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Abstract
Citrate is one of the most important organic acids in many fruits and its concentration plays

a critical role in organoleptic properties. The regulation of citrate accumulation throughout

fruit development, and the origins of the phenotypic variability of the citrate concentration

within fruit species remain to be clarified. In the present study, we developed a process-

based model of citrate accumulation based on a simplified representation of the TCA cycle

to predict citrate concentration in fruit pulp during the pre- and post-harvest stages. Banana

fruit was taken as a reference because it has the particularity of having post-harvest ripen-

ing, during which citrate concentration undergoes substantial changes. The model was cali-

brated and validated on the two stages, using data sets from three contrasting cultivars in

terms of citrate accumulation, and incorporated different fruit load, potassium supply, and

harvest dates. The model predicted the pre and post-harvest dynamics of citrate concentra-

tion with fairly good accuracy for the three cultivars. The model suggested major differences

in TCA cycle functioning among cultivars during post-harvest ripening of banana, and point-

ed to a potential role for NAD-malic enzyme and mitochondrial malate carriers in the geno-

typic variability of citrate concentration. The sensitivity of citrate accumulation to growth

parameters and temperature differed among cultivars during post-harvest ripening. Finally,

the model can be used as a conceptual basis to study citrate accumulation in fleshy fruits

and may be a powerful tool to improve our understanding of fruit acidity.

Introduction
Citrate is one of the most important organic acids in many fruits [1], and its concentration in the
pulp plays a critical role in organoleptic properties [2–5]. The citrate concentration varies con-
siderably among cultivars of many fruit species including citrus [6], peach [7], pineapple [8], and
banana [5]. The accumulation of citrate in fruit cells is a complex phenomenon because it in-
volves several metabolic pathways and transport mechanisms across different compartments,
mainly cytosol, mitochondria, and vacuole (for review see [9]). Ongoing transcriptomic [10],
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metabolomic [11], proteomic [12], and QTL studies [13] have begun to elucidate the complexity
of the mechanisms involved in citrate accumulation. However, the regulation of citrate accumu-
lation throughout fruit development, and the origins of the phenotypic variability of the citrate
concentration within fruit species remain to be clarified. Given the complexity of the processes
involved, ecophysiological process-based simulation models (PBSMs) could advance our under-
standing of the physiological mechanisms underlying citrate accumulation [14]. PBSMs could
also help to elucidate the differences in citrate accumulation among and within fruit species, as it
is the case for sugar accumulation in peach [15], and grape berry [16].

Attempts to mechanistically model citrate accumulation in fruits are rare. Lobit et al. [17]
proposed a mechanistic model to simulate the dynamics of citrate concentration in peach fruit.
This model was based on the assumption that in fleshy fruits, citrate accumulation is driven by
the TCA cycle located in the mitochondria, which is a convincing hypothesis [9]. This model
was used to analyze the effects of temperature and pulp growth on citrate concentrations in
two cultivars of peach [17, 18], and appeared to provide a good framework to study citrate ac-
cumulation in fleshy fruit. However, the approach used to solve the system of equations derived
from the model led to a simple equation to predict the rate of net citrate production with pa-
rameters that had lost their real biological meaning. Thus, despite its good predictive quality,
this model did not allow a complete study of the behavior and regulation of fruit mitochondrial
citrate metabolism.

In the present study, we built a new, more mechanistic, model of citrate accumulation, with
parameters that have biological meaning, based on a simplified representation of the TCA
cycle adopted by Lobit et al. [17], to predict citrate concentration in fruit during the pre- and
post-harvest stages. Banana fruit was taken as a reference because it has the particularity of
having separate growth and post-harvest ripening stages, during which citrate concentration
undergoes substantial changes [19]. Moreover, the concentration of citrate in banana pulp var-
ies greatly among cultivars which make possible to use the model as a tool to analyze the geno-
typic variability [5, 20]. The physiological age of the fruit at harvest is known to affect the
concentration of citrate in banana pulp during post-harvest ripening [21]. Fruit pruning and
potassium fertilization, two cultural practices commonly used by banana growers, can also im-
pact the concentration of citrate in fleshy fruits (for review see [9]). Consequently, we chose to
calibrate and validate the model on three cultivars with contrasting citrate accumulation,
grown under different fruit loads and potassium supplies, and harvested at different stages to
study how these growing conditions affect citrate metabolism (or not). Model parameteriza-
tion, model selection, and test of fit are presented for the pre- and post-harvest phases. The sen-
sitivity of the model to the input variables was analyzed during the pre- and post-harvest
stages. The model enabled us to (i) advance our understanding of citrate metabolism during
growth and post-harvest ripening of banana fruit; (ii) propose a possible explanation for differ-
ences in citrate accumulation among cultivars and identify potential genotypic parameters (i.e.
genotype-dependent parameters); and (iii) study the effects of fruit growth conditions on cit-
rate metabolism. Finally, the model can be used as a conceptual basis to study citrate accumula-
tion in pre- and post-harvest stages in fleshy fruits and thus may be a powerful tool to improve
our understanding of fruit acidity.

Materials and Methods
Description and units of parameters, constants and variables used throughout the text are sum-
marized in S1 Table.

Modeling Citrate Accumulation in Fruits
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Model description
Model hypothesis. The accumulation of citrate in fruit cells involves several metabolic

pathways and transport mechanisms across different compartments, mainly cytosol, mito-
chondria, and vacuole. Nevertheless, we showed in a previous paper [9] that the accumulation
of citrate in the vacuole is unlikely to be limited by thermodynamic conditions, on the contrary
to malate [22]. Therefore, it is likely that citrate accumulation in the vacuole is controlled by its
cytosolic concentration and consequently by its metabolism. Among several possible pathways
related to citrate metabolism, the TCA cycle is the only one that allows citrate synthesis. There-
fore, the present model is based on the assumption that citrate accumulation in fleshy fruit is
driven by the TCA cycle located in the mitochondria. The TCA cycle results in the oxidation of
pyruvate into CO2 and a reduction in co-enzymes through a series of conversions between or-
ganic acids including malate and citrate (Fig 1A). The maintenance of the pools of TCA cycle
intermediates implies that for each metabolite exported, one is imported, and vice versa. These
exchanges are achieved by a variety of mechanisms mediated by mitochondrial carrier proteins
(for reviews, see [23, 24]). The model presented here is based on the simplified representation
of the TCA cycle used in the model of Lobit et al. [17] (Fig 1B). The only metabolites consid-
ered, pyruvate, malate and citrate, were chosen because they are at branch points between sev-
eral reactions and because they are exchanged between the cytosol and the mitochondria. Pulp
fruit was considered as a single big cell with mitochondrial and cytosolic compartments. We
did not consider the compartmentalization of citrate in the vacuole because as we mentioned
above we assumed that this step is not limiting for citrate accumulation in fruit cells.

Stoichiometric equations. The maintenance of the pools of metabolic intermediates im-
poses, for any given metabolite, that the sum of metabolic fluxes that synthesizes it and the
sum of metabolic fluxes that degrades it are equal (Fig 1B).

dMpyrmt

dt
¼ φ4 þ φ3 � φ1 ¼ 0 ð1Þ

dMmalmt

dt
¼ φ5 þ φ2 � φ3 � φ1 ¼ 0 ð2Þ

dMcitmt

dt
¼ φ1 � φ2 � φ6 ¼ 0 ð3Þ

The respiratory flux, approximated as the flux of CO2 produced by the TCA cycle, is:

Resp ¼ φ1 þ 2φ2 þ φ3 ð4Þ

where Mpyrmt, Mmalmt, and Mcitmt (mmol) are respectively the amount of pyruvate, malate
and citrate in the pulp mitochondrial compartment, φi are the metabolic fluxes of the TCA
cycle (mmol day-1), and Resp is the respiratory flux of the pulp mitochondrial compartment
(mmol day-1).

Mathematical representations of enzymatic reactions. The metabolic flux between two
compounds is described by enzyme kinetic rate laws, as a function that depends on the
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concentration of the reactants and on the ki parameters called rate constants [25].

φ1 ¼ k1CmalmtCpyrmt ð5Þ

φ2 ¼ k2Ccitmt ð6Þ

φ3 ¼ k3Cmalmt ð7Þ

where k1 (L
2 day-1 mmol-1), k2 (L day-1), k3 (L day-1) are the rate constants, and Cmalmt,

Cpyrmt, Ccitmt are the concentrations of malate, pyruvate and citrate in the pulp mitochondrial
compartment, respectively (mmol L-1).

Mathematical representations of transport reactions. Several carriers are present on the
inner membrane of plant cell mitochondria and allow the exchange of metabolites of the TCA
cycle between the cytosol and the mitochondrial matrix (for review see [24]). For the sake of
simplicity, we assumed that the transport of citrate, malate and pyruvate across the mitochon-
dria depends mainly on the concentration gradients of the species transported between the cy-
tosol and the mitochondrial matrix. Therefore, the formalism adopted to model the transport
reactions was derived from Fick’s law, which states that the diffusion flux of a compound is

Fig 1. Schematic representation of the TCA cycle. (A) Reactions of the TCA cycle in the mitochondria and (B) the simplified model of Lobit et al. (2003).
Enzymes are in italics: ACO, aconitase; CS: citrate synthase; NAD-ME, NAD-malic enzyme; NAD-IDH, NAD-isocitrate dehydrogenase; NADP-IDH, NADP-
isocitrate dehydrogenase; NAD-MDH, NAD-malate dehydrogenase; PDH, pyruvate dehydrogenase. Dashed arrows indicate transport across the
mitochondrial membrane.

doi:10.1371/journal.pone.0126777.g001
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proportional to the concentration gradient of this compound across the membrane.

φ4 ¼ K4ðCpyrcyt � CpyrmtÞ ð8Þ

φ5 ¼ K5ðCmalcyt � CmalmtÞ ð9Þ

φ6 ¼ K6ðCcitmt � CcitcytÞ ð10Þ

where K4, K5, K6 are membrane permeability (L day-1); and Cmalcyt, Cpyrcyt, Ccitcyt are the re-
spective concentrations of malate, pyruvate and citrate in the pulp cytosolic compartment
(mmol L-1).

Solving the system and expressing the rate of net citrate production φ6 (mmol day-1).
Replacing the expressions of the different metabolic fluxes in Eq 1 to 4 gives the following sys-
tem:

K4Cpyrcyt � K4Cpyrmt þ k3Cmalmt � k1CmalmtCpyrmt ¼ 0 ð11Þ

K5Cmalcyt þ k2Ccitmt � ðK5 þ k3ÞCmalmt � k1CmalmtCpyrmt ¼ 0 ð12Þ

K6Ccitcyt þ k1CmalmtCpyrmt � ðk2 þ K6ÞCcitmt ¼ 0 ð13Þ

2k2Ccitmt þ k3Cmalmt þ k1CmalmtCpyrmt ¼ Resp ð14Þ

where Cpyrmt, Cmalmt, Ccitmt, Ccitcyt are the unknowns of the system, and Ki, ki, Cpyrcyt,
Cmalcyt are parameters.

The system was solved by using the software Maple (Maple (16). Maplesoft, a division of
Waterloo Maple Inc., Waterloo, Ontario). The solutions of Ccitmt and Ccitcyt were put into Eq
10 which gave the following expression for φ6:

φ6 ¼ � 1

4

ðk3 þ K5ÞResp
3k3 þ K5

þ 1

4

1

k1ð3k3 þ K5Þ
ð3K4k1
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�
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þK5k1
�
2K5 þ 10k3

�
Cmalcyt �

�
k3 þ K5

��
18K2
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1

�12K4Cpyrcytk
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1
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Resp

þResp2k21
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5k3K5 þ 3k23 þ 2K2

5

�Þ

ð15Þ

Pulp respiration. Pulp respiration during fruit growth was calculated using the growth-
maintenance equation [26]. Growth respiration is considered to be proportional to the fruit
growth rate and maintenance respiration to dry mass and temperature [27, 28]. The effect of
temperature is described with the Q10 concept. Pulp respiration (mmol CO2 day

-1) was calcu-
lated as the sum of growth and maintenance respiration:

Resp ¼ qg
dDW
dt

þ qmDWQ
y�20
10

10 ð16Þ

where qg is the growth respiration coefficient (mmol CO2 g
-1), qm is the maintenance
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coefficient at 20°C (mmol CO2 g
-1 day-1), Q10 is the temperature ratio of maintenance respira-

tion (dimensionless), DW is the pulp dry weight (g) andѲ is the temperature (°C).
Pulp respiration during post-harvest ripening was calculated by considering growth respira-

tion equal to zero, since the fruit was detached.
Calculation of the concentration of citrate in the pulp. Citrate concentration in the fruit

was obtained by integrating φ6 over the monitored period starting with citrate content ob-
served at the beginning of the period, and by dividing it by the pulp fresh weight.

Ccitt ¼
100

FWt

� ðMcitt0 þ
Zt
t0

φ6dtÞ ð17Þ

where Ccit (mmol 100g FW-1) is the citrate concentration in the pulp, Mcitto (mmol fruit-1) is
the amount of citrate in the pulp at t0, FW is pulp fresh weight (g), t is the time (days after
bloom or days after ethylene treatment), to is the time of the beginning of the experiment, and
φ6 the rate of net citrate production (mmol day-1).

Rate constants (ki) and membrane permeability (Ki). We hypothesized that ki depends
on enzyme activity, and Ki on transporter activity during fruit development. The activities of
the TCA cycle enzymes and of the mitochondrial organic acid transporters can vary or remain
constant during fruit growth [11, 29–31], and postharvest ripening [32–34], suggesting that ki
and Ki are likely to vary during fruit growth and post-harvest ripening. During fruit growth,
variations in ki and Ki may be due to changes in the number of mitochondria on one hand, and
to the regulation of enzymes and transporter activities on the other hand. The first source of
variation, i.e. the number of mitochondria, is likely to increase during fruit growth due to cell
division and enlargement. Indeed, Winter et al. (1993 and 1994) found a positive linear rela-
tionship between the section area of the mitochondrial compartment and the section area of
the leaf cells. Therefore, we chose to symbolize the link between the number of pulp mitochon-
dria, and ki and Ki by representing their variations during fruit growth as a function of the
structural dry weight of the pulp, which represents the constitutive part of pulp cells and is
therefore an indicator of pulp cell growth. Concerning the second source of variation, it is
known that mitochondrial enzymes and transporters can be regulated by allosteric and post
translational regulation, but little information is available on this subject (for review see [35]).
Therefore, for the sake of simplicity, we included a regulatory factor (mi) to modulate the rela-
tionship between the ki and Ki, and the structural dry weight of the pulp:

ki;gðtÞ ¼ ki;g � ð
SDWðtÞ
SDWref

Þmi ð18Þ

Ki;gðtÞ ¼ Ki;g � ð
SDWðtÞ
SDWref

Þmi ð19Þ

where SDW is the structural dry weight of the pulp (g); SDWref is a reference structural dry
weight equal to 1 g; ki,g (L day-1 or L2 day-1 mmol-1), Ki,g (L day-1), andmi (dimensionless) are
fixed parameters, with ki,g and Ki,g positives, andmi positive, null or negative. Depending on
the values of the parametermi, the patterns of ki,g(t) and Ki,g(t) can remain constant, increase,
or decrease, as shown in Fig 2.

During postharvest ripening, the number of mitochondria of the pulp is likely to vary little
since the fruit is no longer growing. Thus, changes in ki and Ki are likely to be only due to the
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regulation of enzymes and transporters. We chose to represent the putative variations of ki and
Ki during banana post-harvest ripening as a function of the number of days after ethylene

Fig 2. Hypothetical changes in the rate constant ki,g(t) during fruit growth as a function of parameter mi. ki,g(t) = ki,g*SDW
mi, with ki,g arbitrarily equal

to 10 and SDW (pulp structural dry weight) taking values of the PL cultivar. The different values of mi correspond to the following situations: mi<0: enzyme
inhibition exceeds the increase in the number of mitochondria; mi = 0: enzyme inhibition compensates for the increase in the number of mitochondria;
0<mi<1: enzyme inhibition under-compensates for the increase in the number of mitochondria; mi>1: activation of enzyme along with the increase in the
number of mitochondria.

doi:10.1371/journal.pone.0126777.g002
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treatment using the following mathematical expression:

ki;rðtÞ ¼ ki;r � ð
DAE
DAEref

Þji ð20Þ

Ki;rðtÞ ¼ Ki;r � ð
DAE
DAEref

Þji ð21Þ

where DAE is the day after ethylene treatment; DAEref is a reference day after ethylene treat-
ment equal to 1; ki,r (L day-1 or L2 day-1 mmol-1), Ki,r (L day-1), and ji (dimensionless) are fixed
parameters, with ki,r and Ki,r positives, and ji positive, null or negative. Depending on the values
of the parameter ji, ki,r(t) and Ki,r(t) can remain constant, increase, or decrease during ripening.

Model inputs and initial conditions
The model used daily pulp fresh weight, and daily pulp structural dry weight as input variables.
Initial values were the amount of citrate in the fruit pulp on the first date of the modeled peri-
od. Eq 17 was numerically solved using the ‘lsoda’ function of the package ‘dsolve’ of the R soft-
ware with a one-day time step [36].

Daily pulp dry weight was estimated by fitting a growth expolinear function to pulp dry
weight data [37].

DW ¼ ðCm

Rm

Þ � lnð1þ expðRm � ðt � tbÞÞÞ ð22Þ

where Cm is the maximum absolute growth rate of pulp dry weight (g day-1), Rm is the maxi-
mum relative growth rate of pulp dry weight (g g-1 day-1), tb is the x axis intercept of the linear
growth phase of pulp dry weight (day).

Daily pulp fresh weight was estimated using an empirical relationship with pulp dry weight
(R² = 0.99 and n = 488):

FW ¼ 3:12 � DW þ 3:47 ð23Þ
Daily pulp structural dry weight was estimated using an empirical relationship with pulp

dry weight (R² = 0.98 and n = 454):

SDW ¼ 0:69 � DW0:73 ð24Þ

Plant materials and experimental conditions
All experiments were conducted at the Campus Agro-Environnemental Caraïbe (CAEC, Marti-
nique, FrenchWest Indies; latitude 14°37N, longitude 60°58W, altitude 16m) using three des-
sert banana cultivars (Musa spp.) diploids AA, that differ in their predominant organic acid at
the eating stage: Indonesia 110 (IDN) which has a balanced ratio of citrate: malate, Pisang Jari
Buaya (PJB) which is citrate dominant, and Pisang Lilin (PL) which is malate dominant (S1
Fig) [5]. In addition, these three cultivars present the advantage to be resistant to Black Leaf
Streak Disease and Sigatoka Disease, two diseases known to affect banana fruit quality [38].
Experiments were conducted during the 2011 and 2012 growing seasons on continental
alluvial soil. For the two growing seasons, irrigation was adjusted to the amount of rainfall to
supply at least 5 mm of water per day, and non-systemic fungicide was applied to control
foliar diseases. The mean daily temperature was 27 ± 1.2°C and 26± 0.9°C during the 2011
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(March–November) and 2012 (February-August) growing season, respectively. In the 2011 ex-
periment, 18 plants of each cultivar with high fruit load were used as the control treatment, and
18 other plants were highly pruned i.e. low fruit load. Fruit pruning was calculated so as to in-
crease the leaf area: fruit ratio by approximately 2.5 for each cultivar (detailed in Etienne et al.,
2014). In the 2012 experiment, two contrasted levels of potassium fertilization were applied: for
each cultivar, one plot received 124 g of potassium per plant (high potassium fertilization) at
4-week intervals, while the other received no potassium at all (detailed in Etienne et al., 2014).

Fruit growth monitoring. In the two growing seasons, six bunches of each cultivar�treat-
ment combination were selected. One fruit located in the internal row of the second proximal
hand was collected for analyses every 15 days. Natural ripening on standing plants, i.e. when
the first yellow finger appears, determined the end of sampling.

Monitoring of post-harvest ripening. Two harvest stages were studied in the 2011 experi-
ment. The harvest stages were calculated for each cultivar to be 70% and 90% of the average
flowering-to-yellowing time (FYT) of the bunch on the plant. For each harvest stage, six
bunches of each cultivar�treatment combination were harvested. In the 2012 experiment, only
one harvest stage was studied. The harvest stage was calculated for each cultivar to be 75% of
the average FYT of the bunch on the plant. Six bunches of each cultivar�treatment combination
were harvested. After the bunches were harvested, the second proximal banana hand per
bunch was rinsed and dipped in fungicide (bitertanol, 200 mg L−1) for 1 min. The fruits were
placed in a plastic bag with 20 μm respiration holes and stored in boxes for 6 days at 18°C. The
fruits were then stored in a room at 18°C and underwent ethylene treatment (1 mL L−1 for 24
h) to trigger the ripening process. After 24 h, the room was ventilated. Bananas were main-
tained at 18°C for 13 days. A banana fruit was sampled before ethylene treatment, and at day 3,
6, 9 and 13 after ethylene treatment.

Biochemical and respiration measurements
For each fruit sampled, the fresh and dried pulp were weighed. The dried pulp was then mixed
to obtain dry powder and to allow biochemical measurements. Citrate concentration was as-
sessed according to the method described in Etienne et al. [19] using an enzymatic method and
a microplate reader. Pulp structural dry weight was calculated as the difference between pulp
dry weight and the sum of the weights of the main non-structural compounds (soluble sugars,
starch, acids). To this end, concentrations of malate were assessed according to the method de-
scribed in Etienne et al. [19], and concentrations of starch and soluble sugars (glucose, fructose,
sucrose) were assessed according to Gomez et al. [39], using an enzymatic method and a micro-
plate reader. For measurements of respiration, each sampled fruit was placed in a closed plastic
jar. The temperature of the room was set at 18°C. After 1 hour, CO2 concentration was mea-
sured with a gas analyzer (Vigaz, CANAL120).

Model parameterization
Based on information found in the literature, the value of Cmalcyt was set at 1 mM [40, 41],
and the value of Cpyrcyt was set at 0.5 mM [42, 43].

Parameters of the pulp dry weight growth model (Cm, Rm, tb) were estimated for each ba-
nana plant using a nonlinear least-squares regression method [44]. The model explained 99%
of the pulp dry weight variance in the three cultivars and in the two years of the experiment,
and the RRMSE was satisfactory with mean values of 0.1 (S2 Fig).

According to the literature, the temperature ratio of maintenance respiration Q10 was set at
2 [45]. The growth respiration coefficient of the pulp (qg) was derived from construction cost
measurements on banana pulp. In the three cultivars, the total nitrogen, carbon and ash
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concentration of the banana pulp were measured at three different stages of fruit growth. The
construction cost (CC; g glucose g-1) was calculated as a function of the carbon (C; g g DW-1),
nitrogen (N; g g DW-1), and ash (A; g g DW-1) concentrations of banana pulp, and of the ener-
getic costs of N assimilation and carbohydrate translocation [46, 47]:

CC ¼ ð5:39C þ 0:80Aþ 5:64fNhN � 1:191Þð1þ rTÞ ð25Þ

where fNh is the fraction of N used in growth that is assimilated heterotrophically, assumed to
be equal to 1 for fruits [47], and rT is the added cost of translocating photosynthetates from
sources to sinks, assumed to be equal to 5.3% [46].

The coefficient qg (mmol CO2 g
-1) was calculated using the following formula [48]:

qg ¼
ðaCC � CÞ

MC

� 1000 ð26Þ

where αCC is the carbon construction cost (α = 0.4 is the concentration of carbon in glucose),
and MC is the molar mass of carbon equal to 12 g mol-1.

The calculated values of qg were found to not significantly differ among cultivars and
among developmental stages (data not shown). Thus, for qg a value common to all cultivars
and developmental stages was chosen as the mean value of the calculated values which was
qg = 13 mmol CO2 g

-1 ±1. This value is in the range of values found for tomato (9.3 mmol
CO2 g

-1; [49]), peach (7.0 mmol CO2 g
-1; [50]), and mango (3.0 mmol CO2 g

-1; [48]).
The maintenance respiration coefficient (qm) of the pulp during banana growth and post-

harvest ripening were calculated respectively from measurements of respiration in harvested
green fruits and in fruits subjected to ethylene treatment in the 2012 experiment (n = 180).
Since the fruits were harvested, we assumed that the measured respiration corresponded only
to maintenance respiration. Therefore, by inverting Eq 16, qm was calculated as follows:

qm ¼ Resp

DWQ
y�20
10

10

ð27Þ

The value of qm during fruit growth was estimated at qm = 0.15 mmol CO2 g
-1 day-1 ±0.02

for the three cultivars, a value close to those estimated for tomato (0.27 mmol CO2 g
-1 day-1;

[51]), peach (0.05 mmol CO2 g
-1 day-1; [50]), and mango (0.09 mmol CO2 g

-1 day-1; [48]).
The values of calculated qm during postharvest ripening were plotted as a function of the

number of days after ethylene treatment. In all three cultivars, qm increased dramatically dur-
ing the first two days after ethylene treatment, and then remained constant until the end of rip-
ening (S3 A,S3 B and S3 C Fig). An appropriate expression to represent qm was:

qm ¼ qm1 � ð1� qm2 � exp�qm3�DAEÞ ð28Þ
where DAE is the day after ethylene treatment, and qm1, qm2, and qm3 are fitted coefficients.

The values of qm differed significantly among cultivars, so we decided to fit the model of Eq
28 to the three cultivars separately. Thus, parameters qm1, qm2, and qm3 were estimated for
each cultivar by using a nonlinear least-squares regression method on the 2012 data [44]
(Table 1). The model allowed satisfactory prediction of fruit respiration during postharvest rip-
ening (R² = 0.72; RRMSE = 0.10) (S3 D Fig).

Model calibration
Every parameters related to reaction rates ki(t) and membrane permeability Ki(t) were estimat-
ed by fitting the predicted citrate concentrations to observed values of the 2011 dataset sepa-
rately for each cultivar and developmental stage (60 data per cultivar during growth and 96
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data per cultivar during post-harvest ripening) using the hydroPSO function of the R software
[52]. The hydroPSO function uses the computational method of particle swarm optimization
(PSO) that optimizes a problem by iteratively trying to improve a candidate solution with re-
gard to a given measure of quality. Parameters were estimated by minimizing the following cri-
terion: X

j

X
i

ðxij � yij
sj

Þ2 ð29Þ

where xij is the predicted value, and yij is the observed value of the fruit of the j
th banana plant at

date ti, and σj is the standard deviation of the observed values of the fruit of the jth banana plant.
The model obtained, in which all the estimated parameters were different among cultivars,

was named Model 1.

Model selection
We used model selection to detect significant differences in parameter values among cultivars.
Model 1 in which all the ki,g(t) and Ki,g(t) were specific to cultivars were compared to reduced
models in which some of the parameters were supposed to be the same for some of the culti-
vars, thus reducing the number of parameters to be estimated. For two models that do not sig-
nificantly differ in fit quality, the one with fewer parameters is always preferred. The best
model was named Model 2.

Models were selected using the Akaike information criterion (AIC), which allows the com-
parison of nested and non-nested models. In our case, the number of parameters exceeded n/
40 (where n is sample size), so a second order derivative AICc, which contained a bias correc-
tion term for small sample size, was applied, as suggested by Johnson and Omland [53]. The
model with smaller AICc was preferred.

AICc ¼ n lnðRSS
n

Þ þ 2kð n
n� k� 1

Þ ð30Þ

where n is the number of observations, RSS is the residual sum of squares, and k is the number
of estimated parameters of the model.

Sensitivity analysis of the model to pulp growth, respiration and
temperature
A sensitivity analysis of the model was conducted in order to get insights into the effects of
pulp growth, respiration and temperature on citrate accumulation during fruit growth and
post-harvest maturation. We linked the pre- and post-harvest stages by taking into account
the six days of fruit storage at 18°C between harvest and ethylene treatment, and assumed that,

Table 1. Estimated parameter values and standard errors (in parentheses) of the qmmodel during postharvest ripening in cultivars IDN, PJB, and
PL.

qm1

(mmol CO2 g
-1 day-1)

qm2

(dimensionless)
qm3

(dimensionless)

IDN 0.61 (0.01) 0.71 (0.04) 1.08 (0.18)

PJB 0.48 (0.01) 0.68 (0.05) 0.65 (0.13)

PL 0.52 (0.01) 0.68 (0.04) 0.87 (0.13)

Parameters were estimated using the data from 2012 post-harvest ripening.

doi:10.1371/journal.pone.0126777.t001
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during that period, fruit respiration was equal to growth maintenance respiration. The sensitiv-
ity of the model was quantified by normalized sensitivity coefficients (SC), defined as the ratio
between variation in the citrate concentration (ΔC) relative to its standard value (C), and varia-
tion in growth parameters, respiration parameters, and temperature (ΔP) relative to its stan-
dard value (P) [54].

Normalized sensitivity coefficient ¼ DC=C
DP=P

ð31Þ

The interpretation of SC is referred to as local sensitivity analysis since these coefficients
provide information on the effect of small changes in the parameters (or inputs) on the re-
sponse of the model. They do not provide information on the effect of simultaneous or large
changes in parameters (or inputs). SCs were calculated by altering one parameter (or input) by
±0.1% while maintaining all the other parameters at default values. A positive and negative
sign of SC correspond, respectively, to a response in the same or reverse direction as the varia-
tion in the parameter (or input). The larger the absolute value of SC, the more sensitive the
model is to the parameter (or input). Since the SC behaved similarly between years for a given
cultivar, only results in 2011 are presented. For the sensitivity analysis during postharvest rip-
ening, the SCs behaved similarly between the two harvest stages in a given cultivar, so only re-
sults for 70% of FYT are presented.

Goodness-of-fit and predictive quality of the model
The goodness-of-fit of the model was evaluated using two commonly used criteria, the root
mean squared error (RMSE) and the relative root mean squared error (RRMSE), to compare
the mean difference between simulated and observed results [55]. The smaller the value of
RMSE and RRMSE, the better the fit.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

ðYi � XiÞ2
n

s
ð32Þ

where Yi is the predicted value of the fruit i, and Xi is the measured value of the fruit i. n is the
number of data.

RRMSE ¼ RMSE
�X

ð33Þ

where �x is the mean of all observed values.
The predictive quality of the model, which ascertains the validity of the model in different

scenarios, was quantified by the RMSE and RRMSE calculated on the 2012 data set.

Results

Overview of cultivar and treatment effects
The effects of cultivar and treatments on citrate concentration in banana pulp during the pre-
and post-harvest stages are detailed in a previous paper [20], so only the main conclusions are
presented here. During banana growth, citrate concentration increased and was significantly
affected by cultivar both in 2011 and 2012. The PL cultivar had significantly higher citrate con-
centration in the pulp than the IDN and PJB cultivars (Fig 3). During banana post-harvest
ripening, both the ripening stage and the cultivar had a significant effect on the concentrations
of citrate in 2011 and 2012. The pattern of citrate concentration in the pulp were the same in
the IDN and PL cultivars with an overall decrease during ripening, whereas there was an

Modeling Citrate Accumulation in Fruits

PLOS ONE | DOI:10.1371/journal.pone.0126777 June 4, 2015 12 / 26



overall increase in the PJB cultivar (Fig 4). At the end of ripening, PJB had the highest citrate
concentration and PL the lowest. Fruits harvested later (at 90% of flowering-to-yellowing time
(FYT)) had significantly higher concentration of citrate throughout ripening in the three

Fig 3. Measured (dots) and simulated (lines) citrate concentrations in the pulp of cultivars IDN, PJB, and PL during fruit growth. The cultivars were
grown under two contrasted fruit loads in 2011 (LL: low fruit load; HL: high fruit load), and two contrasted levels of potassium fertilization in 2012 (NF: no
potassium fertilization; HF: high level of potassium fertilization). Data are means ± s.d (n = 6). The RMSE (mmol 100g FW-1) and RRMSE are indicated in
each graph.

doi:10.1371/journal.pone.0126777.g003
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cultivars. Low fruit load significantly increased the pulp fresh weight in all three cultivars but
had no effect on the concentration of citrate during either growth or post-harvest ripening. Po-
tassium fertilization significantly increased the pulp fresh weight in cultivars PJB and PL,

Fig 4. Measured (dots) and simulated (lines) citrate concentrations in the pulp of cultivars IDN, PJB, and PL during fruit post-harvest ripening. The
cultivars were grown under two contrasted fruit loads in 2011 (LL: low fruit load; HL: high fruit load), and two contrasted levels of potassium fertilization in
2012 (NF: no potassium fertilization; HF: high level of potassium fertilization). In 2011, fruits were harvested at two different stages: early stage (70% of FYT)
and late stage (90% of FYT). Data are means ± s.d (n = 6). The RMSE (mmol 100g FW-1) and RRMSE are indicated in each graph.

doi:10.1371/journal.pone.0126777.g004
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whereas the opposite was the case for fruits from the IDN cultivars. However, potassium fertili-
zation had no effect on the concentration of citrate during either growth or post-harvest ripen-
ing in all three cultivars.

Model calibration and selection
Model 1 was fitted to observed data by estimating 48 parameters (16 per cultivar), and predic-
tions were in good agreement with observed 2011 data for the three cultivars (mean
RRMSE = 0.23). Comparison of model 1 with several reduced models was made based on the
AICc criterion (data not shown). We selected the reduced model 2. In model 2, during the pre-
harvest stage,m1,m3 andm4 were fixed at 0 for the three cultivars; k1,g, k3,g, K4,g were the same
for the three cultivars; and K5,g andm5 were specific to cultivars, thus reducing the number of
estimated parameters to nine (Table 2). During the post-harvest stage, j1 were fixed at 0 for
PJB, j3 and j4 were fixed at 0 for the three cultivars, j5 were fixed at 0 for IDN and PL; and K4,r

and K5,r were the same for cultivars IDN and PL, reducing the number of estimated parameters
to 13 (Table 2). Values of the 22 estimated parameters of model 2 are summarized in Table 3.

Evaluation of the model
Citrate concentrations simulated by model 2 were in good agreement with 2011 values ob-
served in the three cultivars (RMSEs and RRMSEs ranged between 0.14 and 1.08 mmol 100g

Table 2. Results of model selection between full and reducedmodels using AICc criteria.

Model AICc Stage Estimated parameters Fixed parameters

1 -665 Pre-
harvest

k1,g
idn,m1

idn,k3,g
idn,m3

idn,K4,g
idn,m4

idn,K5,g
idn,m5

idn,k1,g
pjb,m1

pjb,k3,g
pjb,m3

pjb,K4,

g
pjb,m4

pjb,K5,g
pjb,m5

pjb,k1,g
pl,m1

pl,k3,g
pl,m3

pl,K4,g
pl,m4

pl,K5,g
pl,m5

pl

Post-
harvest

k1,r
idn,j1

idn,k3,r
idn,j3

idn,K4,r
idn,j4

idn,K5,r
idn,j5

idn, k1,r
pjb,j1

pjb,k3,r
pjb,j3

pjb,K4,r
pjb,j4

pjb,K5,

r
pjb,j5

pjb, k1,r
pl,j1

pl,k3,r
pl,j3

pl,K4,r
pl,j4

pl,K5,r
pl,j5

pl

2 -729 Pre-
harvest

k1,g
idn = k1,g

pjb = k1,g
pl,k3,g

idn = k3,g
pjb = k3,g

pl, K4,g
idn = K4,g

pjb = K4,g
pl, K5,g

idn,
m5

idn,K5,g
pjb,m5

pjb,K5,g
pl,m5

pl
m1

idn = m1
pjb = m1

pl = 0, m3
idn = m3

pjb =
m3

pl = 0, m4
idn = m4

pjb = m4
pl = 0

Post-
harvest

k1,r
idn,j1

idn,k3,r
idn,k1,r

pl,j1
pl,k3,r

pl, k1,r
pjb,k3,r

pjb,K4,r
pjb,K5,r

pjb,j5
pjb, K4,r

idn = K4,r
pl,K5,

r
idn = K5,r

pl
j1
pjb = 0,j5

idn = j5
pl = 0, j4

idn = j4
pjb = j4

pl = 0,
j3
idn = j3

pjb = j3
pl = 0

The superscript names following the parameters refer to banana cultivars IDN, PJB and PL. The best model is Model 2.

doi:10.1371/journal.pone.0126777.t002

Table 3. Selected rate constants andmembrane permeability for the cultivars IDN, PJB, and PL according to the best model (Model 2).

Rate constants (ki) and membrane permeability (Ki) Unit Equation

PL IDN PJB

Pre-harvest

k1,g(t) L².day-1.mmol-1 9000

k3,g(t) L.day-1 2

K4,g(t) L.day-1 4000

K5,g(t) L.day-1 0.0048*SDW(t)0.98 0.0012*SDW(t)1.99 0.0017*SDW(t)1.95

Post-harvest

k1,r(t) L².day-1.mmol-1 5634*t1.36 4904*t-1.99 9887

k3,r(t) L.day-1 531 0.17 0.08

K4,r(t) L.day-1 3965 6889

K5,r(t) L.day-1 1.0*10–4 1.03*t-1.26

doi:10.1371/journal.pone.0126777.t003
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FW-1, and between 0.15 and 0.40 respectively) (Figs 3 and 4). Model validation on data from
2012 was also satisfactory, as revealed by RMSEs and RRMSEs of predictions, with values rang-
ing between 0.20 and 0.98 mmol 100g FW-1, and between 0.17 and 0.35 respectively. Statistical
analysis revealed that the model correctly simulated the strong effect of cultivar and fruit age
(S2 and S3 Tables). The model predicted little effect of fruit load and potassium fertilization,
consistent with observed data. The model predicted a small effect of harvest stage, consistent
with observed data, but was not able to simulate the minor differences correctly (data not
shown).

Predictions of metabolic fluxes
The metabolic fluxes of the TCA cycle predicted by the model are presented in Fig 5 for the
three cultivars. During banana growth, all the metabolic fluxes underwent a continuous in-
crease in the three cultivars. φ1, φ2, φ3, and φ4 followed the same pattern, but φ3 was a lot
lower. φ5 and φ6 followed another pattern. All the metabolic fluxes were highest in cultivar
PJB, then in cultivar PL and lastly in cultivar IDN. During post-harvest ripening, φ1, φ2, and φ4
dramatically increased in the first two days after ethylene treatment and then remained con-
stant in all three cultivars. φ1, φ2, and φ4 were highest in cultivar PJB, then in cultivar IDN and
lastly in cultivar PL. There were great differences in the pattern of φ3, φ5, and φ6 among culti-
vars during ripening. φ3 was close to zero for PJB, was positive and increased for IDN, and was
positive and decreased for PL. φ5 and φ6 were close to zero for IDN and PL, and were high for
PJB at the beginning of ripening but then decreased to 0.

Sensitivity analysis to growth, respiration and temperature
During banana growth, pulp growth parameters influenced citrate concentration in a cultivar
dependent manner (Fig 6). The sensitivity of the model to Cm was higher in cultivars IDN and
PJB, than in cultivar PL. The SC of Cm increased in the first part of growth, and remained al-
most constant thereafter. The model was very sensitive to Rm and tb at the beginning of growth,
and less at the end. During postharvest ripening, Cm had a positive effect on citrate concentra-
tion in the cultivar IDN, and a negative effect in cultivars PJB and PL. Rm had a negative effect
on citrate concentration in all three cultivars. tb had a negative effect on citrate concentration
in cultivar IDN, and a positive effect in cultivars PJB and PL.

During banana growth, respiration parameters and temperature had no effect on citrate
concentration in any of the three cultivars (Fig 6). During post-harvest ripening, qm and stor-
age temperature greatly influenced citrate accumulation in a negative way in cultivar PL but
had no effect in cultivars IDN and PJB. Q10 had a positive effect on citrate accumulation in cul-
tivar PL, and no effect in cultivars IDN and PJB. The reason why Q10 had a positive effect was
that storage temperature was lower than 20°C (see Eq 16).

Discussion

Metabolism more than dilution by growth was responsible for the
genotypic variability in citrate concentration
The concentration of citrate in fruit pulp is the result of several processes. First, the metabolic
processes of citrate control the amount of citrate in the pulp (for review see [9]). Second, the ac-
cumulation of water and dry matter in the fruit influences the concentration of citrate in the
pulp due to dilution caused by change in fruit volume [56]. Pulp fresh weight increased during
the pre-harvest stage for the three cultivars [20] but not sufficiently to induce a decrease in the
concentration of citrate in the pulp. Thus, during the pre-harvest stage, citrate concentration
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Fig 5. Metabolic fluxes of the TCA cycle predicted by the citratemodel during fruit growth and post-harvest ripening for the cultivars IDN, PJB, and PL.

doi:10.1371/journal.pone.0126777.g005
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was mainly linked to its metabolism. This result is in accordance with Wu et al. [18] who
showed that peach citrate concentration was mainly linked to its metabolism during the green
stage. As a consequence, the differences in the concentration of citrate in banana pulp among
cultivars were mainly the result of differences in metabolism rather than in dilution [20]. Dur-
ing post-harvest ripening, since pulp fresh weight did not change anymore, the main compo-
nent affecting citrate concentration and consequently responsible for genotypic variability
was metabolism.

Potential role for NAD-malic enzyme and mitochondrial malate carriers
in the genotypic variability of citrate metabolism during the pre- and post-
harvest stages
The model gives a possible explanation for differences in citrate metabolism between the pre-
and post-harvest stages, and among cultivars (Fig 7). During fruit growth, the model predicted
a common metabolic scheme for the three cultivars with the flux of malate conversion into py-
ruvate (φ3) close to zero, and consequently the flux of net citrate production (φ6) was equal to
the flux of malate imported into mitochondria (φ5). Thus, during the pre-harvest stage, the im-
port of malate into the mitochondria drove citrate production. The model suggested that differ-
ences in citrate accumulation among cultivars during fruit growth were due to differences in
φ5, and in particular in K5,g(t), which reflects the activity of malate mitochondrial transporters.
In the three cultivars, K5,g(t) increased during banana growth but increased more in cultivar
PJB than in the two other cultivars. It is known that the expression of mitochondrial malate
transporters varies during fruit development [31]. The absence of φ3 suggests that the pyruvate
imported into the mitochondria through φ4 could completely satisfy the fruit energy demand,
with no need to produce any pyruvate via the mitochondrial malic enzyme reaction.

During post-harvest ripening, the model predicted the same metabolic scheme as during
growth in the cultivar PJB, i.e. the import of malate into the mitochondria drove citrate produc-
tion. In cultivar PJB, K5,r(t) was important at the beginning of ripening and then decreased dra-
matically, explaining why the concentration of citrate increased significantly in the first days
after ethylene treatment and then remained almost constant. In cultivars IDN and PL, φ3 was
positive and φ5 was equal to zero during post-harvest ripening. Consequently, φ6 was equal to-
φ3 and was therefore negative (in particular for PL; φ6 was close to zero for IDN), explaining
the decrease in citrate concentration. Model selection indicated that k3,r(t), which reflects mito-
chondrial NAD-malic enzyme activity, can be assumed to remain constant during post-harvest
ripening in the three cultivars, suggesting that NAD-malic enzyme activity is likely to vary little
during this stage. Borsani et al. [33] observed no significant changes in NAD-malic enzyme ac-
tivity during post-harvest ripening in peach. Differences in citrate concentrations between cul-
tivars IDN and PL were due to differences in φ3, and in particular in k3,r(t). There is no
information in the literature concerning the possible involvement of mitochondrial NAD-
malic enzyme in the difference in acidity among fruit cultivars, but the model suggests this
could be an interesting avenue to explore. In the end, it appears that screening for a genotype
with low mitochondrial malate transport activity or high mitochondrial NAD-malic
enzyme activity could be the most promising way to achieve a low citrate concentration in
ripe fruit.

Fig 6. Normalized sensitivity coefficients of citrate concentration to the growth parameters, temperature, and respiration parameters during
growth and post-harvest ripening in the cultivars IDN, PJB, and PL. Temperature refers to air temperature during fruit growth, and to storage
temperature during fruit ripening.

doi:10.1371/journal.pone.0126777.g006
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Pulp growth affected citrate metabolism in a cultivar-dependent manner
The effect of fruit load on citrate concentration predicted by our model was the result of modi-
fications in banana pulp growth (S4 Table). Increasing pulp growth parameters affected pulp
dry weight, and consequently pulp fresh weight, in different ways (Fig 8A) with consequences
on citrate metabolism. During fruit growth, φ6 was equal to φ5 for the three cultivars, which
means that φ6 depended on K5,g(t) and Malmt (see Eq 9). Increasing pulp dry weight increased
K5,g(t) (Fig 8B). Malmt was positively related to dry weight through respiration. Nevertheless
since Malmt was negligible compared to Malcyt (data not shown), respiration had no impact on
φ6. Therefore, increasing pulp dry weight increased the weight of citrate in the pulp due to the

Fig 7. Schematic diagram of the differences in organic acid metabolism predicted by the model among the three cultivars during the pre and post-
harvest stages.Red arrows indicate major fluxes involved in citrate accumulation. The genotypic parameters identified by the model are represented in pink.

doi:10.1371/journal.pone.0126777.g007
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increase in K5,g(t). In the end, the effect of pulp growth parameters on citrate concentration in
the pulp depended on whether the effect on citrate production was greater than the effect on
fresh weight (or not), explaining why the sensitivity coefficients of citrate concentration in the
pulp varied so much during fruit growth. Wu et al. [18] used the citrate model of Lobit et al.
[17] to study the effect of peach mesocarp growth on citrate concentration. They showed that
an increase of pulp dry weight increased both fresh weight and citrate production, which in-
creased citrate concentration at the beginning of fruit development and decreased it near matu-
rity depended on whether the effect on citrate production was greater than the effect on fresh
weight (or not). The fact that respiration had no impact on banana citrate concentration during
the pre-harvest stage explains why the SCs of respiration parameters were close to zero which
was similar to the results on peach maintenance respiration parameters obtained by Wu et al.
[18]. However our results on banana growth respiration coefficient contrasted with the results
on peach which showed that increasing growth respiration coefficient increased citrate concen-
tration in particular at the beginning of fruit growth [18].

During post-harvest ripening, bigger fruits had higher respiration which had cultivar-de-
pendent consequences on post-harvest citrate metabolism. For PL, φ6 was equal to-φ3 and was
therefore negative. Since φ3 was positively related to Malmt, itself positively related to respira-
tion, fruits with higher respiration had higher rate of citrate degradation. This explains why in-
creasing qm, as well as decreasing Q10, decreased citrate concentration. For IDN, φ6 was close
to zero and was therefore not affected by respiration. For PJB, φ6 was equal to φ5. Therefore, in-
creasing respiration had no effect on citrate production because K5,r(t) only depended on time
during post-harvest ripening (see Eq 21). The effect of pulp growth parameters on the concen-
tration of citrate in the pulp during post-harvest ripening depended on their effects on citrate

Fig 8. Changes in pulp dry weight in response to (A) growth parameters and (B) K5,g(t) for the three cultivars.Growth parameters were increased one
at a time by 50% of their default value. K5,g(t) were calculated for each cultivar using the equations presented in Table 3.

doi:10.1371/journal.pone.0126777.g008
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concentration at harvest (i.e. during the pre-harvest stage), on citrate metabolism after ethylene
treatment and on fresh weight. All these combined effects explain why the SCs of citrate con-
centration to pulp growth parameters changed during post-harvest ripening. The minor effect
of potassium fertilization on citrate concentration predicted by the model during post-harvest
ripening was the result of small modifications in pulp growth. Fruits grown under contrasted
potassium fertilization had different growth parameters (S5 Table) that affected citrate concen-
tration during post-harvest ripening in a cultivar dependent manner.

The model predicted a cultivar-dependent response of citrate
concentration to storage temperature
During fruit growth, the model predicted no effect of temperature on the concentration of cit-
rate in the pulp for the three cultivars, whereas it showed a cultivar-dependent response to stor-
age temperature during post-harvest ripening. A negative effect of storage temperature was
predicted on the concentration of citrate for cultivar PL but none for cultivars IDN and PJB.
This is an interesting outcome of the model since storage temperature is a variable easy to con-
trol, however these results need to be checked experimentally. The negative effect of tempera-
ture on citrate concentration predicted for cultivar PL is in accordance with the fact that, as
frequently observed in field experiments, high temperatures reduce fruit acidity (for review see
[9]). Moreover, Bugaud et al. [57] observed that banana harvested during the cold season had
the highest concentration of citrate. The cultivar dependency of citrate concentration to tem-
perature has also been simulated by Wu et al. [18] on peach using the model of Lobit et al. [17].
This model predicted that raising mean temperature during ripening increased citrate concen-
tration for cv. Fidelia whereas it had almost no effect for cv. Suncrest. The main reason was
that for cv. Fidelia, a parameter k3 related to temperature was additionally included in the
model, compared with the model for cv. Suncrest. In our model, temperature affected citrate
concentration only through modification of respiration. We did not consider any effect of tem-
perature on enzyme and transporter activities but it is known that temperature controls the re-
action rates of glycolysis and of the TCA cycle [35] by modifying enzyme activities [58], and
also the kinetic properties of the mitochondrial transport systems involved [59]. Therefore, a
possible improvement of the citrate model could be to take into account the temperature de-
pendency of enzyme and transporter activity.

Model validity
We assumed that citrate accumulation is driven by the TCA cycle located in the mitochondria.
This assumption is in fact a simplification of the complex carbon metabolism that takes place
in fleshy fruit (for review see [9]). The model was based on a simplified representation of the
TCA cycle and several processes were not considered, like the regulation of TCA cycle by coen-
zymes among others. The validity of flux predictions could be tested by comparing them to ex-
perimental measurements of metabolic fluxes. This kind of approach is commonly used to
model metabolic flux and helps constrain the flux solution space [60]. Moreover, Sweetlove
et al. [60] suggested that metabolic input and output are the key drivers of flux distribution,
more than enzyme regulation. Consequently, the precise determination of the input metabo-
lites considered in our model (cytosolic malate and pyruvate concentrations) should help
improve metabolic predictions. In the present model, cytosolic malate and pyruvate concentra-
tions were assumed to be constant during banana development, whereas in reality they certain-
ly fluctuate since they play a role in the regulation of cytosolic pH [61]. Further work will be
required to validate the main conclusions of the model with experimental results (i.e.
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measurements of enzyme activities or mRNA levels), as e.g. the possible involvement of mito-
chondrial NAD-malic enzyme in the difference in acidity among fruit cultivars.

Conclusion
The model of TCA cycle functioning proposed in this study satisfactorily simulated the dynam-
ics of citrate concentration during the pre- and post-harvest stages of fruit development in a
range of cultivars. This model turned out to be an interesting tool to dissect the effects of geno-
typic and environmental factors on citrate concentration. In particular, the model suggested
major differences in TCA cycle functioning among cultivars during post-harvest ripening of
banana, and pointed to the potential role of NAD-malic enzyme and mitochondrial malate car-
riers in the genotypic variability of citrate concentration. The next step will be to validate these
assumptions experimentally. Given that the TCA cycle is a universal feature of fruit metabo-
lism, the present model can be used as a conceptual basis for modeling citrate accumulation in
other fruit species. In the future, linking such models with a model for malate [22], and a
model relating titratable acidity and pulp composition [19], would be a powerful tool for fruit
quality improvement.
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growth.
(PDF)

S3 Table. LMM analysis of predicted and measured citrate concentration during posthar-
vest fruit ripening.
(PDF)

S4 Table. Estimated parameter values and standard errors of the expolinear growth model
of pulp dry weight for the three cultivars and two contrasted fruit loads in 2011.
(PDF)

S5 Table. Estimated parameter values and standard errors of the expolinear growth model
of pulp dry weight in the three cultivars and the two contrasted levels of potassium
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fertilization in 2012.
(PDF)
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