m CO in the headspace of the jars, CO, concentrations of 0.331 mol
m= and 0.509 mol m™ were found in the intercellular space and cell compartment, respectively.
Post-flushing, steady-state conditions were not longer satisfied, and CO2 concentrations started to

increase. After 6.5 d, Oz concentrations in the cells approached the value of K, , which is equal to

0.003 mol m, again indicating a switch of aerobic respiration to fermentation. At this point, CO;
concentrations of 4.41 mol m=, 2.88 mol m=and 2.79 mol m= were found in the cell compartment,
intercellular space and headspace of the jars, respectively. After 10.86 d when the experiment was
finished, CO, concentrations were 6.00 mol m=, 3.92 mol m= and 3.85 mol m? in the cell

compartment, intercellular space and jar headspace, respectively.

Only very small concentrations of HCO3™ were observed in the cell compartment. During the 1 d
flushing period, when the system was in steady-state at 3.58 mol m= Oz and 0.00 mol m CO; in

the headspace of the jars, the average HCOg3™ concentration in the cell was found to be 0.014 mol
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m=3. The HCOs concentration in the cell compartment increased to a value of 0.0254 mol m™ at

the end of the experiment during the depletion experiment.

To evaluate the assumption of non-equilibrium of the concentrations of O, and CO: in the
intercellular space and the cell compartment, gas concentrations in the intercellular space were
used to calculate the concentrations of Oz and CO- in the cell compartment assuming equilibium
and using Henry’s law. Figure 4 depicts the and O, CO2 concentration in the cell compartment
assuming equilibrium and non-equilibrium, respectively, with the intercellular space. For both O-
and CO. the simulations for equilibrium and non-equilibrium coincide, indicating the equilibrium
assumption holds. Therefore, the model proposed in this work for the intercellular space might
futher be simplified by lumping the cell compartment model with that of the intercellular space
(shown in Supplementary data S1):
(£+RTH,, (1-£))V, Boug _ ~ho, A\ (Co,6 —Co,a )+ To, (1-2)V,

dt (16)

dc
(£+RTH, (1-2))V, % = —heo, s A (Ceo, 6 —Coo,a )+ Teo, (1= &)V, +Sco, (1-£)V,

while the model for the first compartment, the storage headspace remains unchanged.
3.3 Relation between cellular and headspace respiration rates

Figure 5 A illustrates the rates of O> consumption and CO2 production in the fruit cells as a function
of the O concentration in the jar headspace as predicted by the validated model, the simulated
rates of O, consumption and CO productionin the headspace of the jars and the experimentally
measured rates of O consumption and CO. production in the headspace of the jars. As the O
concentration in the jars decreases, the rate of O consumption of the cells decreased starting from

2.72 x 10° mol m3s? at 3.12 mol m2 Oz in the jars to 0.0 mol m=s™, when the O, concentration
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in the jars became 0.00 mol m. The Oz consumption rate in the headspace of the jars, slightly
underestimated, but closely corresponded to the O consumption rate inside the fruit cells. The
simulated O, consumption rate apparent in the headspace of the jars started at 2.61 x 10° mol m
st at 3.12 mol m? O in the jar and decreases until it reached a value of 0.00 mol m3s™when the
O concentations in the jars became 0.00 mol m™. The simulated Oz consumption rate apparent in
the headspace of the jars closely corresponded to the experimentally determined O, consumption

rate observed in the depletion experiment.

When the O. concentration in the jars decreased, the CO> production rate of the pear cells also
decreased from a starting value of 2.90 x 10> mol m=s. Contrary to the O, consumption rate of
the pear cells, the CO. production rate of the pear cells did not decrease to zero as the O>
concentration in the jars approached zero. Instead the CO> production rate of the cells reached a
value of 1.11 x 10" mol m3s? due to fermentation. Interestingly, the CO, production rate apparent
in the headspace of the jars, severely underestimated the actual CO; production rate of the pear
cells. The simulated CO- production rate apparent in the headspace of the jars starts at 1.78 x 107
mol m2s? and reached a value of 6.56 x 10°® mol m2s? at 0.00 mol m® O,. Simulated CO;
production rates apparent in the headpsace of the jars, closely corresponded to the experimentally

determined CO> production rates in the depletion experiment.

Figure 5 B depicts the relative difference of the simulated apparent O. consumption rate and CO>
production rate in the jar headspace, relative to the simulated actual consumption rate in the fruit
cells as a function of the Oz concentration in the jar headspace. At an O2 concentration of 3.12 mol
m3, the value of the relative difference of the apparent O, consumption rate was 3.93 %. During
depletion, the relative difference of the apparent O, consumption rate slightly increased to a value

of 4.04 % at an O, concentration of 0.78 mol m= in the jar headspace. When the O concentration
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in the jars further decreased, the relative difference of the apparent O> consumption rate decreased
to a value of 1.09 % when O2 was completely depleted in the jars. For the relative difference of
the CO- production rate apparent in the headspace of the jars, a value of 38.57 % was found at an
02 concentration of 3.12 mol m™. The relative difference slightly increased to a value of 40.81 %
at an Oz concentration of 0.53 mol m™. From then on, the relative difference of the apparent CO;
production rate increased to a value of 38.50 % at an O concentration of 0.10 mol m™. When the
O concentration in the jar headspae further decreased to a value of 0.00 mol m, the relative

difference of the apparent CO- production rate increased again to a value of 40.89 %.
3.4 Relation between actual cellular and apparent headspace RQ values

The RQ inthe pear fruit cells as a function of the headspace O concentration in the jars is depicted
in Figure 6 A. Under aerobic conditions, when no fermentation is triggered, the cellular RQ has a
value of 1.00 at an Oz concentration of 3.12 mol m=. As the Oz concentration decreases and
fermentation is triggered at an O, concentration of 0.399 mol m™ in the jars, which corresponds to
0.003 mol m in the cell compartment and which is the value of Ko, in the respiration model, the
RQ-value inside the pear fruit cells (RQcen) exponentially starts increasing up to values greater
than 20.0 (not shown in Figure 6 A{z)), which is much larger than the model parameter RQ,, (the
RQ under aerobic conditions of 21 kPa O») used in the respiration model, which is equal to 1.0.
Interestingly, the respiratory quotient as apparent in the headspace of the jars (RQ,)
underestimates the actual RQ-value in the pear cells. The experimentally determined RQ (RQexp)
closely relates to the RQ in the jar headspace as predicted by the model (RQ, ). At the start of the

simulation under aerobic conditions with an Oz concentration of 3.12 mol m=s, the apparent RQ

has a value of 0.68, compared with 1.07 in the fruit cells. When the O2 concentration was 0.11 mol
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m in the jars, an apparent RQ-value of 1.98 was observed. This value of the apparent RQ is very
close to the threshold RQ-value used in the RQ-DCA control algorithm for pome fruit presented
in Bessemans et al. (2016). However, at this moment when an apparent RQ-value of 1.98 is reached

in the jar headspace, the actual RQ in the pear cells was already equal to 3.16.

Figure 6 B shows the relative difference of the apparent respiratory quotient as if measured in the
headspace of the jars to the actual RQ-value of the fruit cells as function of the O, concentration.
An O concentration of 3.12 mol m=, the relative difference of the apparent RQ as if measured in
the jar headspace at start of the simulation was 36.06 %. As the O. concentration in the jars
decreases, the relative difference of the apparent RQ increases to a value of 38.44 % at 0.46 mol
m= O2. Then the relative difference of the apparent RQ decreases to a value of 37.35 % at 0.13
mol m= O,. Finally the relative difference of the apparent RQ increases to a value of 40.69 % as

02 was completely depleted.

4 Discussion

4.1 Oz and CO; concentrations inside fruit cells and intercellular spaces

are in equilibrium

Based on the simulations, the gas concentrations in the cell compartment of ‘Conference’ pear
fruit under the assumption of equilibrium with the gas concentration in the intercellular space and
simulated using our non-equilibrium model, matched closely. The fruit cells may, thus, be
considered in equilibrium with the intercellular space. The model assuming non-equilibrium is a
more general model than the model using the equilibrium assumption. The results of the

comparative analysis of the non-equilibrium model and the model using the equilibrium
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assumption have shown that the equilibrium assumption holds and that therefore the non-
equilibrium model can be simplified using the equilibrium assumption as demonstrated in
Supplementary material S1.This equilibrium approach has previously been used by Ho et al. (2010,
2013, 2018), where gas concentrations in the cell compartment of apple and pear fruit were
calculated from the gas concentrations in the intercellular space using a partition coefficient based
on Henry’s law. Our results confirm that gas concentrations may indeed be regarded in equilibrium

with the intercellular space.
4.2  Respiration rates observed in headspace underestimate respiration

In Ssection 3.3, we showed that apparent Oz consumption rates and CO2 production rates,
measured in storage headspace, underestimate the actual O> consumption and CO> production rates
in the fruit cortex cells. The relative error of the O consumption rate was found to be maximally
4 %, while the relative error of the CO> consumption rates was found to he as high as 41 %. The
difference in rate of change of the gas concentrations of O, and CO- in the headspace and in the
fruit cells is due the solubility of Oz and CO- in the cell compartment (Saltveit 2019) and the cell
and fruit skin resistances limiting gas exchange between fruit and storage environment. Due to its
high solubility, CO2 molecules produced by respiration, dissolve in the cell compartment,
preventing them to be transported out of the cell compartment and into to the storage headspace.
Therefore, the concentration of CO> gas in the storage headspace changes more slowly than the
concentration of CO: in the intracellular compartment. This is in accordance to previous
calculations conducted by Saltveit (2019), who found the solubility of CO: in the cellular liquid
of apple fruit to result in underestimation of the CO> production rate as observed in the headspace
of a static respirometer by 17 %. The explanation for the error found in CO2 production rate by

Saltveit (2019) to be only half the error found in this work, lies in the fruit-to-free-volume-ratio in
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the respirometer. In the calculations of Saltveit (2019), a ratio of 0.22 was used, while in our work

an average ratio of 0.45 was used, resulting in an error twice as large.

Although CO> concentrations in the cellular liquid are high, those of HCOs™ remain low as H.CO3
is a weak acid (pKa = 6.35) and the cellular pH is equal to 5.0. Furthermore, the cell and fruit skin
resistance will prevent the CO; that has already moved from the cell compartment to the
intercellular space to diffuse out of the fruit, leading to an underestimation of cellular CO;
production based on storage headspace measurements. O consumption by respiration creates
lower O concentrations in the cell compartment and intercellular space than in the storage
headspace. Due to its solubility in the cell compartment, O. dissolves in the cell compartment,
although it is not instantaneously consumed by fruit respiration. Theoretically this would lead to
an overestimation of the actual O> consumption rate by the apparent O consumption rate. Because
the solubility of Oz in the cell compartment is much smaller compared to that of CO, (Henry
constants of 2.11 x 10° mol m?®Pa* and 6.4 x 10* mol m Pa* for Oz and CO, respectively (Lide
1999), this effect is rather small. As cell permeabilities are comparable for Oz and CO- (3.37 x 10
*mstand 2.77 x 10° m s?, respectively), it is the low permeability of the pear fruit skin for O
compared to CO; (1.86 x 10" m s and 5.06 x 107 m s, respectively (Table 1)) that results in a
delay of O> moving from the storage headspace and, therefore, leading to an underestimation of
the actual cellular O, consumption rate by the apparent O, consumption rate measured in storage
headspace. Although this work focusses on static respirometers, as is the case in commercial
storage environment of pome fruit, it is worth noting that flow-through techniques and techniques
using permeable packages for respiration determination avoid the problem of underestimating
respiration rates as steady-state conditions are satisfied during respiration measurement (Fidler and

North, 1967; Beaudry 1993).
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4.3 Apparent RQ values in headspace underestimates cellular RQ

From the simulation results it is clear that apparent RQ values measured in storage headspace,
underestimate actual RQ-values in ‘Conference’ pear fruit cells. The idea of using RQ-values
measured in storage headspace as a bio response to detect low O stress has been around long time
already (Jozwiak and Blanpied, 1993). Until now, it was assumed that fruit stored in CA were in
steady-state with the storage environment during measurement of RQ based on changes in
concentrations of Oz and CO in storage headspace. We show that the steady-state assumption
does not hold from the moment that flushing or actions of a CA control system stop and gas
concentrations in the storage atmosphere start changing,. Under steady-state, it is assumed that all
CO:2 produced by respiration immediately diffuses out of the fruit and that the amount of O>
consumed by respiration immediately diffuses from the storage environment in the fruit. This
assumption clearly does not hold, as demonstrated by the large relative errors of apparent O-
consumption and CO> production rates up to 4.4 % and 40.89 % respectively. Underestimation of
the actual RQ value of cells of fruit stored under RQ-based DCA storage implies the risk of storing
fruit at O, concentrations which are far below the ACP, leading to the development of flavor and
storage disorders (Franck et al., 2007). In this work we showed that at a headspace O
concentration of 0.11 mol m=(0.25 kPa), an apparent RQ-value of 1.98 was observed in headspace,
while the cellular RQ of the ‘Conference’ fruit was already 3.16. This finding of underestimation
of cellular RQ based on storage headspace RQ calculations confirms observations done by Delele
et al. (2019), who found RQ values of 3.04 in the headspace of a storage container of ‘Conference’
pear fruit, while cellular RQ was already equal to 5.08 (Delele et al., 2019). The underestimation
of cellular RQ by headspace observations may explain why RQ-based DCA storage of pear fruit

has, so far, not been reported in literature. Also, this may explain why ‘Galaxy’ apples stored under
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RQ-based dynamic controlled atmosphere storage at RQ-levels of 1.3 and 1.5, showed an
increased abundance of aroma componds related to low O stress, which are not observed under
regular CA storage as reported by Thewes et al. (20170. The relative error of the RQ observed in
the storage headspace of about 40 % remains quite constant when the Oz and CO2 concentrations
in the storage space decrease and increase, respectively. This is because the relative errors of the
ro2 and rcoz remain more or less constant. A possible explanation for this is that the solubility of
02 and COz into the cellular liquid does not change with decreasing O, concentrations or increasing
CO:2 concentrations. Therefore, the same fraction of e.g. CO2 produced is dissolved and not
observed in the headspace independently of the respiration rate. The relative error of the RQ
observed in the storage headspace of 40 % is the relative error of what is observed as RQ in the jar
headspace given the respiration rates and RQ in the cells. The error calculation does not include
any model error. As the models used try to capture all relevant physical and biochemical processes,
they are assumed to be correct. Probably the models are not perfect, so depending on the errors of
the different models involved, the true error of the headspace RQ model can slightly deviate from

40 %.

Often, the RQ-breakpoint is experimentally determined based measurement conducted in the
headspace of a static respirometer. Our results demonstrate that there is a underestimation of the
RQ in the fruit cells by the RQ-values observed in the storage headspace. As a consequence,
detection of low O3 stress will be too late, as the RQ-breakpoint in the cells occurs much earlier
than it can be observed in the storage headspace. As it is not possible to measure the respiration
rate inside the fruit cells, our modelling approach provides a useful alternative to determine the

RQ of the fruit cells based on storage headspace measurements.
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Based on the results presented in this work, existing RQ-based DCA control systems should be
adapted and lower threshold values of apparent RQ measured in storage headspace should be used.
In a next step, the model can be used for development of model-based control system that combines
the in this work developed fruit-enviroment gas exchange model with a leakage model of the
storage environment (Bessemans et al, 2018) and measured respiration rates to obtain more reliable

RQ estimates and improve RQ-based DCA storage in practice.

5 Conclusions

A three-compartment non-equilibrium gas transport model of ‘Conference’ pear fruit under CA
storage conditions was developed. A respiration model based on Michaelis-Menten respiration
kinetics without inhibition of respiration by CO» and incorporating down-regulation of respiration
was used. Conversion of CO> dissolved in the cell compartment to HCOz™ at a constant pH of 5.00
was included. The model was validated based on experimental data of pear fruit during a complete
depletion experiment starting from 3.58 mol m* O, and 0.00 mol m CO,. Model predictions
match experimental observations well. Gas concentrations in the cell compartment were found to
be in equilibrium with the gas concentrations in the intercellular space. The model was used to
calculate apparent respiration rates and RQ as if measured in the storage headspace. It was found
that apparent respiration rates and RQ, calculated based on headspace measurements,

underestimate the actual respiration rate and respiratory quotient in the fruit cells more than 40 %.
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6 Tables

Table 1: Model parameters of the gas exchange model.

Model parameter Symbol  Value Units Source
Fruit-environment gas exchange

Tissue porosity & 057x101 mém3 Herremans et al 2015
Diffusivity of Oz in the fruit skin Do, . 1.86 x 101 m?s? Ho et al 2010
Diffusivity of CO2 in the fruit skin Deo, « 5.06 x 1019 m?s? Ho et al 2010
Thickness of the fruit skin 5, 1.00x10° m Ho et al 2008
Cell-pores gas exchange

Specific surface pear tissue A 156 x10° m?m? Micro-CT

Thickness of the cell walls S, 7.30 x 10”7 m Ho et al 2009
Diffusivity of Oz in the cell wall Do, ow 425x10° m?st Ho et al 2009
Diffusivity of CO2 in the cell wall Deo,ew  523x10°  m?s?t Ho et al 2009
Thickness of the cell membranes S, 8.00x10° m Ho et al 2009
Diffusivity of O, in cell membrane Do, cm 291x10° m?st Ho et al 2009
Diffusivity of CO2in cell membrane Deo,om  2.80x 10 m?s?t Ho et al 2009

Henry constant of Oz Ho, 211x10° molm3Pat  Hoetal 2009

Henry constant of CO; Heo, 6.70x 10 molm?3Pa? Ho etal 2009

Cell equivalent spherical radius R 0.80x10* m Herremans et al 2015

o
2
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Table 2: Respiration model parameters

Model parameter Symbol  Value Standard Units Source
deviation

Initial maximal Oz consumption rate at 3.58 [mol m~] Oz | V, o, 3.08x10° 5.81x10° molm3s!  Estimated

Maximal fermentative CO; production rate Voo, 111x10°  3.00x10" molm3s?  Estimated

MM constant O» consumption rate of pear protoplasts o) 3.00 x 107 mol m?3 Lammertyn et al

2000

MM constant fermentative CO, production rate Knto, 250x10%  543x107 molm? Estimated

Respiratory quotient under aerobic conditions RQ,, 1.0 [-] Hoetal., 2011

Response rate of maximal Oz consumption rate to k, 4,72 x 10°® 252x10% st Estimated

changing O>

Sensitivity of maximal Oz consumption rate to O K, 1.06 3.11x10% mol>m® Estimated

O consumption rate in presence of O V., 10.29 x 10°  252x10° molm?3s?  Estimated

Basal maximal O, consumption rate Y 1.13x10°  1.40x 10 molm3s! Estimated
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Table 3: Parameters of the CO> conversion model

Model parameter Symbol Value  Units Source

H>COs acid dissociation constant ‘ K 0.00025 mol L* Ho et al 2009
COz hydration rate constant ‘ k, 0.039 st Ho et al 2009
HCO. dehydration constant ‘ k, 23 st Ho et al 2009
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7 Figures
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Figure 1: Schematic overview of the main resistances in the gas exchange model of fruit and storage environment. (a) Fruit skin
resistance limiting gas exchange between fruit and storage environment. (b) Cell resistance limiting gas exchange between fruit
cells and intercellular porres in the fruit cortical tissue. The cell resistance consists of the resistanes of the cell wall, cell membrane

and cell compartment in series. As cells are assumed to be spherical, only radial transport is considered.
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Figure 2 (a) - (e): Experimentally determined Oz (blue circles) and CO: (red circles) concentrations and simulated O (full blue line)
and CO (full red line) concentrations during the 1 d of flushing at 8.0 kPa O, and 0.0 kPa CO. followed by 10 d depletion experiment
with respiration jars. Each figure (a) — (e) represents the gas concentrations measured in a 1.7 L glass respiration jar containing 2
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‘Conference’ pear fruit. The ratio of fruit volume to headspace volume in the jar was 0.45 + 0.036. For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.
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Figure 3 (a) — (e): Concentrations of Oz in the headspace of the jar (full blue line), intercellular space (dotted blue line), cell compartment

(dashed blue lines) and concentrations of CO> in the headspace of the jars (full red line), intercellular space (dotted red line), cell
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compartment (dashed red line) and bicarbonate concentration in the cell compartment (dashed maroon line). Each figure (a) - (e)
represents the gas concentrations measured in a 1.7 L glass respiration jar containing 2 ‘Conference’ pear fruit. The ratio of fruit-to-
headspace volume was 0.45 + 0.036. For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.
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Figure 4: Concentrations of O (dashed blue line) and CO> (dashed red line) in the cell compartment as predicted by the non-equilibrium
model and concentrations of O (dotted blue line) and CO: (dotted red line) in the cell compartment assuming equilibrium and calculated

from the gas concentrations in the intercellular space calculated using Henry’s law. The graph represents the gas concentrations measured
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the first 1.7 L glass respiration jar containing 2 ‘Conference’ pear fruit. For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.
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Figure 5 (a): Measured O» consumption rate (blue circles), measured CO> production rate (red circles) and simulated O> consumption

rate (full blue line), simulated CO> production rate (full red line) as a function of O, concentration during the depletion experiment using

1.7 L respiration jars containing 2 fruit each. (b) relative error of the the simulated apparent O, consumption rate and CO- production

rate in the jar headspace to the simulated actual consumption rate in the fruit cells, indicated by a full blue line and a full red line,
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respectively. Simulations were conducted using a fruit-to-headspace volume of 0.45 £ 0.036. For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.
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concentration during the depletion experiment using 1.7 L respiration jars containing 2 fruit each. (b) Relative error of the the simulated
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apparent respiratory quotient in the jar headspace compared to the simulated respiratory quotient in the fruit cell. For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.
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Supplementary material S1: Model
simplification using equilibrium assumption

The rates of change of Oz and CO2 gas in the intercellular pores compartment are given by:

dc,
6‘Vf d;g - _hoz,s& (Coz,g - COZ,a ) - hOz,cell Kortexvf (Coz,g RTHO2 - COZ,ceII )

dCCOZ,g
dt

(S1)

gvf = _hCOZ,s & (CCOZ,g - CCOZ,a ) - hCOZ,ceII A:ortexvf (CCOZ,g RTHco2 - CCOZ,ceII )

while the rates of change of concentrations of Oz and CO: in the cells compartment is given by:

dcy,
(1— E)Vf ZZt’ - = hOZWII A\:ortexvf (Cozyg I:QTHOZ o COZ,ceII )+ rOZ (1_ S)Vf
(S2)

dceo .
(1_ E)Vf ;:2' = hcom” A:ortexvf (Ccozg RTH co, CCOZ,ceII ) + rco2 (1_ E)Vf + Sco2 (1_ g)vf

Rewriting the equations of the cells compartment (S2) to explicitate the transfer term between

pore and cell compartments results in:

dcy. .
o Ay (0, RTHo, ~Co, ) = (L )V, =222, (1-2)V,
(S3)

dCco. e
hcom" AorexV (Ccozlg RTHo, —Cco, cen ) = (1_ 5)Vf Cg;’ L I'co, (1— S)Vf —Sco, (1— g)Vf

Substitution of the transfer terms (S3) in the equations for the pores compartment (S1) and

assuming equilibrium between the gas concentrations in the pore and cell compartments (

dCi cell dCi H
— = —9 RTH ) results in:
dt dt
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oc dc
&V, %:—hozys/s%(coz,g —coz,a)—(l—g)vf (;’tg RTH,, + 1, (1-£)V,

6000”
ot

(S4)
eV

dc
= —heo, «A (Ceo, s ~Coo,a )~ (1- &)V, 3?9 RTHco, + oo, (1-€)V, + S, (1-¢)V,

Finally rearranging delivers:

dc
(g +RTH,, (1—,9))vf % =—hy A (cozvg - cozya)+ I, (1-&)V,
(S5)

dc
(£+RTH, (1-2))V, % = oo, s A (Coo, 6 = Ceo,a )+ Teo, (1=8)V; +Sgo, (1-£)V,
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