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Abstract

In this study, we aimed to investigate for the first time different fruit development stages in plantain banana in order
gain insights into the order of appearance and dominance of specific enzymes and fluxes. We examined fruit devel-
opment in two plantain banana cultivars during the period between 2-12 weeks after bunch emergence using high-
throughput proteomics, quantification of major metabolites, and analyses of metabolic fluxes. Starch synthesis and
breakdown are processes that take place simultaneously. During the first 10 weeks fruits accumulated up to 48%
of their dry weight as starch, and glucose 6-phosphate and fructose were important precursors. We found a unique
amyloplast transporter and hypothesize that it facilitates the import of fructose. We identified an invertase originating
from the Musa balbisiana genome that would enable carbon flow back to growth and starch synthesis and maintain a
high starch content even during ripening. Enzymes associated with the initiation of ripening were involved in ethylene
and auxin metabolism, starch breakdown, pulp softening, and ascorbate biosynthesis. The initiation of ripening was
cultivar specific, with faster initiation being particularly linked to the 1-aminocyclopropane-1-carboxylate oxidase and
4-alpha glucanotransferase disproportionating enzymes. Information of this kind is fundamental to determining the
optimal time for picking the fruit in order to reduce post-harvest losses, and has potential applications for breeding
to improve fruit quality.

Keywords: Banana, fruit ripening, metabolite flux analysis, Musa species, proteomics, starch.

Introduction

Fruit development is a complex phenomenon that encompasses  fruits can be divided into two groups with contrasting ripen-
several overlapping stages: cell division and enlargement, mat-  ing mechanisms, namely climacteric and non-climacteric. Cli-
uration, ripening, and senescence (Paul ef al., 2012). In general, macteric fruits include tomato, avocado, apple, and banana, and

Abbreviations: ACO, 1-aminocyclopropane-1-carboxylic acid oxidase; DBE, starch debranching enzyme; DPE, disproportionating enzyme; F6P, fructose 6-phos-
phate; G1P, glucose 1-phosphate; GBP, glucose 6-phosphate; GLP, germin-like protein; PHS, glucan phosphorylase; PWD, phosphoglucan water dikinase; SuSy,
sucrose synthase; WAE, weeks after bunch emergence
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are characterised by a strong production of ethylene and an
increase in respiration during ripening (White, 2002). During
maturation, two systems of ethylene are operational. In early
maturation, system 1 is active, during which the rate of ethylene
production is basal and there is an auto-inhibition of further
production. As maturation progresses, this inhibition process is
stopped and there is an auto-induction of ethylene production
leading to the onset of ripening (system 2; Paul et al., 2012).
The most notable events occurring during fruit ripening are
changes in colour, fruit softening, and starch breakdown/sweet-
ening. In banana, these processes are highly associated with dif-
ferent cultivars (Cordenunsi-Lysenko et al., 2019).

Edible bananas (Musa species) are parthenocarpic and hence
the ovaries develop into seedless fruits without a pollination
stimulus and hence without fecundation. The pulp-initiating
cells are situated within the inner epidermis of the fruit per-
icarp and septa. In parthenocarpic bananas, these cells start to
proliferate very rapidly after flowering (bunch emergence)
(Ram ef al., 1962).The increase in cell number in the initiating
region of the pulp continues up to about 4 weeks after bunch
emergence (WAE), after which it declines and growth is then
largely realized by cell enlargement (Ram et al., 1962). Sugar
deposition and starch synthesis in the pulp cells commence
very early, and they become well established by 8 WAE. The
first signs of disappearance of starch have been reported to be
around 12 WAE (Ram et al., 1962); however, this is dependent
on the environment and on the cultivar. Depending on the
cultivar, banana fruit have been reported to reach a starch con-
tent of between 12-35% of total dry weight during the period
4—8 WAE, after which the content drops to between 0—15% in
the late stages of maturation (Soares et al., 2011; Cordenunsi-
Lysenko et al., 2019). Plantains are part of a group of bananas
that accumulate a large amount of starch. When they are ripe,
plantains still have a high starch content, which affects their
taste (Soares et al., 2011). Hence, in contrast to sweet dessert
bananas, plantains are consumed as a starch source and they are
an important staple food in tropical and subtropical countries,
being of special importance in West Africa (Vuylsteke ef al.,
1993).The current practice is to harvest them when the fruits
of the first hand show signs of ripening (Dadzie and Orchard,
1997). There are four main groups of plantain cultivars based
on their inflorescence morphology: French, French Horn,
Horn, and False Horn (Swennen andVuylsteke, 1987; Swennen
et al., 1995). Genetically, the different cultivars are triploids and
belong to the AAB genotype group.They are product of a nat-
ural cross between M. acuminata (A genotype) and M. balbisi-
ana (B genotype) (Simmonds, 1962). Although the different
plantain cultivars are morphologically quite diverse, genetically
they are extremely uniform (Crouch et al., 2000). The recent
release of the B genome sequence suggested a dominance of
genes related to starch metabolism, leading to higher starch ac-
cumulation during fruit development (Wang et al., 2019).

Proteomics is a technology that has been successfully applied
to study complex biological processes in fruit (Agrawal et al.,

2013; Bak et al., 2013; Esteve et al., 2013; Righetti et al., 2015;
Szymanski et al., 2017; Campos et al., 2018; Bhuiyan et al.,
2020), and its application to physiology and/or development
in bananas has revealed important proteins that have given us a
better understanding of these processes. However, most studies
are focused on the Cavendish sweet banana, which is the most
exported banana cultivar in the world (Agopian et al., 2008;
Toledo et al., 2012; Asif et al., 2014; Du et al., 2016). In addi-
tion, very little information is available about early fruit devel-
opment and starch formation, and the very first degradation
steps. We have recently published the first proteome of de-
tached fruit and a comparison of the proteomes of Cavendish
and plantain during the final ripening process (Campos ef al.,
2018; Bhuiyan et al., 2020). Together with the recent update of
the B genome sequence (Wang et al., 2019), these studies have
contributed to elucidating fruit development in plantain as
well to determining the role of the B genome in fruit quality.
In this current study, we aimed to investigate for the first time
different fruit development stages and to gain insights into
the order of appearance and dominance of specific enzymes/
fluxes. We complemented proteome studies with analyses of
biomass composition, which enabled the modelling of the
metabolic fluxes in central carbon metabolism. The measure-
ment of fluxes in fruits is extremely challenging, and hence
they were predicted using constraint-based models based on a
description of the metabolic network obtained through stoi-
chiometric equations of reactions, and on the assumption of
a pseudo-steady state and the choice of an objective func-
tion (Orth ef al., 2010). Such stoichiometric models describ-
ing central metabolism have already proved useful in tomato
fruit to estimate fluxes throughout development (Colombié
et al., 2015, 2017). A better understanding of the mechanisms
that regulate sugar primary metabolism during fruit devel-
opment will be important for selecting hybrids with the best
post-harvest traits. Plantain breeding efforts at the Interna-
tional Institute of Tropical Agriculture (II'TA) at Ibadan, Ni-
geria, are essentially concentrated on a few cultivars of the
French plantain type (Vuylsteke et al., 1993). More knowledge
about plantain physiology through proteomics and metabolic
flux studies can improve such breeding programs and allow
the use of other cultivars, including those most favoured by
consumers.

Materials and methods

Biological material

All biological samples were collected from the IITA Experimental Field
in Ibadan, Nigeria, during the period from October 2016 to February
2017.

Five banana plants of each of the Agbagba and Obino I'Ewai cultivars
were selected and the same plants were followed throughout the experi-
ment. One fruit per plant was collected from 2 weeks after bunch emer-
gence (WAE) until the fruits reached full maturity. The collected fruits
were cleaned and measurements of fruit length (L) and circumference (C)
were taken. For the calculation of fruit volume our formula was based on
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(Simmonds, 1953).To determine the correlations between fruit weight, cal-
culated fruit volume, and real fruit volume, the real volumes of representative
fruits were measured by submerging them in water in a measuring cylinder.
For the remainder of the fruits, the volume was calculated as:Volume (cm?)
= [Fruit length X (Fruit circumference)® X 0.0616] + 0.3537. After deter-
mination of fruit length and circumference, the fruits were separated from
their peels, cut into pieces and stored at =80 °C until lyophilization. Samples
were lyophilized to ensure safe transportation from the growing site in Ni-
geria to the laboratory in KU Leuven in Belgium, and to facilitate the pro-
tein and metabolite extraction process (Carpentier ef al., 2007).

Protein extraction, quantification, identification, and annotation

Extractions were performed following the phenol-extraction/ammo-
nium-acetate precipitation protocol described previously (Carpentier et
al., 2005; Buts et al., 2014). Samples at 2 WAE and 4 WAE could not be
analysed for proteomics due to the presence of many interfering com-
pounds that affected the correct application of the protocol.

After extraction, 20 pg of proteins were digested with trypsin (Trypsin
Protease, MS Grade) and purified using Pierce C18 Spin Columns (both
ThermoFisher Scientific). The digested samples (0.5 pg per 5 pl) were
separated in an Ultimate 3000 UPLC system and then in a Q Exactive
Orbitrap mass spectrometer (both ThermoFisher Scientific) as described
by van Wesemael ef al. (2018). For protein quantification, we used the
Progenesis® software (Nonlinear Dynamics). In this software we used
MASCOT v.2.2.06 (Matrix Science) against the Musa V2 database of
M. acuminata and M. balbisiana (Martin et al., 2016; Wang et al., 2019)
(157 832 proteins). Tandem mass spectra were extracted by Progenesis.
All MS/MS spectra were searched with a fragment ion mass tolerance
of 0.020 Da and a parent ion tolerance of 10.0ppm. Carbamidomethyl

of cysteine was specified in Mascot as a fixed modification. Deamidation
of asparagine and glutamine and oxidation of methionine were specitied
in Mascot as variable modifications and the results were reintroduced
in Progenesis. Scaffold (version Scaffold_4.11.0, Proteome Software) was
used to validate the MS/MS-based peptide and protein identifications.
Mascot and X! Tandem were searched with the following specified var-
iable modifications: Glu->pyro-Glu of the N-terminus, ammonia-loss
of the N-terminus, gln->pyro-Glu of the N-terminus, deamidation of
asparagine and glutamine, and oxidation of methionine. Peptide identi-
fications were accepted if they could be established at >95% probability
by the Peptide Prophet algorithm with Scaffold delta-mass correction
(Keller ef al., 2002; Searle, 2010). Protein identifications were accepted if
they contained at least one identified peptide. Protein probabilities were
assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Pro-
teins that contained similar peptides and could not be differentiated based
on MS/MS analysis alone were grouped to satisfy the principles of par-
simony. Proteins sharing significant peptide evidence were grouped into
clusters. A protein false-discovery rate of 0.8% and a spectral false-dis-
covery rate of 0.04% was observed by searching the reverse concatenated
decoy database (157 832 proteins).

Gene annotations were taken from the banana Hub (Droc et al.,2013)
and verified in the Plant Metabolic Network (Hawkins et al., 2021) and
Prosite (https://www.expasy.org/resources/prosite). Subcellular predic-
tions were analysed using the software DeepLoc 1.0 (Almagro Armente-
ros et al.,2017).

Metabolic analysis

To complement the proteomics data and gain further insights regarding
plantain fruit development, we analysed major metabolic traits in pulp.
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Fig. 1. Principal component analysis of proteomics data for the fruit pulp of two cultivars of plantain banana during fruit development. Samples
from the cultivars Agbaba (AG) and Obino I'Ewai (OB) were analysed at 6, 8, 10, and 12 weeks after bunch emergence, and the size of the data
points is proportional to the time of sampling. The scores are means (+SE) per cultivar and time-point, n=4-5. A total of 2183 proteins were analysed

(Supplementary Table S1).
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Table 1. Proteins linked to growth in plantain banana pulp

Description ANOVA P-value No. peptides used Max Highest mean Lowest mean
WAE Cultivar WAExcultivar for quantitation fold-change abundance (WAE) abundance (WAE)
268 protease regulatory sub- <0.01 0.87 0.94 6 1.7 6 12
unit 7
268 proteasome non-ATPase <0.01 0.01 0.01 7 2.9 6 12
regulatory subunit 1 homolog A
268 proteasome regulatory <0.01 0.07 0.01 11 2.2 6 12
subunit 6B homolog
408 ribosomal protein S11 <0.01 0.92 0.45 8 3.0 6 12
40S ribosomal protein S13 <0.01 0.89 0.72 4 1.9 6 10
40S ribosomal protein S14 <0.01 0.40 0.79 9 3.2 6 12
408 ribosomal protein S16 <0.01 0.73 0.53 10 1.6 6 10
40S ribosomal protein S18 <0.01 0.13 0.03 14 1.8 6 12
408 ribosomal protein S19 <0.01 0.21 0.80 iR 2.4 6 12
408 ribosomal protein S24-2 <0.01 0.54 0.54 3 3.7 6 12
40S ribosomal protein S25-4 <0.01 0.62 0.58 6 1.8 6 12
408 ribosomal protein S26-1 <0.01 0.08 0.70 3 2.0 6 12
408 ribosomal protein S3a <0.01 0.48 0.34 8 2.0 6 12
40S ribosomal protein S5 <0.01 0.06 0.32 7 2.5 6 12
(Fragment)
408 ribosomal protein S9-2 <0.01 0.69 0.86 10 1.7 6 10
408 ribosomal protein SA <0.01 0.75 0.17 8 3.5 6 12
508 ribosomal protein L12, <0.01 0.28 0.86 2 4.7 6 12
chloroplastic
60S acidic ribosomal protein <0.01 0.40 0.82 5 2.3 6 12
P2B
60S ribosomal protein L11 <0.01 0.43 0.13 6 2.6 6 12
60S ribosomal protein L12 <0.01 0.21 0.06 8 1.9 6 12
60S ribosomal protein L13-1 <0.01 0.55 0.82 8 1.9 6 10
60S ribosomal protein L22-2 0.01 0.88 0.14 2 2.0 6 12
60S ribosomal protein L23 <0.01 0.88 0.68 5 1.6 6 12
60S ribosomal protein L23A <0.01 0.03 0.79 8 3.0 6 12
60S ribosomal protein L30 <0.01 0.97 0.58 2 2.3 6 12
60S ribosomal protein L34 0.01 0.69 0.45 5 2.5 6 12
60S ribosomal protein L35 <0.01 0.65 0.87 6 2.6 6 12
60S ribosomal protein L35a-3 <0.01 0.70 0.36 2 2.2 6 12
608 ribosomal protein L36-3 <0.01 0.06 0.65 6 2.9 6 12
60S ribosomal protein L37a <0.01 0.46 0.79 2 10.8 6 12
60S ribosomal protein L4-1 <0.01 0.49 0.40 13 2.9 6 12
608 ribosomal protein L6 <0.01 0.42 0.60 7 2.1 6 10
60S ribosomal protein L7-2 <0.01 0.75 0.11 7 2.1 6 12
60S ribosomal protein L9 <0.01 0.57 0.00 6 2.4 6 12
Actin-depolymerizing factor 2 <0.01 0.05 0.12 2 3.9 6 12
Beta-glucosidase 1 <0.01 0.46 0.91 3 1.9 6 12
Eukaryotic initiation factor 4A-3 <0.01 0.19 0.63 24 1.7 6 12
Eukaryotic translation initiation <0.01 0.61 0.62 3 4.9 6 12
factor 3 subunit |
Guanine nucleotide-binding <0.01 0.13 0.14 1 2.6 6 12
protein subunit beta-like pro-
tein
Histone H2A.1 <0.01 0.07 0.09 2 9.7 6 12
Histone H2B <0.01 <0.01 0.28 2 2.4 6 12
Histone H2B.6 <0.01 <0.01 0.92 6 4.5 6 12
Histone H4 <0.01 0.04 0.58 4 571 6 12
Proteasome subunit alpha <0.01 0.84 0.54 8 1.7 6 12

type-1-A




4836 | Campos et al.

Table 1. Continued.

Description ANOVA P-value No. peptides used  Max Highest mean Lowest mean
WAE Cultivar WAExcultivar for quantitation fold-change abundance (WAE) abundance (WAE)

Proteasome subunit alpha <0.01 0.40 0.45 7 1.6 6 12

type-2-A

Proteasome subunit alpha <0.01 0.13 0.51 16 3.0 6 12

type-5

Proteasome subunit alpha <0.01 0.18 0.05 12 2.3 6 12

type-6

Proteasome subunit alpha <0.01 0.05 0.05 7 1.8 6 12

type-7

Proteasome subunit beta <0.01 0.26 0.77 5 44 6 10

type-4

Protein ASPARTIC PROTEASE <0.01 0.25 0.83 8 3.6 6 10

IN GUARD CELL 1

T-complex protein 1 subunit <0.01 0.27 0.71 6 2.2 6 12

epsilon

T-complex protein 1 subunit <0.01 0.55 0.04 8 3.0 6 12

theta

UDP-glucose 6-dehydro- <0.01 0.13 0.02 5 3.0 6 12

genase 4

UDP-glucuronic acid decar- <0.01 0.90 0.66 6 2.0 6 10

boxylase 6

WAE: weeks after emergence.

This table only displays the ANOVA P-values of the protein paralog with the lowest value. The full list of significant protein paralogs can be seen in

Supplementary Table S2.

The metabolite analyses were performed at the Bordeaux Metabolome
facility. Metabolites were extracted from 10 mg aliquots of lyophilized
ground samples via three extractions with ethanol-buffer mixtures suc-
cessively composed of 80% ethanol, 80% ethanol, and 50% ethanol and
10 mM Hepes/KOH bufter (pH 6). The supernatants were collected
and pooled for measurement of soluble metabolites. Glucose, fructose,
and sucrose were measured enzymatically (Stitt et al., 1989). Glucose
6-phosphate (G6P), fructose 6-phosphate (F6P), and glucose 1-phosphate
(G1P) were measured using an enzyme cycling assay (Gibon et al., 2002).
Malate was measured enzymatically as described by Mollering (1985).
Total free amino acids were measured using fluorescamine (Bantan-Polak
et al.,2001). Polyphenols were measured using Folin—Ciocalteu’s reagent
(Blainski et al., 2013). In order to quantity the total protein content, the
pellets remaining after the extraction of the soluble metabolites were
resuspended in 100 mM NaOH and then heated for 20 min. After cen-
trifugation at 5000 ¢ for 5 min, the total protein content was measured
using Coomassie Blue (Bradford, 1976). After neutralization with HCI,
starch was quantified in the pellets as described previously (Hendriks et
al.,2003). Finally, the pellet was washed twice with water and twice with
96% ethanol (v/v), dried, and weighed to estimate the cell wall content.

Flux calculations by constraint-based modelling

A flux-balance model (Colombié et al., 2015; Soubeyrand et al., 2018)
was constructed by integrating biochemical and physiological informa-
tion about central metabolism dedicated to producing polyphenol com-
pounds, and to breaking down and transforming extracellular nutrients
to produce energy. Energy intermediates, both ATP and NAD(P)H,
were explicitly considered and all the co-factors were defined as internal
metabolites, which means that they were balanced, thus constraining the
metabolic network not only through the carbon and nitrogen balance but
also through the redox and energy status.

To solve the flux-balance model, constraints were applied for flux
reversibility or irreversibility, and for out fluxes boundaries. Therefore,
concentrations of accumulated metabolites and biomass components,
expressed on a moles-per-fruit basis, were fitted and the derivative func-
tion calculated the corresponding fluxes. Stoichiometric network recon-
struction encompassing central and polyphenol metabolism and their
associated calculations were implemented using MATLAB (Mathworks
R2012b, Natick, MA, USA) and the optimization toolbox solver quad-
prod with interior-point-convex algorithm for the minimization. Flux
maps were drawn with the flux visualization tool of VANTED 2.1.0.

Statistical analyses

For proteins, statistical analyses were conducted using the software Sta-
tistica 8 (TIBCO) based on the exported protein quantifications from
Progenesis. We performed a principal component analysis (PCA, with
NIPALS algorithm) to get an overview of the proteome data. We per-
formed a partial least-squares analysis (PLS) (NIPALS algorithm) to dif-
ferentiate proteins with a significant correlation to the time-points, the
cultivar, or metabolite using all protein quantifications as continuous pre-
dictors (x matrix) and the time-points, cultivar, and quantified metabo-
lite as dependent variables (y matrix). We applied a two-way ANOVA
(P<0.05) to the selected proteins to determine their significance as af-
fected by the time-point and cultivar, or the interaction between both.

All regressions were conducted in Microsoft Excel and based on the
best fit R%. Pearson correlations between proteins or between proteins
and selected metabolites or other variables were calculated using Statis-
tica 8.

To integrate the different omics data, the protein inference and isoform
redundancy issue was tackled by quantifying the proteins at the protein
cluster level and EMPAI quantification (Scaffold_4.11.0, Proteome Soft-
ware). To find the protein clusters that correlated to the modelled fluxes,
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Fig. 2. Calculated fruit growth rate of two plantain banana cultivars from 2—-12 weeks after bunch emergence (WAE). AG, Agbaba; OB, Obino I'Ewai. The
calculation of growth was derived from a cubic regression model of volume as a function of time (Supplementary Fig. S2).

we performed a two-block sparse partial-least-squares discriminant anal-
ysis (sSPLS-DA) with the mixOmics package of R (Rohart ef al., 2017)
using the DIABLO application (Singh et al., 2019) with default param-
eters. We applied a threshold of P<0.001 (after false-discovery rate cor-
rection) for Pearson correlations in the relationships between the proteins
and fluxes.

Results and Discussion

The proteome and metabolic profiles change
significantly during fruit development

As shown by unsupervised principal component analysis, the
proteome differed significantly over time (Fig. 1; Supplemen-
tary Table S1). The first component explained 23% of total
variability and was correlated with time, whilst the second
component explained 17% of total variability and was cor-
related with the cultivar. A similar result was observed for the
metabolite analysis (Supplementary Fig. S1).

For fruit growth, in both cultivars we observed a sigmoid
curve (Supplementary Fig. S2).The growth pattern in banana
is cultivar-dependent, and fertilization influences the growth
and the shape of the fruit (Simmonds, 1953). A sigmoid type
of growth has been described before in a triploid banana
with a B genome (M. balbisiana, Awak legor) (Simmonds,
1953). The first period of fast growth is characterized by
cell division and cell elongation, while the final period is
due to elongation only (Ram ef al., 1962). The increase in

cell number in the initiating region of the pulp has been re-
ported to continue up to about 4 WAE in the cultivar Pisang
lilin (a parthenocarp diploid M. acuminata with an AA ge-
nome) (Ram et al., 1962). We found evidence to confirm
the involvement of cell division in growth in our proteomics
data. The development was undoubtedly dependent on the
cultivar and the environment, but based on the abundance
pattern of the identified histone proteins we deduce that cell
division took place up to 8 WAE (Table 1); Supplementary
Table S2). Histones are one of the primary components of
chromatin and are synthesized during the S-phase. The speed
of DNA replication depends on the rate of histone biosyn-
thesis (Ma et al., 2015).

Fast cell division and growth is also accompanied by high
activity of cell-wall building and modifying enzymes (UDP-
glucose 6-dehydrogenase, UDP-glucuronic acid decarboxylase,
Beta-glucosidase), mRINA translation (eukaryotic initiation
factors, ribosomal proteins), and protein folding (T-complex
proteins) and turnover (proteasome complexes) (Table 1). The
identified proteins involved in all these processes had their
highest abundance at 6 WAE and significantly decrease in
abundance at later stages (Table 1).

Banana pulp is a starch-synthesizing sink tissue that needs
to get all its energy from sucrose unloaded from the phloem.
From studies in tomato, it is known that the fruit growth
consists of two phases: first, a period of rapid growth where
sucrose synthase determines the sink strength, and second, a
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Fig. 3. Correlations between calculated fruit growth rate (Fig. 2) and mean normalized abundance of cytoplasmic invertase (Mba10_g13890.1) for two
plantain banana cultivars during the period 6-12 weeks after bunch emergence. . AG, Agbaba; OB, Obino I'Ewai. Data are means (+SE), n=4-5.

phase after the rapid growth has ceased, where invertase takes
over (Nguyen-Quoc and Foyer, 2001). In the plantain bananas
that we studied, we actually saw three growth phases: a fast
growth phase that consisted of cell division and elongation (0-6
WAE), a phase of slow growth (6—8 WAE), and a final phase
of fast growth (8—12 WAE) (Fig. 2). Based on their observed
abundance patterns, we hypothesize that the initial fast growth
phase was completely dominated by sucrose synthase (SuSy),
while the final fast growth phase was dominated by invertase.
The abundance of invertase showed a very strong correlation
with the growth rate (Fig. 3).

Starch metabolism: synthesis and breakdown take
place simultaneously

On average across the two cultivars, the pulp at 6 WAE con-
tained three times more fructose than glucose, but the concen-
tration of fructose represented <1 % of that of starch and <15%
of that of sucrose (Table 2). Among the hexose phosphates, the
amount of G6P was 20-fold higher than G1P.

The accumulation of starch in the pulp cells was initially
very rapid but showed a clear linear decline with time (Fig. 4).
Starch synthesis and breakdown are processes that take place
simultaneously, and the balance between them was clearly in
favour of synthesis during the first 8—10 WAE, resulting in a
net increase in starch content. During the net accumulation

period, the plantain fruit accumulated on average up to 48% of
their dry weight in starch (Supplementary Table S3).

Starch synthesis: identification of important precursors.

Because starch synthesis in fruit pulp is confined to amylo-
plasts, it relies entirely on translocation of metabolites from the
cytosol through the amyloplast envelope. The form in which
carbon enters the amyloplast has long been a matter of debate
(Hofius and Bornke, 2007). The triose phosphate transporter
from chloroplasts is a well-annotated and highly studied trans-
porter in the plastid envelope of many plants; however, there is
discussion as to whether the genes are expressed in non-green
tissue (Tobias ef al., 1992; Neuhaus and Emes, 2000). In potato
it is clear that triose phosphate is not the substrate taken up to
support starch synthesis (Hofius and Bornke, 2007). Our data
also pointed to the same conclusion since we were not able
to identify a triose phosphate transporter protein in plantain
pulp. Amyloplasts of tubers or fruits are also normally not able
to generate hexose phosphates from C3 compounds due to
the absence of fructose 1,6-bisphosphatase activity (Nguyen-
Quoc and Foyer, 2001; Hofius and Bornke, 2007), and they rely
on the import of cytosolically generated hexose phosphates
as the source of carbon for starch biosynthesis (Entwistle and
Rees, 1988; Hofius and Bornke, 2007). This also seems to be
the case in plantain since we were not able to identify a fruc-
tose 1,6-bisphosphatase protein during the time-course of our
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Table 2. Mean concentrations (umol g~' DW) of metabolites in plantain banana pulp during fruit development
way ANOVA followed by a Fisher LSD post hoc test (*P<0.05).

* Expressed as glucose equivalent.

Fructose 6-phosphate

Fructose
Glucose 1-phosphate

Glucose 6-phosphate

Glucose

Metabolite
Starch*

Sucrose
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study. The enzyme does seem active though in non-photo-
synthetic tissues where it controls the rate of F6P production
in the gluconeogenic pathway (Hofius and Bornke, 2007). We
have previously identified the enzyme when we analysed rip-
ening in detached fruits, but only in low quantities (Bhuiyan et
al.,2020), so it might play a role in banana in starch breakdown
much later when the ripening and sugar synthesis is more ad-
vanced. None of the three predicted adenine nucleotide BT1
transporters (Mal0_p26970, Ma07_p09880, Ma06_p06780)
that transport ADP-glucose across the plastid membrane was
identified in our present study. Therefore, it is also unlikely that
ADP-glucose moves across the amyloplast envelope to provide
substrates for starch synthesis. We suggest that in plantain ba-
nana the cytosolic glucose 6-phosphate is an important direct
source for starch synthesis, as is the case in maize (Tobias ef al.,
1992). This was also confirmed by the high abundance of the
glucose 6-phosphate/phosphate translocator (6), phosphoglu-
comutase (5), and the glucose 1-phosphate uridylyltransferase
(2) (as numbered in Table 3). We identified a so far unchar-
acterized sugar translocator (11, D-xylose-proton symporter-
like 3; Ma10_p26490.1) that had an almost perfect correlation
(P<0.0001, R=0.99) with SuSy (1) (Fig. 5). Plastids are able to
transport sugars across their membranes (Patzke et al., 2019);
however, only two plastidic sugar transporters are well known
and described (Weber et al., 2000; Niittyld et al., 2004). These
transporters reside in the inner envelope membrane and me-
diate the export of maltose and glucose (Cordenunsi-Lysenko
et al.,2019). Given the tight correlation that we observed with
SuSy, we hypothesize that Mal0_p26490.1 transports fructose
across the amyloplast membrane. The abundance pattern of the
plastidic fructokinase (12) supports this hypothesis (Table 3;
Fig. 6). Only very few reports are available on plastid fructose/
glucose/sucrose H transporters (Patzke et al., 2019), and hence
more studies are needed to confirm their physiological roles in
starch synthesis.

Following the uptake of glucose 6-phosphate into the pulp
amyloplast, starch synthesis starts via the concerted actions of
phosphoglucomutase (7), glucose 1-phosphate adenylyltrans-
ferase (8), and the starch polymerizing reactions (9, 10) (Table
3; Fig. 6). In case of fructose, the action of fructokinase (12)
and glucose 6-phosphate isomerase (13) are required. Sol-
uble starch synthase (10) decreased in abundance during de-
velopment while granule-bound starch synthase increased in
abundance (9) (Table 3), suggesting that the former is more
important during early synthesis. The fact that the polymeriz-
ing reactions of starch synthesis were not dominant in the con-
trol of accumulation was related to the balance between sink
strength, starch synthesis, and starch breakdown, and has been
observed before (Tetlow et al.,2004). On the basis of ANOVA
and correlation analyses, the main drivers of starch synthesis in
the plantain pulp seemed to be sucrose synthase (1), glucose
1-phosphate adenylyltransferase (ADP-glucose pyrophospho-
rylase, AGPase) (8), ADPATP carrier protein (19), and the so
far uncharacterized membrane sugar transporter (11) (Fig. 6;



4840 | Campos et al.

100

80

60

40 |

Change in starch content (mg/g DM )

——AG
20 | —+-0B
0 J
14
-20 y =-8,4672x + 86,295
y =-10,595x + 98,802
40 L

WAE

Fig. 4. Calculated change in fruit starch content during development for two plantain banana cultivars. AG, Agbaba; OB, Obino I'Ewai. Samples
harvested at 2-12 weeks after bunch emergence (WAE). The starch content was derived from a quadratic regression model as a function of time
(Supplementary Fig. S3). Data are means of 3-5 replicates. Net starch breakdown is estimated to take place at 9.3 WAE and 10.2 WAE for AG and OB,

respectively, and marks the end of maturation.

Table 3). Beyond their role as intermediates in the conversion
of sucrose to starch, hexose phosphates also serve as substrates
for glycolysis and the oxidative pentose phosphate pathway.
The significant correlations with starch observed for pyro-
phosphate-fructose-6-phosphate  1-phosphotransferase  (15)
and glyceraldehyde-3-phosphate dehydrogenase (18) (Table 3)
was probably due to their functions in glycolysis. Whereas in
chloroplasts the ATP necessary for starch synthesis is provided
through photosynthesis, in pulp the amyloplasts have to im-
port ATP originating from respiration via the cytosol through
an ADPATP transport protein (19). This enzyme was highly
abundant when starch synthesis was high (Table 3; Fig. 6).

Starch breakdown: enzymes that initiate breakdown.
On average across the two cultivars, the pulp at 12 WAE con-
tained twice as much fructose as glucose, but the concentration
of fructose represented <0.5 % of that of starch and <5% of
that of sucrose (Table 2). Among the hexose phosphates, the
amount of G6P was 20-fold higher than G1P.
Starch-to-sucrose metabolism has been extensively studied
in model systems in the context of energy sources for plant
growth and development (Streb and Zeeman, 2012); how-
ever, the breakdown of starch in fleshy fruits such as bananas

is less well understood (Cordenunsi-Lysenko ef al., 2019). All
the genes involved in starch breakdown have been mapped
on the banana genome (Xiao et al., 2018). Based on what is
known from Arabidopsis, it has been hypothesized in banana
that starch-phosphorylating enzymes, termed glucan water
dikinases (GWDs), phosphorylate the C6 position and that
the phosphoglucan water dikinase (PWD) phosphorylates the
C3 position of the glycosyl residues in starch (Cordenunsi-
Lysenko et al., 2019). The role of phosphorylases including
GWDs and PWD in starch breakdown during banana ripen-
ing is less well understood, but phosphorylation at the C3 and
C6 position of the glucosyl residues in the starch of freshly
harvested unripe bananas has already been found, as well as
the presence of PWD and GWDs (Cordenunsi-Lysenko ef al.,
2019). The steric hindrance of these phosphorylated groups
alters the organization of the granule and it has been hypoth-
esized that PWD acts downstream of GWDs, and that the
induced phosphorylation of banana starch favours granule hy-
dration and phase transition from the crystalline state to the
soluble state (Cordenunsi-Lysenko et al., 2019). Our results
confirmed that dikinases played a role in early starch break-
down but not that PWD acts downstream of GWDs. We iden-
tified the sole PWD protein present in the banana genome
(21) (Ma09_p07100.1;Mba09_g06570.1) as being present at
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Table 3. Continued.

Lowest mean R
abundance

Highest mean

No. peptides used Max

for quantitation

ANOVA P-value

WAE
<0.01

Description

Enzyme
ID no.

Starch Sucrose

fold-change abundance (WAE)

Cultivar DAFxcultivar

0.13
0.34

0.19
0.12

10
12

2.4
3.3

0.10
0.17

0.66
0.29

Plastidic glucose transporter

25
26

<0.01

Soluble inorganic pyrophosphatase,

chloroplastic

0.45
0.46

0.15
0.21

12
12

2.0
5.6

25
20

0.93 0.90
0.23

0.05

0.01
<0.01

Sucrose-phosphate synthase

27

Pyrophosphate-energized vacuolar

membrane proton pump

28

0.41

0.1

12

37.3

17

0.54 0.42

<0.01

Beta-fructofuranosidase 2C insoluble

isoenzyme 3

29

0.50
0.41

0.20

0.1

12
12

9.7

0.91
0.82

0.69

0.82

Monosaccharide-sensing protein <0.01

30
31

19.5

<0.01

Beta-fructofuranosidase, insoluble

isoenzyme 3

WAE, weeks after bunch emergence. This table only displays the ANOVA P-values of the protein paralog with the lowest value. The full list of significant protein paralogs can be seen in

Supplementary Table S2. R values are Pearson correlation coefficients. Correlations in bold are significant at £<0.05.

the early stage of the starch breakdown process and as being
significantly up-regulated (Table 3), while neither of the two
GWD proteins could be detected. We have previously identi-
fied GWD1 during the ripening of detached plantain fruits
(Bhuiyan et al., 2020), and Xiao et al. (2018) identified it as
being expressed at the late ripening stages in detached fruits.

Phosphorolytic cleavage seems to be one of the first starch
breakdown reactions and this was corroborated by the abun-
dance profiles of phosphorylase (20) and the G6P transporter
(6) (Table 3; Fig. 7). An increase in abundance and activity of
phosphorylase has also been observed previously during matu-
ration and ripening (Da Mota ef al., 2002). Other enzymes also
appeared to contribute to the early degradation of starch, with
phosphoglucan phosphatases (22), the a-1,6-glucosidase starch
debranching enzyme (DBE) (23), and 4-a-glucanotransterase
disproportionating enzymes (DPEs) (24) increasing signifi-
cantly in abundance with time (Table 3; Fig.7).We also observed
increased abundance of the plastidic glucose transporter (25),
while the maltose excess protein transporter was not detected.
Since we also did not detect either alpha or beta-amylases at
this early stage of ripening, we hypothesize that they act later in
the process. Previous studies of detached ripening fruits found
that plastidic alpha amylase acts before beta amylase (Purgatto
et al., 2001; Bhuiyan et al., 2020). Beta amylase is essential to
complete the breakdown, and its up-regulation was reported to
be correlated with a decrease in starch during ripening.

Sucrose synthesis: competition between vacuolar
storage and recycling for growth and starch
re-synthesis

The starch breakdown products G1P and glucose are con-
verted to sucrose, which can then be metabolized further. The
enzymes with the highest correlations with sucrose were DPE
(24), alpha-1,4 glucan phosphorylase (20), and chloroplastic
phosphoglucomutase (7) (Table 3). UTP-glucose-1-phosphate
uridylyltransterase (2) was one of the most abundant proteins
in the pulp and its abundance increased with time (Table 3;
Fig. 6). The production of UDP-glucose could lead to sucrose
synthesis either through SuSy (1), which was still abundantly
present, or through sucrose-phosphate synthase (27), which
had its highest abundance at 12 WAE (Table 3; Fig. 7). We did
not confidently identify sucrose phosphatase at this early stage
of ripening. Only one peptide was found with low confidence,
which was probably due to the low abundance of the enzyme.
We did identify sucrose phosphatase in our previous study of
detached ripening fruits; it had low abundance and was signif-
icantly up-regulated in the very late ripening stages (Bhuiyan
et al., 2020). The sucrose that was formed could have been
degraded by invertase (29) and/or SuSy (1) in the cytoplasm,
or could have been transported to the vacuole for storage or
further processing by invertase (31) (Table 3, Fig. 7). Invertase
(29; Mbal0_g13890.1) is only encoded on the B genome
and is predicted to be localized in the cytoplasm according to
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sucrose synthase (SuSy, Ma08_p23180) in the fruit pulp of two plantain banana cultivars during the period 6-12 weeks after bunch emergence. AG,

Agbaba; OB, Obino I'Ewai.

the DeepLoc 1.0 software (Almagro Armenteros ef al., 2017).
The cytoplasmatic homologue coded on the M. acuminata ge-
nome (A genotype) is most probably either not expressed or
expressed at only a very low level since we did not find a
confident specific spectrum. We have previously shown that
invertase is more abundant in plantain compared with a Cav-
endish type banana (Bhuiyan et al., 2020), and higher invertase
activity in cooking bananas has been associated with an altered
sucrose/ (glucose + fructose) ratio (Fils-Lycaon et al., 2011).
The breakdown of sucrose in the cytoplasm by invertase would
enable an energy flow back to starch synthesis and glycolysis
to support further growth, as discussed above (Fig. 3). Plantains
are indeed a lot bigger than dessert bananas and contain much
more starch. Part of the metabolized sucrose is most likely also
transported to the vacuole since we identified a monosac-
charide transporter (30) (Ma04_p22640.1;Mba04_g23280.1)
that had its highest abundance at 12 WAE (Table 3; Fig. 7).
DeepLoc predicted its location as the plasma membrane with
a likelihood of 0.49 and as the vacuole with a likelihood of
0.35. Since no cell wall invertase was identified and since we
did identify invertase in the cytoplasm, we assume that the
monosaccharide transporter is located in the vacuolar mem-
brane (Fig. 7). The up-regulation of the vacuolar pyrophos-
phate energized proton pump (28) (Ma07_p22370.1) (Table 3)
would also facilitate the transport of sugars across the vacuolar

membrane (Maeshima, 2000). Alterations in inorganic pyro-
phosphate (PPi) metabolism have a strong effect on sugar me-
tabolism, with higher PP1i levels increasing starch accumulation
and decreasing the level of sucrose. Decreased PPi levels have
been associated with lower starch biosynthetic rates (Osorio
et al., 2013). The overexpression of a pyrophosphatase in to-
mato results in an increase in the major sugars, a decrease in
starch, and an increase in vitamin C (ascorbic acid) (Osorio
et al., 2013). We observed an increased abundance of soluble
inorganic pyrophosphatase in the amyloplast (26) and in the
vacuole (28) that coincided with the decrease in starch syn-
thesis and increase in sucrose (Tables 2, 3; Fig. 7), and proteins
linked to ascorbate synthesis (GDP-mannose 3,5-epimerase)
(Wolucka and Van Montagu, 2003) and anti-oxidant defense
(ascorbate peroxidase, monodehydroascorbate reductase) also
had their highest abundances at 12 WAE (Table 4). Ascorbic
acid is also a co-factor of 1-aminocyclopropane-1-carboxylic
acid oxidase (ACO) that catalyses the final step in the biosyn-
thesis of the plant hormone ethylene (Smith ef al., 1992).

Cultivar-specific ethylene biosynthesis and auxin
scavenging

The increase in sucrose production was significantly correlated
with the abundance of 1-aminocyclopropane-1-carboxylate
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protein abundance, as determined by EMPAI quantification using Scaffold_4.11.0 (Proteome Software). Grey arrows indicate unidentified or unsure
proteins. 1, sucrose synthase; 2, UTP-glucose-1-phosphate uridylyltransferase; 3, fructokinase; 4, glucose 6-phosphate isomerase, cytosolic; 5,
phosphoglucomutase; 6, glucose 6-phosphate/phosphate translocator, chloroplastic; 7, phosphoglucomutase, chloroplastic; 8, glucose 1-phosphate
adenylyltransferase large subunit 2, chloroplastic; 9, granule-bound starch synthase, chloroplastic/amyloplastic; 10, soluble starch synthase,
chloroplastic/amyloplastic; 11, D-xylose-proton symporter-like 3, chloroplastic; 12, fructokinase; 13, glucose 6-phosphate isomerase; 14, ATP-
dependent 6-phosphofructokinase; 15, pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit beta; 16, fructose-bisphosphate aldolase;
17, triosephosphate isomerase, cytosolic; 18, glyceraldehyde-3-phosphate dehydrogenase, cytosolic; 19, ADPATP carrier protein, chloroplastic;

20, alpha-1,4 glucan phosphorylase L isozyme, chloroplastic/amyloplastic; 21, phosphoglucan, water dikinase, chloroplastic; 22, phosphoglucan
phosphatase LSF1, chloroplastic; 23, isoamylase 3, chloroplastic. All enzymes are listed in Supplementary Table S2, while Table 3 lists only those that

showed significant correlations with either starch or sucrose.

oxidase (ACO) (Table 4), the enzyme that produces ethylene.
The critical point during ripening is when the tissue becomes
more sensitive to ethylene and the internal concentration
reaches the threshold required to induce biological responses
(Paul ef al., 2012). Banana has two interconnected ethylene
feedback loops (Lt ef al.,2018): the first is a positive one that is
dependent on NAC transcription factors, while the second is
controlled by MADS transcription factors and is able to main-
tain ethylene synthesis even when the first loop is blocked. It
has been shown that banana ACO has a NAC motif in the pro-
moter sequence (L ef al., 2018) and that ripening is a highly
coordinated process regulated at the transcript level (Kuang et
al., 2021). We observed a significant interaction between cul-
tivar and WAE for ACO abundance (Table 4). The disappear-
ance of the large pool of starch in favour of accumulation of
soluble sugars is known to contribute to pulp softening (Shiga
et al., 2011). We found that a putative pectinesterase-related
protein and a lichenase were correlated with both sugar and
ACO (Table 4), and these enzymes are associated with pulp
softening (Li et al., 2019; Bhuiyan et al., 2020). Proteins with
sequence similarity to germins have been identified in var-

ious plant species. These ‘germin-like proteins’ (GLPs) have a
global low sequence identity with germins, and constitute a
large and highly diverse family with various functions, among
which is auxin binding (Bernier and Berna, 2001). Two auxin-
correlated GLPs have been isolated in plum and are correlated
with changes in levels of autocatalytic ethylene and associated
ripening (El-Sharkawy et al., 2010). Differential expression was
found in two contrasting cultivars and it was hypothesized that
the different endogenous auxin levels altered the levels of avail-
able ethylene, hence resulting in the different ripening pheno-
types. We found a GLP (12-1) that had a significant correlation
with ACO (Table 4). A Prosite scan indicated that the pro-
tein has a Fe(*") 2-oxoglutarate dioxygenase domain profile. A
2-oxoglutarate-dependent-Fe(*") dioxygenase in rice has been
shown to convert active auxin (indole acetic acid) into biolog-
ically inactive 2-oxoindole-3-acetic acid, supporting a key role
in auxin catabolism (Zhao et al., 2013). Moreover, the protein
also showed a significant cultivar X WAE interaction, which
was associated with the earlier ripening of the Agbagba cultivar
(Table 4). We hypothesize that this GLP/2-oxoglutarate dioxy-

genase would catabolize auxin and hence stimulate ripening.
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Fig. 7. Net starch breakdown at 12 weeks after bunch emergence (WAE) based on proteomic data in the fruit pulp of two plantain banana cultivars.
Enzyme numbers in bold were significantly higher in abundance at 12 WAE than earlier in development (Table 3). The arrows indicate the net direction

of the flux is indicated. Enzymes and arrows in green were confirmed by the calculated fluxes (average of the two cultivars). The size of the arrow
indicates the protein abundance, as determined by EMPAI quantification using Scaffold_4.11.0 (Proteome Software). Grey arrows indicate unknown or
unsure proteins. Enzyme numbers are the same as listed in Fig. 6. Additional enzymes are: 24, 4-alpha-glucanotransferase disproportioning enzyme;

25, plastidic glucose transporter; 26, soluble inorganic pyrophosphatase, chloroplastic; 27, sucrose-phosphate synthase; 28, pyrophosphate-energized
vacuolar membrane proton pump; 29, invertase; 30, monosaccharide-sensing protein; 31, invertase; 32, sucrose-phosphatase (identification unsure,
only one peptide). All enzymes are listed in Supplementary Table S2, while Table 3 lists only those that showed significant correlations with either starch or

sucrose.

In banana, it has been shown that ethylene promotes ripening
and auxins delays it (Purgatto et al., 2001; Mainardi et al., 2006;
Kuang et al., 2021), and the same has also been shown in pa-
paya (Zhang et al., 2020).

In plum, it has been shown that ethylene is a crucial factor
that affects overall sugar metabolism, stimulating sorbitol
breakdown via increased sorbitol dehydrogenase (Farcuh et al.,
2018). We also observed a strong correlation between ACO
and a sorbitol dehydrogenase, which catabolizes sorbitol into
fructose. There was a significant cultivar X WAE interaction,
with the Agbagba having a significantly earlier response than
Obino I’Ewai (Table 4).

Metabolite fluxes generally decrease during fruit
development

The concentrations of metabolites in the pulp determined
from 2-12 WAE (Table 2) were fitted to calculate corre-
sponding fluxes used as constraints in a metabolic model
(Supplementary Table S4). We selected three stages for detailed
examination, 2, 6,and 12 WAE, and the highest activities were
observed for fluxes involved in respiration, glycolysis, and the
TCA cycle (Supplementary Fig. S4; Supplementary Table S4).

These fluxes had their highest activity at 2 WAE (Fig. 8) and
a global decrease during fruit development was seen in both
cultivars, in agreement with metabolic fluxes described in to-
mato fruit (Colombié et al., 2015). We hypothesise that high
respiration is associated with the cell division that occurs
during the first growth phase, and this is followed by a global
decrease in flux activity during the second and third-growth
phases, when only elongation takes place. No increase in res-
piration was detected at the end of the maturation period,
probably because at 12 WAE the fruit that we examined were
still in the early maturation phase and the burst had not yet
taken place.

The flux analyses at 6 WAE and 12 WAE complemented the
proteome data, and good concordance was observed for the
major reactions in starch biosynthesis (Fig. 6): sucrose synthase
(1), fructokinase (3), glucose 6-phosphate isomerase (4), and
glucose 1-phosphate adenylyltransferase (8). For the fluxes at
12 WAE in the starch degradation pathway (Fig. 7), in addition
to invertase (29), the fluxes through sucrose synthase (1) and
glucose 6-phosphate isomerase (4) also pointed towards a net
cleavage of sucrose. Some uncertainties in the flux calculations
might be attributable to the assumptions required to solve the
model (flux minimization).
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Table 4. Proteins linked to ascorbate synthesis, anti-oxidant defence, and ethylene responses in plantain banana pulp, and their

correlations with ACO

Description ANOVA P-value No. peptides used Max fold- Highest mean Lowest mean R

WAE Cul- WAExcultivar for quantitation change abundance (WAE) abundance (WAE) Su- ACO

tivar crose

1-aminocyclopropane- <0.01 0.30 0.03 39 19.1 12 6 0.60 1.00
1-carboxylate oxidase
Sorbitol dehydrogenase <0.01 0.42 0.02 13 3.4 12 6 0.63 0.91
Germin-like protein 12-1 <0.01 0.06 <0.01 5 123.8 12 6 0.58 0.88
Pectinesterase/pectines- <0.01 0.34 0.01 18 12.8 12 6 0.59 0.84
terase inhibitor PPESB
Putative Pectinesterase <0.01 0.86 0.39 1 71 12 6 0.57 0.82
L-ascorbate peroxidase, <0.01 0.07 <0.01 14 2.5 12 6 0.57 0.82
cytosolic
GDP-mannose 3,5-epim-  <0.01  0.21 0.56 13 1.9 12 6 0.50 0.82
erase 1
Probable L-ascorbate per- <0.01 0.12 0.87 7 3.4 12 6 0.50 0.75
oxidase 7, chloroplastic
Lichenase <0.01 0.23 <0.01 20 46.1 12 6 0.56 0.73

WAE, weeks after bunch emergence. R values are Pearson correlation coefficients. This table only displays the ANOVA P-values of the protein paralog
with the lowest value. The full list of significant protein paralogs can be seen in Supplementary Table S2. Correlations in bold are significant at P<0.05.
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Fig. 8. Simplified diagram of fluxes in the plantain banana cultivar Agbaba at 2 weeks after bunch emergence. The widths of the arrows are proportional
to the activity of the flux. The fluxes were determined using constraint-based modelling from fluxes calculated on a gram DW basis (see Supplementary
Table S4), and show high activities for fluxes in glycolysis, the TCA cycle, and in particular respiration (highlighted in red). A similar pattern was found for

the Obino I'Ewai cultivar

(Supplementary Fig. S4).
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Conclusions

By combining proteomics and flux studies, our study provides
unique insights into the order of appearance and dominance of
specific enzymes/fluxes involved in starch and sugar synthesis
and breakdown in plantain. Our results for fluxes give a broader
analysis of metabolism. Although the fluxes were calculated in
a non-compartmented network, we have shown that in con-
junction with proteome data they can give a satisfactory pic-
ture of the dynamics of metabolism during fruit development.
Maturation in plantain is completed around 10 weeks after
bunch emergence, as indicated by a net breakdown in starch.
The import of G6P and possibly fructose into the amyloplast
are the main drivers of starch synthesis. Soluble starch synthase
probably plays a more important role in starch synthesis during
the early fruit development period, while granule-bound starch
synthase most likely influences starch at the mature stage. For
starch breakdown, DPE and phosphorylase mainly produce the
first hexoses for sugar synthesis and amylases come into play
at a later stage in ripening. Cytoplasmic invertase in plantain
seems to play an important role in the breakdown of sucrose
to support further growth and to maintain a high starch con-
tent. Our data point towards an interplay between auxins and
ethylene controlling the ripening process. Despite the fact that
both the plantain cultivars that we studied are extremely close
genetically, we still found significant differences in ripening.
The earlier ripening in Agbagba might be related to an earlier
induction of the second ethylene system and a greater scaveng-
ing of auxins. Overall, our results contribute to a better under-
standing of fruit development and maturation in banana, and
more specifically in plantains.
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