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a  b  s  t  r  a  c  t

Titratable  acidity  and  pH are  important  chemical  traits  for  the  organoleptic  quality  of banana  since  they
are  related  to  the  perception  of sourness  and  sweetness.  Banana  fruit  has  the particularity  of  having
separate  growth  and  ripening  stages,  during  which  pulp  acidity  changes.  A  modeling  approach  was  used  to
understand  the mechanisms  involved  in  changes  in  acidity  during  pulp growth  and  post  harvest  ripening.
Changes  in  pH and  titratable  acidity  were  modeled  by  solving  a  set  of equations  representing  acid/base
reactions.  The  models  were  built  using  data  from  growth  and  post  harvest  ripening  of  three  dessert
banana  cultivars  with  contrasting  acidity.  For  each  model,  calculated  values  were  compared  to  observed

2

ineral elements

ultivars
itratable acidity
H

values.  These  models  allowed  the  prediction  of pH (R =  0.34;  RMSE  = 0.75,  biais  =  0.05)  and  of  titratable
acidity  (R2 =  0.81, RMSE  = 2.05, biais  = −1.44)  during  fruit  growth  and  post  harvest  ripening. The  sensitivity
analyses  showed  that  among  acids,  malic,  citric  and  oxalic  acids  are  the  main  contributors  to banana  pulp
acidity,  and  that  among  soluble  minerals,  potassium  also  plays  an  important  role.  Studying  the  factors
that  affect  the accumulation  of  organic  acids  (citric,  malic,  and  oxalic  acids)  and  potassium  in banana
pulp  could  be  a relevant  area  of research  with  the  objective  of  modifying  banana  fruit  acidity.

©  2013  Elsevier  B.V.  All  rights  reserved.
. Introduction

Fruit acidity is a topic of primary importance in improving
ruit quality since it influences the perception of both sourness
nd sweetness (Bugaud et al., 2011; Esti et al.,  2002). These two
ttributes are major drivers of consumer preferences for fruit (Lyon
t al., 1993), and are thus important traits to consider in breed-
ng programs. Understanding the elaboration of fruit acidity is also
mportant because acidity controls numerous enzyme activities
Madshus, 1988).

Fruit acidity is commonly measured using two  chemical param-
ters: titratable acidity (TA) i.e. the amount of weakly bound

ydrogen ions that can be released from the acids, and pH, the
ctivity of free hydrogen ions. Fruit acidity is due to the acidity
f the vacuole which represents about 90% of the volume of most

Abbreviations: TA, titratable acidity; RMSE, root mean squared error; K, potas-
ium; Mg,  magnesium; Ca, calcium; Cl, chloride; P, phosphorus; IDN 110, Indonesia
10;  JB, Pisang Jari Buaya; PL, Pisang Lilin; FW,  fresh weight; mEq, milliequivalents;
MM, linear mixed model; SI, sensitivity index.
∗ Corresponding author. Tel.: +33 5 96 42 30 98; fax: +33 5 96 42 30 01.

E-mail addresses: bugaud@cirad.fr, christophe.bugaud@cirad.fr (C. Bugaud).

304-4238/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.scienta.2013.08.011
mature fruit cells (Etxeberria et al.,  2012). The acidity of the vac-
uole is the result of its ionic composition, mainly organic acids and
mineral cations that determine the vacuolar pH and TA (Etienne et
al., 2013). Banana pulp contains three major organic acids, malic
acid, citric acid, and oxalic acid, whose concentrations undergo
marked changes during growth and ripening (John and Marchal,
1995; Jullien et al., 2008) and phosphoric acid (Bugaud et al., 2013).
Banana pulp contains soluble minerals, mainly potassium (K), and
to a lesser extent magnesium (Mg), calcium (Ca), and chloride (Cl)
(John and Marchal, 1995). During post harvest ripening, mineral
content can still change due to migration between the peel and the
pulp (Izonfuo and Omuaru, 1988).

There are considerable differences in pH and TA among dessert
banana cultivars and among post-harvest ripening stages (Bugaud
et al., 2013; Chacón et al., 1987), and the origins of these differences
remain unclear. Quantifying the relations between pulp acidity and
pulp ionic composition using a modeling approach, would advance
our understanding of the determinants of banana acidity. Models
of pH and TA predictions have been developed for peach (Lobit et

al., 2002) and proved to be powerful tools to understand the mech-
anisms underlying changes in acidity during peach development.
The objective of the present work was to apply and validate these
models on banana fruit, in which other ionic species than those

dx.doi.org/10.1016/j.scienta.2013.08.011
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scienta.2013.08.011&domain=pdf
mailto:bugaud@cirad.fr
mailto:christophe.bugaud@cirad.fr
dx.doi.org/10.1016/j.scienta.2013.08.011
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ound in peach need to be taken into account, and to throw light
n the determinants of the changes in pH and TA that occur during
he life of the banana pulp, i.e. from growth on the plant through
ost harvest ripening.

. Materials and methods

.1. Model development

.1.1. pH model
The model used for pH prediction was adapted from Lobit et al.

2002). Banana pulp can be considered as a concentrated aqueous
olution of weak acids, mainly malic, citric, oxalic and phosphoric
cids, and mineral cations, mainly potassium, magnesium, calcium
nd chloride. Other acids can be found in banana pulp but were
ot taken into account in the present study. Weak acids are partly

n free form and partly dissociated to form salts with monovalent
ations. Proton exchange reactions occur between acids and bases
ntil equilibrium state is reached, which determines the pH and the
oncentrations of all ionic species. So, to predict the pH of banana
ulp solution, the concentrations of the different chemical forms of
he weak acids need to be calculated.

.1.1.1. Acid/base equilibrium. The equilibrium state of a solution
ontaining several acid/conjugate base pairs and cations in known
mounts can be computed by solving a system consisting in the
ollowing sets of equations:

2.1.1.1.1. Equations of conservation. The total amount of an acid
s equal to the sum of the concentrations of all the ionic species
ormed by its dissociation:

itricacid : [Cit] = [H3Cit] + [H2Cit−] + [HCit2−] + [Cit3−] (1a)

alicacid : [Mal] = [H2Mal] + [HMal−] + [Mal2−] (1b)

xalicacid : [Oxa] = [H2Oxa] + [HOxa−] + [Oxa2−] (1c)

hosphoricacid : [PO4] = [H3PO4] + [H2PO4
−] + [HPO4

2−]

+ [PO4
3−] (1d)

2.1.1.1.2. Equations of dissociation. The dissociation reactions
f the weak acids considered in the model are the following:

itricacid : H3Cit ↔ H2Cit + H+ ↔ HCit2− + 2H+ ↔ Cit3−

+ 3H+(pKa1 ∼ 3.10, pKa2 ∼ 4.70, pKa3 ∼ 6.40) (2a)

alicacid : H2Mal  ↔ HMal− + H+ ↔ Mal2−

+ 2H+(pKa1 ∼ 3.40, pKa2 ∼ 5.10) (2b)

xalicacid : H2Oxa ↔ HOxa− + H+ ↔ Oxa2−

+ 2H+(pKa1 ∼ 1.23, pKa2 ∼ 4.19) (2c)
hosphoricacid : H3PO4 ↔ H2PO4 + H+ ↔ HPO4
2− + 2H+ ↔ PO4

3−

+ 3H+(pKa1 ∼ 2.12, pKa2 ∼ 7.21, pKa3 ∼ 12.67) (2d)
lturae 162 (2013) 125–134

If HA/A− is an acid/base pair characterized by an acidity constant
Ka, the equilibrium between the concentrations of the protonated
and the dissociated form can be written as a function of pH and
of the activity of the ionic species involved in the reaction: Ka =
(A−)h/(HA), where (HA) and (A−) are the activities of the conju-
gated acid and base, respectively; h = (H+) = 10−pH is the hydrogen
ion activity, and Ka = 10−pKa is the acidity constant.

In diluted solutions (concentrations below 10−2 mol  L−1),
activities can be considered equal to concentrations. In more
concentrated solutions like fruit juice, they are less than concentra-
tions: (HA) = aHA[HA] and (A−) = aA−[A−], where [HA] and [A−] are
the concentrations of the acid and its corresponding base respec-
tively, and aHA and aA− are the activity coefficients, which depend
on the ionic composition of the solution. So, the dissociation equi-
librium can be written by introducing an apparent acidity constant:
[A−]h/[HA] = K ′a, where K′

a is the apparent constant of acidity
defined as:

K ′
a = KaaHA/aA− (3)

2.1.1.1.3. Activity coefficient of ions. The activity coefficients of
each acid and conjugated base have to be computed to estimate
the apparent acidity constants. In a solution that contains n ionic
species Si with electric charges zi and at concentrations Ci1<i<n, an
ion S with a charge z has an activity coefficient as that depends
on the ionic strength (�) of the medium. The ionic strength of the
solution is the total concentration in ionic species, given by the
following equation:

� = 1/2(
∑

i
z2

i Ci) (4)

In the case of an aqueous solution with a ionic strength of up to
1 M,  as can be calculated by the equation of Davies (1962):

log(as) = −0.509z2((
√

�/(1 + √
�)) − 0.3�) (5)

2.1.1.1.4. Ionic balance. The neutrality of the electrical solution
in pulp cell implies that the algebraic sum of cationic and anionic
charged must be null:

[H2Cit−] + 2 ∗ [HCit2−] + 3 ∗ [Cit3−] + [HOxa−] + 2 ∗ [Oxa2−]

+ [Hmal−] + 2 ∗ [Mal2−] + [H2PO4
−] + 2 ∗ [HPO4

2−]

+ 3 ∗ [PO4
3−] + [OH−] + [Cl−] − [H+] − [K+] − 2 ∗ [Mg2+]

− 2 ∗ [Ca2+] = 0 (6)

[OH−] is expressed as a function of the pH: [OH−] = 10(pH-14)

2.1.1.2. Algorithm of the pH model. Combinations of Eqs. (1) and (2)
give the following set of equations that all depend on the apparent
acidity constants and the pH:

[Cit3−
] = (K ′

cit1K ′
cit2K ′

cit3/(h3 + h2K ′
cit1 + hK ′

cit1K ′
cit2

+ K ′
cit1K ′

cit2K ′
cit3))[Cit] (7a)

[HCit2−
] = (hK ′

cit1K ′
cit2/(h3 + h2K ′

cit1 + hK ′
cit1K ′

cit2

+ K ′
cit1K ′

cit2K ′
cit3))[Cit] (7b)

[H2Cit−] = (h2K ′
cit1/(h3 + h2K ′

cit1 + hK ′
cit1K ′

cit2

+ K ′
cit1K ′

cit2K ′
cit3))[Cit] (7c)
[H3Cit] = (h3/(h3 + h2K ′
cit1 + hK ′

cit1K ′
cit2 + K ′

cit1K ′
cit2K ′

cit3))[Cit]

(7d)



orticu

[

[

[

[

[

[

[

[

[

[

s
e

F

F

2

o
t
p
a
t

F

F

t
c
R
F
p
a
(

A. Etienne et al. / Scientia H

Mal2
−

] = (K ′
mal1K ′

mal2/(h2 + hK ′
mal1 + K ′

mal1K ′
mal2))[Mal] (7e)

HMal−] = (hK ′
mal1/(h2 + hK ′

mal1 + K ′
mal1K ′

mal2))[Mal] (7f)

H2Mal] = (h2/(h2 + hK ′
mal1 + K ′

mal1K ′
mal2))[Mal] (7g)

Oxa2−
] = (K ′

oxa1K ′
oxa2/(h2 + hK ′

oxa1 + K ′
oxa1K ′

oxa2))[Oxa] (7h)

HOxa−] = (K ′
oxa1/(h2 + hK ′

oxa1 + K ′
oxa1K ′

oxa2))[Oxa] (7i)

H2Oxa] = (h2/(h2 + hK ′
oxa1 + K ′

oxa1K ′
oxa2))[Oxa] (7j)

PO3−
4 ] = (K′

pho1K′
pho2K′

pho3/(h3 + h2K′
pho1 + hK′

pho1K′
pho2

+ K′
pho1K′

pho2K′
hpo3))[PO4] (7k)

HPO2−
4 ] = (hK ′

pho1K ′
pho2/(h3 + h2K ′

pho1 + hK ′
pho1K ′

pho2

+ K ′
pho1K ′

pho2K ′
hpo3))[PO4] (7l)

H2PO−
4 ] = (h2K ′

pho1/(h3 + h2K ′
pho1 + hK ′

pho1K ′
pho2

+ K ′
pho1K ′

pho2K ′
hpo3))[PO4] (7m)

H3PO4] = (h3/(h3 + h2K ′
pho1 + hK ′

pho1K ′
pho2

+ K ′
pho1K ′

pho2K ′
hpo3))[PO4] (7n)

So, combining Eqs. (3–7), it is possible to calculate the ionic
trength (�) and the pH of the pulp by solving a system of two
quations with two unknowns (pH and �).

1(�, pH) =
∑

Anions −
∑

Cations = 0

2(�, pH) = � − 1/2
∑

z2
i [Ai] = 0

.1.2. TA model
The TA of banana pulp was predicted by computing the amount

f base (NaOH) needed to bring its pH to 8.1 (usual norm). Knowing
he total concentrations of each acid and cation, and the pH of the
ulp (equal to 8.1), it is possible to calculate the ionic strength (�)
nd the TA of the pulp by solving a system of two equations with
wo unknowns (NaOH and �):

1(�, NaOH) =
∑

Anions −
∑

Cations = 0

2(�, NaOh) = � − 1/2
∑

z2
i [Ai] = 0

The input data of the model were the acid and cation concen-
rations of the banana pulp, and the acidity constants of the malic,
itric, phosphoric and oxalic acid. The model was  computed using

 software (R Development Core Team, http://www.r-project.org).

or each sampling date, the system was solved to calculate the
H of the pulp sample or the amount of NaOH added to reach

 pH of 8.1, using the “nleqslv” function of the R software
http://cran.r-project.org/web/packages/nleqslv/index.html).
lturae 162 (2013) 125–134 127

2.2. Model validation

2.2.1. Field experiment
Three dessert banana cultivars (Musa spp.) diploids AA, with

different predominant organic acid at the eating stage were used
in this study: Indonesia 100 (IDN 110), Pisang Jari Buaya (JB), and
Pisang Lilin (PL). All bananas were grown at the Pôle de Recherche
Agroenvironnementale de la Martinique (PRAM, Martinique, French
West Indies; latitude 14◦37 N, longitude 60◦58 W,  altitude 16 m)  on
continental alluvial soil.

Plants received 12 g of nitrogen, 1.7 g of phosphorus, and 20 g
of potassium at 4-week intervals during fruit growth. Irrigation
was adjusted to the amount of rainfall to supply at least 5 mm
of water per day. The other cultural practices (desuckering, bunch
management) were similar to those used in standard Cavendish
production. During the period of bunch growth (March–November
2010) the mean daily temperature was  27 ± 1.2 ◦C. Non-systemic
fungicide was  applied during the experiment to control foliar
diseases. For each cultivar, plants were tagged at inflorescence
emergence. Bunches were not covered.

2.2.2. Preparation of samples
2.2.2.1. Monitoring fruit growth. Six bunches corresponding to six
replicates of each cultivar were selected. One fruit located in the
internal row of the second proximal hand was  collected for analyses
every 15 days. Sampling before natural ripening on standing plants,
i.e. when the first yellow finger appears, determined the end of
monitoring.

2.2.2.2. Monitoring postharvest fruit ripening. For each cultivar, six
bunches were harvested between May  and November 2011. For
each cultivar, the harvest stage was calculated to be 70% of the
flowering-to-yellowing time of the bunch on the tree. The second
proximal banana hand per bunch was rinsed and dipped in fungi-
cide (bitertanol, 200 mg  L−1) for 1 min. The fruits were placed in a
plastic bag with 20 �m 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 and bananas
were maintained at 18 ◦C for 13 days. A banana fruit was sampled
at day 0 (before ethylene treatment), 3, 6, 9 and 13.

2.2.3. Chemical analyses
Pulp of the sampled fruit was  freeze dried and mixed to obtain

a dry powder. TA and pH were measured after dilution of 1 g of dry
powdered banana pulp in 30 mL  of distilled water. TA was deter-
mined by titration with NaOH (0.1 N) at pH 8.1 and expressed in
milli-equivalents of acid (mEq) per 100 g of fresh weight (FW). Two
analytical replicates per sample were performed for each anal-
ysis. Citric acid and malic acid were extracted with a mixture
of solvents (methanol/water/chloroform) and purified with PVPP
according to Gomez et al. (2007). Starting from initial conditions
described by Bergmeyer (1983), enzymatic assays were adapted to
be performed in each well of a 96 well Microplate using a robotic
platform (Freedom EVO 75, TECAN)  equipped with a microplate
reader (Infinite 200, TECAN). All the following preparations were
done for one microplate. Citric acid assay: a mixture was prepared
containing 115 �g of malic acid dehydrogenase, 0.51 mg  of lactate
dehydrogenase and 5 mg  of NADH in 12 mL  of 0.6 mol  L−1 glycyl-
glycine buffer (pH 7.8). Then 100 �L of the mixture and 180 �L
of extract or standard solution of citric acid (4–50 mg L−1) were
mixed in each well. Ten minutes later, absorbance was read at

340 nm (DO A) before 20 �L of citric acid lyase (6.4 U mL−1) were
added. The microplate was incubated for 3 h at room temperature
and regularly shaken, before a second reading (DO B). Malic acid
assay: a mixture was prepared with 6 mL of water and 6 mL  of a

http://www.r-project.org/
http://cran.r-project.org/web/packages/nleqslv/index.html
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Table  1
Linear mixed model analyses of TA, pH, malic acid content, citric acid content, soluble oxalic acid content, and mineral content during fruit growth and fruit post harvest
ripening  in relation to fruit age and the three cultivars used in this study.

Parameter Fruit stage F-value and significance

t c t2 t3 t:c

TA Growth 12.1*** 126*** 29.8*** 7.0* Ns
Ripening 179*** 73.6*** 49.4*** 4.4* 66.5***

pH Growth 222*** 69.9*** 51.2*** Ns 16.0***

Ripening 184*** 64.4*** 79.4*** Ns 46.2***

Citric acid content Growth 602*** 7.2** Ns Ns 20.7***

Ripening 9.90** 93.1*** 11.1** 5.1* 65.9***

Malic acid content Growth 451*** 98.4*** Ns Ns 16.6***

Ripening 220*** 59.1*** 126*** Ns 20.3***

Oxalic acid content Growth 240*** 24.5*** Ns Ns Ns
Ripening 162*** 10.5** 58.9*** 13.2*** 12.3***

K content Growth 38.7*** 20.6*** Ns Ns Ns
Ripening Ns Ns Ns Ns Ns

P  content Growth 66.6*** 24.2*** Ns Ns Ns
Ripening Ns 47.0*** Ns Ns Ns

Cl  content Growth 76.0*** Ns Ns Ns Ns
Ripening 21.4*** 8.5** 8.3** Ns Ns

Mg  content Growth 15.6** 5.1* Ns Ns Ns
Ripening Ns 5.4* Ns Ns Ns

Ca  content Growth Ns Ns Ns Ns Ns
Ripening Ns Ns Ns Ns Ns

aAll models included one random effect: “plant”. Codes for effects: t = fruit age; c = cultivar.
Ns: not significant.
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*** p-Value < 0.001.
** p-Value < 0.01.
* p-Value < 0.05.

.6 mol  L−1 glycylglycine buffer (pH 10). Then 100 �L of the mix-
ure, 20 �L of NAD (18 mg  mL−1), 20 �L of GOT (66.7 mg  L−1) and
00 �L of extract or standard malic acid solution (4 to 50 mg  L−1)
ere mixed in each well. Ten minutes later, absorbance was  mea-

ured at 340 nm (DO A) before 20 �L of malic acid dehydrogenase
33 �g mL−1) were added. For the next 2 h 45 min, the microplate
as incubated at room temperature and shaken twice, after which

bsorbance was measured at 340 nm (DO B). The concentration of
oluble oxalic acid was determined using the LIBIOS Oxalic acid
ssay kit. Soluble K, Mg,  and Ca concentrations were determined by
ass spectrometry (Martin-Prével et al., 1984), and Cl concentra-

ion was determined by potentiometry using the automatic titrator
itroLine alpha (Walinga et al., 1995). The concentration of phos-
horic acid was estimated from soluble phosphorus (P) determined
y colorimetry (Martin-Prével et al., 1984).

.2.4. Statistical analysis
Linear mixed-effects models [LMMs  (Gałecki and Burzykowski,

013)] were used to examine the relationship between the
esponse variables (pulp acidity and composition) and the explana-
ory variables (fruit age, cultivar), and their interactions. We used
uadratic and cubic terms of fruit age when the curve passed
hrough a maximum and had an asymmetrical shape. We  used
he lme  function in the ‘nlme’ library (Pinheiro et al., 2013) in
he statistical program R 2.14.0. “Banana plant” was treated as a
andom effect because banana plants were assumed to contain
nobserved heterogeneity that cannot be modeled. A temporal
orrelation structure was used to account for temporal pseudo-
eplication. Model selection was made using the top-down strategy
Zuur et al., 2009): starting with a model where the fixed compo-
ent contains all explanatory variables and interactions, we found
he optimal structure of the random component. Then, we used F-
tatistic obtained with REML estimation to find the optimal fixed
tructure. Finally, the optimal model is presented in this paper,

sing REML estimation.

The predictive quality of the pH and TA models was evaluated
y the bias (mean of the difference between observed and pre-
icted values), and the root mean squared error (RMSE), which
describes the mean distance between simulation and measurement
data (Kobayashi and Salam, 2000). The RMSE design was:

RMSE =
√

(
∑

(yip-yim)2)
n

where yip is the predicted value of the fruit i, and yim is the mea-
sured value of the fruit i. n is the data number.

A sensitivity analysis of the pH and TA models was  performed at
two different stages of fruit development- green (before ethylene
treatment) and ripe (9 days after ethylene treatment), according to
the method of Monod et al. (2006). First, border values of each of the
eight input factors of the models were estimated as the extremes
values of the dataset corresponding to the fruit stage considered
for the sensitivity analysis. Then, for each input factor, their range
of values was  divided into five equal levels and a 58 factorial sim-
ulation design was  created. Next, an analysis of variance (ANOVA)
was performed on the model responses to study the contribution
of each input factor to pH and TA variability. A sensitivity index (SI)
of each input factor was  calculated by dividing its sum of squares
by the total sum of squares (Monod et al., 2006).

3. Results

3.1. Changes in pulp acidity

Fruit age and the cultivar had a significant effect on pH and TA
during fruit growth (Table 1). Throughout fruit growth, PL had the
most acidic fruits (TA = 3.5 mEq 100 g FW−1 ± 0.22; pH = 5.5 ± 0.13),
IDN 110 fruits were intermediate (TA = 2.8 mEq  100 g FW−1 ± 0.31;
pH = 5.7 ± 0.17), and JB had the least acidic fruits (TA = 2.3 mEq
100 g FW−1 ± 0.27; pH = 5.9 ± 0.28) (Fig. 1A and B). In all three cul-
tivars, TA decreased slightly during the early stages of fruit growth
and then increased slightly. pH increased throughout fruit growth

in the three cultivars but most in JB.

Fruit age and the cultivar had a significant effect on pH and
TA during post harvest fruit ripening (Table 1). The general pat-
terns of TA and pH during post harvest ripening were similar in
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essert  bananas: Pisang Jari Buaya (JB), Pisang Lilin (PL), and Indonesia 110 (IDN 11

he three cultivars (Fig. 2A and B): TA increased from day 0 to
ay 6 and then decreased slightly until day 13. pH showed the
pposite trend. There were strong significant differences between
he three cultivars in the levels of TA and pH at the end of
ipening (Fig. 2A and B). At day 13, JB had the highest acid-
ty (TA = 12 mEq  100 g FW−1 ± 0.46; pH = 4.3 ± 0.05), followed by PL
TA = 6 mEq  100 g FW−1 ± 0.32; pH = 4.8 ± 0.08) and lastly IDN 110
TA = 3.8 mEq  100 g FW−1 ± 0.43; pH = 5.4 ± 0.09).

.2. Changes in organic acid and mineral contents

During fruit growth, citric and malic acid contents increased
inearly in the three cultivars but at different rates leading to signif-
cant differences among cultivars (Fig. 1C and D, and Table 1).Thus,
t the end of fruit growth, JB had the highest citric acid content (0.4 g
00 g FW−1 ± 0.03), followed by PL (0.34 g 100 g FW−1 ± 0.005) and
DN 110 (0.33 g 100 g FW−1 ± 0.001). Concerning malic acid con-
ent, PL had the highest content (0.23 g 100 g FW−1 ± 0.01) at the
nd of fruit growth, followed by JB (0.15 g 100 g FW−1 ± 0.003)
nd IDN 110 (0.14 g 100 g FW−1 ± 0.01). Soluble oxalic acid con-

ent decreased linearly during fruit growth in all three cultivars
Fig. 1E and Table 1). PL had a significantly lower soluble oxalic
cid content than JB and IDN throughout fruit growth (Table 1).

 was the main mineral present in banana pulp in the three
ble oxalic acid content (E) of the pulp during fruit growth of the three cultivars of
ch symbol represents a bunch. Lines are those of the fitted linear mixed model.

cultivars and K content increased during fruit growth (Fig. 3A
and Table 1). There were significant differences among cultivars
(Table 1): JB had the highest K content (0.30 g 100 g FW−1 ± 0.02),
followed by PL (0.26 g 100 g FW−1 ± 0.03), and IDN 110 (0.25 g
100 g FW−1 ± 0.02). The other mineral elements were present in
lesser amounts (about ten times less) in banana pulp. Cl content
increased from 0.05 to 0.07 g 100 g FW−1 during fruit growth and
no differences were observed among the three cultivars whereas
P content decreased during fruit growth in all three cultivars
(Fig. 3B and C and Table 1). There were significant differences
among cultivars throughout fruit growth and IDN 110 had a signif-
icantly higher P content (0.02 g 100 g FW−1 ± 0.002) than JB (0.01 g
100 g FW−1 ± 0.003) and PL (0.01 g 100 g FW−1 ± 0.003) (Fig. 3C and
Table 1). Mg  content decreased significantly during fruit growth in
the three cultivars but most in PL (Fig. 3D and Table 1). Through-
out fruit growth, JB (0.03 g 100 g FW−1 ± 0.001) and IDN 110 (0.03 g
100 g FW−1 ± 0.004) had a significantly higher Mg  content than PL
(0.02 g 100 g FW−1 ± 0.005). No clear pattern of Ca content was
observed during fruit growth since the values varied greatly among
bunches even within the same cultivar (Fig. 3E and Table 1).
During post harvest ripening, there were significant differences
in the pattern of citric acid accumulation among the three cultivars
(Fig. 2C and Table 1). Citric acid accumulation was  the same in IDN
110 and PL with an overall decrease during ripening, whereas in JB
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ig. 2. Changes in TA (A), pH (B), citric acid content (C), malic acid content (D), a
ultivars  of dessert bananas (JB, PL, and IDN 110). Each symbol represents a bunch.

here was a significant increase until day 9 and a slight decrease at
he end of ripening. As a consequence, JB had a significantly higher
evel of citric acid (0.68 g 100 g FW−1 ± 0.06) than IDN 110 (0.21 g
00 g FW−1 ± 0.03) and PL (0.05 g 100 g FW−1 ± 0.003) at the end of
ipening. The three cultivars showed the same pattern of malic acid
ccumulation with an increase from day 0 to day 6, followed by a
light decrease (Fig. 2D). There were significant differences among
ultivars (Table 1), so that at the end of ripening, PL had the high-
st malic acid content (0.71 g 100 g FW−1 ± 0.05), followed by JB
0.43 g 100 g FW−1 ± 0.04) and IDN 110 (0.34 g 100 g FW−1 ± 0.02).
oluble oxalic acid content was highest at the pre-climacteric
tage (day 0) in all three cultivars with JB having a significantly
igher oxalic acid content (0.19 g 100 g FW−1 ± 0.05) than PL (0.14 g
00 g FW−1 ± 0.09) and IDN 110 (0.08 g 100 g FW−1 ± 0.03) (Fig. 2E
nd Table 1). From day 3, soluble oxalic acid content decreased
apidly in all three cultivars to become inexistent at the end of
ipening. K was the main mineral found in banana pulp during post
arvest ripening with a mean K content of 0.30 g 100 g FW−1 ± 0.05
Fig. 4A). K content remained constant during ripening and there
ere no significant differences among cultivars (Table 1). The
ther mineral elements such as Cl, Ca, Mg,  and P were present
n lower amounts (about ten times less) in the banana pulp.
l content decreased slightly during ripening in all three culti-
ars and was significantly lower in PL (0.05 g 100 g FW−1 ± 0.006)
uble oxalic acid content (E) of the pulp during post harvest ripening of the three
are those of the fitted linear mixed model.

than in JB (0.07 g 100 g FW−1 ± 0.008) and IDN 110 (0.06 g
100 g FW−1 ± 0.01) (Fig. 4B and Table 1). P content remained
constant during ripening in the three cultivars, IDN 110 had a signif-
icantly higher P content (0.02 g 100 g FW−1 ± 0.002) than PL (0.01 g
100 g FW−1 ± 0.001) and JB (0.01 g 100 g FW−1 ± 0.002) (Fig. 4C and
Table 1). Mg  content remained constant during ripening in all
three cultivars. PL had a significantly lower Mg content (0.02 g
100 g FW−1 ± 0.005) than IDN 110 (0.03 g 100 g FW−1 ± 0.005) and
JB (0.03 g 100 g FW−1 ± 0.004) (Fig. 4D and Table 1). There was  no
clear pattern in Ca content during fruit ripening since there was sig-
nificant variability between bunches belonging to the same cultivar
(Fig. 4E and Table 1).

3.3. Model predictions and sensitivity analysis

Overall, the pH model predicted banana pulp pH with an aver-
age bias of 0.05 pH units and a R2 of 0.34 (Fig. 5A and B). The RMSE,
quantifying the goodness-of-fit, was  acceptable with a mean value
of 0.7 pH unit (Table 2). However, the predictions were better for
JB and PL than for IDN, and better during ripening than during fruit

growth. For pH above 5, the discrepancies between observed and
predicted values were sometimes higher than 1 pH unit. Overall,
the TA model allowed prediction of banana pulp TA with an aver-
age bias of −1.44 mEq  100 g FW−1 and a R2 of 0.81 (Fig. 5 C and D).
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ig. 3. Changes in K (A), Cl (B), P (C), Mg  (D), and Ca (E) pulp content during fruit grow
 bunch. Lines are those of the fitted linear mixed model.

hus, the model underestimated TA most of the time. The RMSE was
atisfactory with a mean value of 2 mEq  100 g FW−1 (Table 2). The
redictions were better during ripening than during fruit growth.

Every input factor considered in the sensitivity analysis had
 significant effect on pH and TA at both green and ripe stages
Table 3). The sensitivity indices (SI) calculated represent the per-
entage of pH or TA variability explained by the factor considered.

or both pH and TA, citric acid (SI = 48% for pH and 63% for TA)
nd malic acid (SI = 25% for pH and 21% for TA) were the most
nfluential acids at the ripe stage, whereas phosphoric acid had
ittle effect (SI = 5.6% for pH and TA), and oxalic acid had almost

able 2
uality of prediction (RMSE and bias) of the pH and TA models.

Cultivars Fruit stage pH 

RMSE (units pH) Bias (un

PL Growth 0.5 −0.2 

Ripening 0.5 −0.1 

JB  Growth 0.6 0.1 

Ripening 0.6 −0.2 

IDN  110 Growth 1 0.3 

Ripening 1 0.4 

All  cultivars Growth 0.8 0.1 

Ripening 0.7 0 

All  cultivars All stages 0.7 0.05 
 the three cultivars of dessert bananas (JB, PL, and IDN 110). Each symbol represents

no effect (SI = 0.3% for pH and SI = 0.2% for TA). In contrast, at the
green stage oxalic acid was  the most influential acid (SI = 44% for
pH and 48% for TA), whereas citric acid (SI = 4.5% for pH and 6.9%
for TA), malic acid (SI = 0.9% for pH and 1.3 for TA), and phosphoric
acid (SI = 0.5% for pH and TA) had very little effect. Among soluble
minerals, K was  the main contributor to changes in pH at both
stages, but its effect was more pronounced at the green stage

(SI = 39%) than at the ripe stage (SI = 14%). K was  also the main
contributor to TA at the green stage (SI = 37%), but its effect was
greatly reduced at the ripe stage (SI = 6.9%). Other soluble minerals
had only a limited effect on pH and TA since they accounted for a

TA

its pH) RMSE (mEq 100 g FW−1) Bias (mEq 100 g FW−1)

1.5 −1.2
2.6 −1.9
1.3 −1.1
2 −1
1.8 −1.5
2.4 −1.7
1.6 −1.3
2.3 −1.5
2 −1.4
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Fig. 4. Changes in K (A), Cl (B), P (C), Mg  (D), and Ca (E) pulp content during post harvest ripening of the three cultivars of dessert bananas (JB, PL, and IDN 110). Each symbol
represents a bunch. Lines are those of the fitted linear mixed model.

Table 3
Results of the sensitivity analysis of the pH and TA models for green (before ethylene treatment) and ripe fruits (9 days after ethylene treatment).

Borders of the input factors pH TA

Min. value (g 100 g FW−1) Max. value (g 100 g FW−1) SI (%) SI (%)

Ripe fruit

Citric acid 0.04 1.02 48.4*** 62.9***

Malic acid 0.05 0.93 25.6*** 21.3***

Oxalic acid 0.00 0.19 0.28*** 0.16***

Phosphoric acid 0.01 0.03 5.59*** 5.64***

Potassium 0.13 0.43 13.9*** 6.89***

Chloride 0.03 0.10 1.47*** 0.71***

Magnesium 0.01 0.04 1.99*** 0.99***

Calcium 0.00 0.05 2.76*** 1.38***

Green fruit
Citric acid 0.05 0.41 4.55*** 6.91***

Malic acid 0.04 0.35 0.96*** 1.31***

Oxalic acid 0.02 0.29 43.7*** 48.2***

Phosphoric acid 0.00 0.02 0.5*** 0.55***

Potassium 0.22 0.33 39.3*** 36.7***

Chloride 0.05 0.08 2.81*** 2.80***

Magnesium 0.01 0.03 2.55*** 2.59***

Calcium 0.00 0.04 5.84*** 5.92***

The table gives the borders of the input factors, and the sensitivity indices (SI) with their significance.
*** p-Value < 0.001.
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otal of 11% of their variability at the green stage and for a total of
% and 3% for pH and TA respectively at the ripe stage.

. Discussion

.1. Quality of prediction of the models

For the pH model, the lower the pH, the better the predictions,
hich explains why pH predictions were better during ripening

han during fruit growth. This is due to the logarithm function of
he pH which increases the sensitivity of the pH to input parame-
ers with an increase in pH. Thus, imprecision in the determination
f the chemical elements that are the main contributors to banana
ulp acidity (organic acids and K) may  be responsible for the differ-
nce between observed and predicted data, especially at high pH.
or example, we calculated that for a pulp sample with a measured
H of 6, overestimating the K content by 10% impacts the predic-
ion by about 2 pH units. In addition, some approximations were
sed for modeling, for example, considering that all the soluble
hosphorus is in the form of phosphoric acid whereas in reality it

s probably also present in the form of several other acidic com-
ounds than phosphoric acid. We also considered that the acid
ontent of banana pulp could be estimated by malic acid, citric
cid, oxalic acid and phosphoric acid content only. pH has been
reviously modeled using the same approach to predict acidity
f ripe harvested peaches (Lobit et al., 2002). Predictions were
 little better than those obtained in the present study which
an be explained by the fact that pH of ripe peaches was  below
.5, and thus within the range where the model predictions are
est.
 harvest ripening (B), and between observed and predicted TA during fruit growth
 110).

For the TA model, predictions were on average 1.5 mEq lower
than observed values. This is presumably because we did not
consider free amino acids in the model and these can reach
0.1 g 100 g FW−1 and 0.15 g 100 g FW−1 in green and ripe bananas
respectively (John and Marchal, 1995). Indeed, as the standard pro-
cedure is to measure TA at a pH of 8.1, not only carboxyl groups
of amino acids are titrated but also some amine groups, probably
leading to overestimation of the quantity of non-dissociated acids
in fruit pulp. For ripe peaches, TA predictions were a little better
than the ones obtained in the present study, probably due to the
fact that amino acids were considered and approximated by the sol-
uble nitrogen content of the pulp in the form of asparginine (Lobit
et al., 2002). The authors calculated that at a pH of 8.1, free amino
acids account for 8% of TA in ripe peach pulp. The better predic-
tion of banana pulp TA during ripening was due to the fact that TA
ranged from 3 to 15 mEq  100 g FW−1 during this stage, whereas it
only varied between 2 and 4 mEq  100 g FW−1 during growth.

4.2. Link between banana pulp acidity and composition

The elaboration of banana fruit acidity is a continuous process
that takes place throughout fruit growth and post harvest ripening.
During its growth on the plant, the banana fruit accumulates both
acids and minerals that determine the TA and pH of the pulp. Sen-
sitivity analysis showed that during this phase, oxalic acid, which
is present in large amounts, is the main determinant of banana

pulp acidity because of its low pKas. Sensitivity analysis also
showed that, among soluble minerals, K is the main contributor
to banana acidity. K content increased during banana fruit growth,
as also observed in mango (Léchaudel et al.,  2005), and was  the
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ajor mineral found in banana pulp in accordance with results of
revious studies (John and Marchal, 1995). It is interesting to note
hat K, which is the main cation present in all fruit cell, affects fruit
cidity not only by participating in the acid/base reactions but also
y acting on enzyme regulation and vacuolar storage of organic
cids (Etienne et al., 2013).

During post harvest ripening, banana pulp acidity underwent
ts greatest changes and there were marked differences among the
hree cultivars. JB and PL appeared to have a higher acidity than
DN 110 at the end of ripening, which is in accordance with the
lassification of dessert bananas cultivars made by Bugaud et al.
2011). According to Bugaud’s classification, JB and PL belonged
o the sourest cluster whereas IDN 110 belonged to the least sour
luster. The marked changes in pulp acidity during post harvest
ipening are mainly the result of changes in malic and citric acid
ontents as shown by the results of the sensitivity analysis. Indeed,
s the fruit ripened, soluble oxalic acid content decreased dramat-
cally, hence its contribution to banana fruit acidity. While oxalic
cid disappears during ripening, malic and citric acids become the
ain acids in banana pulp and hence the main contributors to its

cidity. The decrease in soluble oxalic acid content during banana
ruit ripening is probably linked to starch hydrolysis. Indeed, Osuji
nd Ndukwu (2005) observed that oxalic acid was mainly present
n the form of calcium oxalate crystals inside the starch grains in
he pulp of unripe banana fruit. As the fruit ripened, the starch
rains were destroyed and calcium oxalate released, probably lead-
ng to oxalate catabolism. The same pattern of oxalic acid content
as been observed in kiwi fruit with a maximum at early stages
nd a gradual decrease during fruit growth and also during storage
Watanabe and Takahashi, 1998). The major role of malic and citric
cids in the acidity of ripe fruit has been reported in many species
Etienne et al., 2013). Marked differences in the pattern of citric acid
ontent were observed among the three cultivars. Thus, there was

 significant increase in citric acid content in JB throughout fruit
ipening while there was a decrease in PL and IDN 110. The pattern
f malic acid content was the same in the three cultivars although
ifferences were observed, with PL accumulating more malic acid
han JB and IDN 110. Citric and malic acids are involved in the respi-
atory metabolism of fruit pulp cells through their involvement in
he glycolysis and TCA cycle pathways (Etienne et al., 2013). As
anana fruit, which is a climacteric fruit, showed a significant rise

n their respiration rate in the first days after ethylene treatment,
ifferences in pulp acidity among cultivars during ripening could be

inked to respiratory metabolism. During post harvest ripening, K, P
nd Mg  contents remained constant in all three cultivars, whereas
l content decreased slightly. Migration of minerals from the pulp
o the peel can occur in response to loss of water by the peel due
o transpiration, but it is also possible that some minerals migrate
ith the water from the peel to the pulp (John and Marchal, 1995).

n the present study, it appears that osmotic adjustment only sig-
ificantly affected Cl content. There was a large variability of the
oluble Ca content observed during ripening and growth but this is
onsistent with the high coefficient of variation of pulp Ca content
hat we found in previous studies. However, we showed that Ca
id not play a major role in the determination of pH and TA, and
o even if there was a large variability among samples in the mea-
ured Ca contents it did not have important repercussions on the
redictions of the pH and TA models.

. Conclusions
This study, which presents a model of banana pulp acidity for the
rst time, showed that among acids, malic, citric and oxalic acids
re the main contributors to banana pulp acidity, and that among
oluble minerals, K also plays an important role. Consequently,
lturae 162 (2013) 125–134

studying the factors that affect malic acid, citric acid, oxalic acid,
and K accumulation in banana pulp appears to be an appropriate
area of research to ultimately modify banana fruit acidity. In
future work, the pH model will be incorporated in a more com-
plex process-based simulation model to predict banana acidity.
Process-based simulation models are powerful tools to study geno-
type*environment interactions and to design ideotypes adapted to
consumer taste (Génard et al., 2010; Quilot-Turion et al., 2011).
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