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ABSTRACT 

Banana is a highly perishable climacteric fruit, and its ripening process is notably fast, due to the modulation 
of several metabolic processes, including starch degradation, sugar accumulation, ethylene biosynthesis, cell wall 
modification, and others. However, most of the proteome studies on banana fruit are based on a single tissue type 
and are limited to either developmental or ripening stages. In contrast, the protein dynamics in the banana fruit 
during its development and ripening remain unclear. The function and morphology of each fruit tissue are different 
and ignoring the importance of tissue-specific studies obscures many specific functions. The current study focused 
on spatiotemporal proteome changes in banana peel and pulp tissues at several stages of fruit development and 
ripening. Most of the functionally categorized proteins were involved in the regulation of different biochemical 
and metabolic processes during banana ripening, i.e., starch and sugar metabolism, hormone regulation, cell wall 
modification, and transcription factors, representing the potential candidates involved in banana fruit development 
and ripening. We present a comprehensive banana fruit proteome data set by incorporating the expression of 
the proteins involved in diverse metabolic pathways, including two tissue types, and covering a range of fruit 
development and ripening stages. We have applied the bioinformatic algorithms to determine the interactions of 
identified proteins. Protein–protein interaction studies revealed that the two numbers of glycolysis pathway proteins 
namely, phosphoglucomutase and enolase, were found to interact more with other protein partners in the network. 
Our findings from this study not only provide an insight into the spatiotemporal modulations of the proteins during 
banana fruit development and ripening process but also open up the window for further validation of the identified 
key proteins to assign individual roles in fruit ripening and shelf-life, either through RNAi or genome editing tools. 

1. INTRODUCTION
Banana is a major staple food, which provides not only calories 
but also other important components for human nutrition, such 
as vitamins, minerals, antioxidants, and prebiotics [1]. It is a fruit 
crop of global importance with an annual production of 102 million 
tonnes worldwide (http://faostat.fao.org). Banana follows ethylene-
dependent ripening; hence, it falls in the category of climacteric fruit. 
In banana, different processes such as increase in the climacteric 
respiration, de-greening of peel, and softening of pulp are mainly 
coordinated by ethylene signaling. However, excessive softening of 
the fruit leads to the susceptibility to pathogens, which decreases the 
shelf-life of the fruit and results in huge post-harvest losses. Fruit 
softening is a vital indicator of the banana ripening process, which 
involves the disassembling of polysaccharides and is mainly regulated 

by several cell wall modification proteins such as pectate lyase (PL), 
polygalacturonase (PG), pectin methylesterases (PME) and xyloglucan 
endotransglucosylase/hydrolase (XTHs) [2,3]. Ethylene plays a key 
role in triggering the fruit ripening in climacteric fruit like bananas 
[4]. Interestingly, other phytohormones such as auxin and abscisic 
acid (ABA) are suggested to play a key role in promoting the fruit 
ripening process by cross talk with ethylene [5,6]. Previous studies 
by Inaba et al. [7] have clearly demonstrated that ethylene signaling 
was negatively controlled in banana pulp tissue, whereas positively 
controlled in banana peel [7]. Despite all these, the exact molecular 
mechanisms that coordinate the ethylene and other plant hormones, 
such as ABA and auxin signaling during the climacteric fruit ripening 
remain unclear. 

The proteomic approach has become an important omics tool in fruit 
biology and its post-harvest research. In addition, proteomic studies 
can contribute to the understanding of fruit development and ripening 
through the identification of many metabolic and functional proteins 
that are operational in different tissue types during fruit development 
and ripening [1]. Therefore, a better understanding of the banana fruit 
ripening mechanism may help to develop strategies for reducing the 
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post-harvest associated losses of the fruit crops in general and bananas 
in particular. Recently, proteome studies have been widely applied in 
investigating the molecular mechanism underlying the fruit ripening 
process in different fruits such as peach [8], pepper [9], apple [10], 
oil palm [11], and strawberry [12]. Previously, Hu et al. [13] have 
performed a spatiotemporal protein expression in peach endocarp and 
mesocarp during an early stage of development. Where they found 
that the protein abundance related to lignin and flavonoid pathways 
was found to be different for endocarp and mesocarp tissues during 
different developmental stages. 

In an effort to decipher the regulatory mechanism of homogalacturonan 
(HG) genes during banana peel ripening Ning et al. [14] have 
performed a spatiotemporal gene expression study, suggesting that 
HG expression was found to be up-regulated during the ripening 
stage. Hitherto, very few spatiotemporal studies on gene/protein 
expression have been conducted on diverse fruits, to gain deeper 
molecular insight into the ripening process. However, those studies 
are confined to performing the expression analysis of a limited number 
of genes/ proteins that are related to specific metabolic pathways [14], 
whereas the role of other stage-specific or tissue-specific proteins in 
fruit development and ripening remains unexplored for many fruits, 
including bananas. 

To date, most of the fruit proteome studies were restricted to a single 
tissue type and a limited number of development and ripening stages, 
whereas protein and their abundance in connection with different 
metabolic pathways related to fruit development and ripening are 
still far from fruition. In this regard, the present study provides an 
important insight into the molecular network during banana ripening 
and identifies proteins involved in the regulation of different 
metabolic pathways that could be helpful for reducing post-harvest 
loss in bananas. The present study provides an important insight into 
the molecular networks underlying banana fruit development and 
ripening. The objective of the study is (i) to decipher the proteome 
dynamic changes in a spatiotemporal manner in peel and pulp tissue 
of bananas using a high-throughput proteomics platform, (ii) to gain 
molecular insights of the proteins in relation to different metabolic 
pathways and their interactions in banana peel and pulp tissues from 
different developmental and ripening stages. Our study highlights 
the extensive peptide coverage and also resulted in the identification 
of tissue-specific proteins that are involved in different biological 
processes and metabolic pathways during banana development and 
ripening. Identified proteins could be highly useful in conducting 
further investigations to assign individual functional roles in fruit 
ripening and shelf life in bananas, thereby reducing post-harvest 
losses.

2. MATERIAL AND METHODS

2.1. Fruit Material
The cavendish banana fruit (Musa acuminata cv. Grand Naine) 
during different developmental stages, i.e., 40, 60, and 90-DAF were 
collected from OUAT, Bhubaneswar, Odisha. Banana fruits at the fully 
developed stage, i.e., 90-DAF were kept at ambient room temperature 
for further ripening for 6 and 12-DAR (days after ripening). Based 
on the uniformity in size, shape, color, firmness, visual defects, and 
appearance, fruits were selected for the experiment. Subsequently, the 
banana peel and pulp were separated at different developmental and 
ripening stages. The tissues were fine powdered with the help of liquid 
N2 and stored at −80°C until further use for protein extraction. Banana 
fruit tissues (peel and pulp) at different developmental and ripening 

stages were considered for the biometric, biochemical, and proteome 
analysis.

2.2. Biometric Assays

2.2.1. Measurement of fruit firmness
The fruit firmness was analyzed by puncturing the fruit using a 
penetrometer (model no. FR-5120, Lutron, USA) with a 6 mm plunger 
tip. A small slice of banana fruit skin was torn off, and firmness was 
determined from three replicated fruits with five different points per 
fruit. The maximum amount of force required to penetrate the plunger 
tip into the banana fruit was recorded and expressed in Newton (N). 

2.3. Biochemical Assays 

2.3.1. Estimation of starch 
Banana fruit tissues at different developmental (40, 60, and 90-
DAF) and ripening stages (6 and 12-DAR) were considered for the 
starch estimation. Starch estimation was performed by following the 
procedure of Shafiee et al. [15]. The experiment was performed by 
taking three biological replicates for each of the stages.

2.3.2. Estimation of total sugar content
Total sugar estimation was performed by following the method of 
Franscistt et al. [16] and triplicated readings were recorded from three 
independent biological replicates for each stage.

2.4. Protein Extraction
Molecular-grade chemicals were used for the protein isolation. Proteins 
were extracted from the banana tissues (peel and pulp) at different 
developmental and ripening stages by following the phenol extraction 
method described by Carpentier et al. [17] with slight modification.

2.4.1. Reconstitution of protein pellet in 1×PBS buffer
30 mg of dry protein pellet samples were dissolved in 300 µl of 1 × 
PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 
mM KH2PO4) and the mixtures were vortexed briefly for 5 minutes 
and centrifuged the samples at 12,000 × g for 5 minutes at 4°C. The 
clear supernatant was separated, transferred to a new 1.5 ml Eppendorf 
tube, and stored at −80°C for further use.

2.5. Quantification of Protein Samples
Protein concentration was estimated using Quick Start 1× Bradford 
assay (Bio-Rad, USA, 5000205) reagent, using BSA as standard. 
Protein samples were considered duplicates for each of the stages for 
quantification. The absorbance value of unknown protein samples was 
measured at 595 nm. Based on the absorbance and concentration of 
BSA, a standard curve was plotted.

2.6. SDS-PAGE Separation of Proteins
During SDS-PAGE analysis, protein samples (100 μg) were dissolved 
in loading buffer (0.5 M tris-HCl [pH 6.8], 10% SDS, glycerol, and 
β-mercaptoethanol) and the mixture was incubated at 95°C in the 
water bath for 4 minutes. The protein ladder (Bio-Rad, USA,1610317) 
with a molecular mass molecular weight (Mw) range from 6.5 to 200 
kDa was loaded in the first well followed by protein samples and 
resolved by 12% polyacrylamide gel, which was then stained with 
GelCode blue stain reagent (Pierce, USA, 24590).
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2.7. Liquid Chromatography-Tandem Mass Spectrometry  
(LC-MS/MS) Analysis for Protein Identification and 
Quantitation
Proteins were reduced, alkylated, and digested at 37°C in ammonium 
bicarbonate and with trypsin as described by Ray et al. [18]. Peptides 
were desalted using spin columns and subjected to Orbitrap fusion mass 
spectrometry. Furthermore, protein identification and quantification 
were done as per the method described in the above-cited reference.

2.8. Data Analysis
Proteome discoverer version 2.2 (Thermo Fisher Scientific) was 
used for processing the raw data files generated from the mass 
spectrometry. Spectra (MS2) were searched using Mascot search 
engine (version 2.6.0) against the M. acuminata database fasta from 
the UniProt sequence tools. The parameters for protein database 
search were followed as per the instructions of bioinformatics tools. 
The proteins with a false discovery rate of 1% were considered for 
protein identification.

2.9. Protein–Protein Interactions
Protein–protein interactions (PPIs) network was analyzed by using 
GeneMania.org by following the method of Warde-Farley et al. [19]. 
While the genes from M. acuminata were mapped to GeneMania, 
these interologs were then checked directly using String-db.org (www.
string.embl.de) in the Musa database, which unfortunately maps to very 
few. The pulp 6 and 12 DAR differentially expressed proteins were 
mapped to GeneMania Arabidopsis thaliana to derive the orthologous 
interacting pairs (interologs). While betweenness, closeness, and 
centralities could form the other ranking coefficients, the clustering 
coefficient would yield more distinct interaction partners.

2.10. Functional Categorization
Proteins identified through mass spectrometry were functionally 
categorized based on the literature on different fruits connected with 
the ripening process. The common and unique proteins were analyzed 
using Venny: https://bioinfogp.cnb.csic.es/tools/venny/ and further 
pathway maps were checked between them.

3. RESULTS
Morphological changes were observed in banana fruit during different 
developmental (40, 60, and 90-DAF) and ripening stages (6 and 

12-DAR). The visual appearance of fruits clearly differentiates the 
development and ripening stages of bananas. In the case of 90-DAF 
(pre-climacteric stage), the fruits are bigger in size with pedicel 
portion, and slight ridges and color of the fruit appear to be green 
with slight traces of yellow, compared to other stages. Whereas, in 
the case of 12-DAR (climacteric stage), no ridges could be visualized 
and the pedicel portion turned black and dry, the color of the fruit was 
brown with patches, and the texture of the fruit was soft compared to 
90-DAF fruit (Fig. 1). The change in the color of the fruit during the 
progression of ripening is due to the pigmentation and degradation 
of chlorophyll. Fruit firmness slightly increased during developmental 
stages, reached a maximum at 90 DAR, and decreased at 6 and 12 
DAR (Fig. 2).

In the present study, banana fruit tissue displayed a high starch 
content at developmental stages, i.e., 40, 60, and 90-DAF, and was 
found to be decreased during different stages of ripening, i.e., 6 and 
12-DAR (Fig. 3A), this explains the starch hydrolysis and synthesis 
of sugars during ripening. In addition, patterns of the starch content 
are consistent with the expression of starch biosynthesis pathway-

Figure 1. Visual appearance of banana cv. Grand Naine at different developmental and ripening stages. Fruit sampling was done at 40-DAF (A), 60-DAF (B), 90-
DAF (C), 6-DAR (D), 12-DAR (E) and considered for the biometric, biochemical and proteome analysis. 

 Figure 2. Pulp firmness at different developmental and ripening stages. 
Each value represents the mean of three biological replications of three fruits 
analyzed at each ripening stage and vertical error bars represent the standard 

deviation (±SD).
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related proteins that were identified through mass spectrometry (Fig. 
6C). Interestingly, in the present study, the total sugar content showed 
an increasing pattern from banana developmental to ripening stages, 
indicating that sugar accumulation is high during the onset of ripening 
(Fig. 3B). Furthermore, the pattern of total sugar content was similar 
to the expression profiles of sugar metabolism proteins (Fig. 6D), 
suggesting that starch breakdown into to simple sugars resulted in 
textural changes during banana fruit ripening.

The proteins from banana peel and pulp at different developmental 
and ripening stages were extracted by the phenol extraction method 
(Fig. 4). The SDS-PAGE profiles of banana peel and pulp at different 
developmental and ripening stages exhibited the qualitative difference 
in banding patterns. The majority of the proteins were separated at 
a range of 14 to 150 kDa. Strong and intense protein bands were 
observed in pulp tissue at 31 kDa in developmental (40, 60, and 90-
DAF) and ripening stage (6-DAR) due to the presence of abundant 
protein (except for 12-DAR pulp), while in the case of peel proteins 
at 31 kDa showed light bands. We assume that 31 kDa protein may 
play a role in starch breakdown and sugar synthesis in pulp tissue. 
Interestingly, the protein profiles of 12-DAR pulp exhibited abundant 

protein banding patterns between the molecular weight (Mw) range 
of 70 to 116.25 kDa, we anticipate that these proteins may have a role 
in pulp softening banana pulp softening. We have also identified low 
Mw proteins with light bands ranging from 14 to 21.5 kDa in peel and 
pulp tissues of different developmental and ripening stages. Overall, 
the proteins were well separated without the presence of any smears 
or degradation. 

Orbitrap fusion mass spectrometry coupled with nano LC-MS/MS  
allowed the identification of 5,701 and 6,959 proteins in banana 
peel and pulp tissues, respectively, from different developmental 
and ripening stages. The functional role was assigned to a total of 
1,646 and 1,806 proteins in banana peel and pulp tissues based on the 
available literature and protein database search (Suppl Tables 1–10). 
Furthermore, a total of 1,176 proteins from peel and 1,209 proteins 
from pulp tissues were selected and presented in Figure 5. Identified 
proteins were tabulated with respective accession number, sum peptide 
score, peptide coverage (%), amino acid, Mw in kDa, unique peptides, 
and peptide sequence (Tables 1–10) (Supplementary file).

The majority of the identified proteins were involved in diverse 
metabolic pathways during banana fruit ripening, i.e., starch and 
sugar metabolism, cell wall metabolism, hormone regulation, post-
translational modifications, signal transduction, and transcription 
factors (TFs) (Fig. 5A–J). Proteins identified through mass 
spectrometry-based platforms exhibited varying abundance between 
peel and pulp tissues at different developmental and ripening stages. 
In contrast, proteins related to cell wall modification and hormone 
regulation exhibited high abundance in the case of 12-DAR peel 
when compared to other developmental and ripening stages. Sugar 
metabolism-related proteins exhibited high abundance in the 12-DAR 
pulp. The overall functional classification is shown in Figure 5A–J.

Figure 4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis profile 
showing separation of proteins from banana pulp and peel tissues of different 
developmental and ripening stages by using phenol-based extraction method. 
A known amount of protein (100 µg) was loaded in each lane and resolved on 

12% SDS-PAGE followed by Colloidal Coomassie blue staining. M: SDS-
PAGE Mw standards (KDa), DAF: Days after flowering, DAR: Days After 

Ripening.

 

Figure 3. Represents the biochemical changes in peel and pulp tissue of banana 
fruit during different developmental and ripening stages. Starch content (A) 

and total sugar (B) of banana peel and pulp tissues at different developmental 
and ripening stages, and expressed in g kg-1. Each value represents the mean of 
three biological replications of three fruits analyzed at each ripening stage and 

vertical error bars represent the standard deviation (±SD).
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Figure 5. Functional categories of the identified proteins from banana fruit tissues at different developmental and ripening stages represented as 40-DAF peel (A), 
40-DAF pulp (B), 60-DAF peel (C), 60-DAF pulp (D), 90-DAF peel (E), 90-DAF pulp (F), 6-DAR peel (G), 6-DAR pulp (H), 12-DAR peel (I), 12-DAR pulp (J), 

through Orbitrap fusion mass spectrometry (mass spectrometer combines best of quadrupole, orbitrap and linear ion trap; tribrid) analysis. 
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Figure 6 represents the expression pattern of functionally categorized 
proteins based on their number that are identified in banana peel 
and pulp tissues at different developmental and ripening stages. 
Identified proteins are involved in different metabolic pathways such 
as cell wall modification, TFs, starch biosynthesis, sugar metabolism, 
signal transduction, and hormone regulation (Fig. 6A–F). The starch 
biosynthesis protein pattern of peel and pulp exhibited high abundance 
during different developmental stages, i.e., 40-DAF, 60-DAF, and 90-
DAF, and gradually the trend decreased at the ripening stage, i.e., 
6-DAR and 12-DAR (Fig. 6C). Sugar metabolism related category of 
proteins number gradually increased during progression of ripening 

and showed maximum increase at 12-DAR pulp. However, in the case 
of 12-DAR peel, slight decreases in the number of sugar metabolism 
proteins were observed (Fig. 6D). The trend of the TF and signal 
transduction proteins was similar in peel and pulp tissues at different 
developmental and ripening stages of the banana (Fig. 6B and E). 
Initially, the number of TF proteins in the peel gradually increased at 
40-, 60-, 90-DAF, and 6- and 12-DAR. However, TF proteins in pulp 
showed an increase in the pattern at 40-, 60-, 90-DAF, and reached a 
maximum at 6-DAR but decreased at 12-DAR. The number of cell 
wall modification proteins in peel tissue gradually decreased from 40-
DAF to 6-DAR but sharply increased at 12-DAR. However, the same 

Figure 6. Spatiotemporal expression of functionally categorized proteins those are identified from banana peel and pulp tissues at different developmental and 
ripening stages. Cell wall modification (A), TFs (B), starch biosynthesis (C), Sugar metabolism (D), signal transduction (E), hormone regulation (F). 
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category of proteins in pulp showed a decrease in the pattern from 40- 
to 90-DAF, and later showed a sharp increase at 6-DAR but decreased 
at 12-DAR (Fig. 6A). Among all the developmental and ripening 
stages of banana fruit, 12-DAR peel exhibited the highest number of 
proteins associated with hormone regulation (Fig. 6F).

We observed varied spatiotemporal expression of the proteins that 
were regulating different metabolic pathways in banana peel and 
pulp tissues during developmental and ripening stages (Fig. 7A–J). 
An increase in the expression pattern of α-mannosidase (α-man) 
was observed in the pulp tissue from 40-DAF to 6-DAR (4-fold), 
but sharply decreased at 12-DAR pulp. Whereas, in the case of peel 
tissue, the expression pattern of α-Man protein gradually increased 
from 40- to 90-DAF, but decreased in the later stages of ripening, i.e., 
6- and 12-DAR (Fig. 7A). β-galactosidase (β-gal) protein showed 
an increase in the abundance in both peel and pulp at 40-, 60- and 
90-DAF, but decreased at 6-DAR peel and pulp. Whereas, the same 
protein was expressed at 12-DAR peel but decreased expression at 
12-DAR pulp (Fig. 7B). The abundance of the PE proteins in the peel 
showed declined at 60-DAF and sharply increased at 90-DAF, 6, and 
12-DAR. In the case of pulp, the expression of PE proteins was found 
to decrease from 40-DAF to 6-DAR, but a sharp increase in the pattern 
was observed at 12-DAR (Fig. 7C). Our result showed that the XTH 
protein, which is involved in cell wall modification, was more abundant 
in peel tissue at 12-DAR (3-fold) than at other developmental stages, 
i.e., 40, 60, and 90-DAF and 6-DAR. In the case of pulp, the pattern of 
XTH gradually increased at developmental stages (40 to 90-DAF) but 
slightly decreased at 6 and 12-DAR (Fig. 7D). 

Starch biosynthesis-related proteins such as starch synthase (SS) 
showed an increase (2-fold) in the abundance in both peel and pulp at 
the initial stage of fruit development, i.e., 40-DAF, but decreased with 
the progression of banana ripening (Fig. 7E). Glucose-1-phosphate 
(G-1P) adenylyltransferase protein which is also related to starch 
biosynthesis were found to be increased in both peel and pulp during 
developmental stages of banana, i.e., 40,60 and 90-DAF, but decreased 
during ripening stages, i.e., 6 and 12-DAR (Fig. 7F).

Sugar metabolism-related proteins such as sucrose synthase and 
fructose-bis-phosphate aldolase showed an increase in the abundance 
of pulp during the ripening stage, i.e., 12-DAR. The expression pattern 
of sucrose synthase and fructose-bisphosphate aldolase proteins 
in pulp gradually increased from 40-DAF to 12-DAR, but slightly 
decreased at 12-DAR peel (Fig. 7G–H).

S-adenosylmethionine synthase (SAM-synthase) proteins which are 
known to be involved in ethylene biosynthesis gradually increased in 
both peel and pulp from 40-DAF to 6-DAR, but later showed a decline 
in the expression in 12-DAR pulp. The highest expression of SAM 
synthase protein was observed in 12-DAR peel (3-fold) (Fig. 7I).

NAM, ATAF1/2 and CUC2 (NAC) A/B domain-containing protein 
which is involved in the regulation of ethylene signalling exhibited 
1.5-fold increase in the expression pattern in peel tissue throughout 
the developmental and ripening stages, except at 6-DAR where it was 
slightly declined. In the case of pulp, a sharp increase in the expression 
(2-fold) was observed during the early stage of fruit development 
(60-DAF) and ripening (6-DAR). However, a sharp decline in the 
expression pattern of protein was observed at fully developed (90-
DAF) and later stages of ripening (12-DAR) (Fig. 7J).

Identified proteins (presented in bold letters), known to regulate 
different metabolic pathways during the banana fruit development 
and ripening process, are represented schematically (Fig. 8). 
Interestingly, TFs-related proteins, i.e., bZIP, NAC-A/B, and 

APETALA2/ethylene response factor (AP2/ERF) are known to 
regulate different metabolic pathways such as hormone regulation 
and sugar metabolism which resulted in cell wall loosening 
during ripening. Ethylene is suggested to cross-talk with other 
phytohormones such as auxin and IBA for triggering the fruit 
ripening process (Fig. 8). In contrast, some of the proteins were 
found to be present at specific stages and tissue types of banana, 
which were represented in the numerical format.

Figure 7. Spatiotemporal expression analyses of individual proteins from 
banana peel and pulp tissues at different developmental and ripening stages. 

Proteins involved in different metabolic and regulatory pathways during 
developmental and ripening stages of bananas were found to be differentially 
expressed. α-man (A), β-gal (B), Pectinesterases (PE) (C), XTH (D), SS (E), 

G-1P adenyltransferase (F), Fructose bis-phosphate aldolase (G), Sucrose 
synthase (H), SAM synthase (I), NAC-A/B domain-containing protein (J). 

Cell wall modified proteins: Pectinesterases, α-man, XTHs and β-gal. Starch 
metabolism proteins: SS and G-1P adenyltransferase. Sugar metabolism 

proteins: Sucrose synthase, fructose bis-phosphate aldolase. TFs: NAC-A/B 
domain containing proteins. Ethylene biosynthesis: SAM synthase.
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Venn diagrams representing the common and distinct proteins through 
various comparisons: (A) 40-DAF pulp, 60-DAF peel, 40-DAF peel, and 
60-DAF pulp; (B) 40-DAF pulp, 90-DAF pulp, 40-DAF peel, and 60-
DAF pulp; (C) 6-DAR pulp, 12-DAR peel, 6-DAR peel, and 12-DAR 
pulp, are depicted in Fig. 9A and C. In the case of 40-DAF pulp and 60-
DAF peel, a total of 6 (42.9%) and 2 (14.3%) unique proteins, with no 
common proteins. A total of 2 (14.3%) and 1 (7.1%) distinct proteins, 
without having overlapping proteins were identified in 40-DAF peel and 
60-DAF pulp, respectively. Further, a total of 2 (11.1%) and 1 (5.6%) 
proteins were unique for 40-DAF pulp and 90-DAF pulp. Six (33.3%) and 
1 (5.6%) distinct proteins, without sharing any overlapping proteins were 
identified in 40-DAF peel and 60-DAF pulp, respectively. In the case of 
6-DAR pulp and 12-DAR peel, a total of 16 (44.4%) and 7 (19.4%) distinct 

proteins were present without sharing any common proteins. Likewise, 
unique proteins of 3 (8.3%) and 2 (5.6%) were present in 6-DAR peel and 
12-DAR pulp, suggesting the presence of distinct unique proteins may 
have a regulatory role at specific stages and tissue types.

Figure 10 presents the PPI network analysis of peel and pulp tissues 
of different developmental and ripening stages by using gene Mania. 
Two glycolysis-related proteins, i.e., enolase and phosphoglucomutase 
(PGM), were found to interact more with other proteins. PGM acts 
as an important regulatory enzyme in cellular glucose utilization and 
energy homeostasis process during ripening and also it participates 
in sugar metabolism. Whereas, enolase is involved in the energy 
metabolism and carbon flow process during fruit ripening.

Figure 8. Schematic overview of the proteins and their regulation in different pathways during banana fruit development and ripening process. Identified proteins 
were represented in bold letters which were involved in cell wall modification, sugar metabolism, TCA cycle, TFs, ethylene biosynthesis and hormone regulation. 
Cell wall modification proteins: XTH, PL, pectin esterase (PE), sugar metabolism proteins: sucrose synthase, TCA cycle: phosphofructokinase (PFK), pyruvate 

kinase (PK), pyruvate dehydrogenase (PDH), citrate synthase (CS), isocitrate dehydrogenase (IDH) and MDH, Ethylene biosynthesis: SAM synthase, TFs: AP2/
ERF, bZIP and NAC-A/B, Auxin and ABA signalling: TPR protein. Identified proteins were present in specific stages and tissue types were assigned different 

digits/codes for banana pulp and peel tissues of different developmental and ripening stages (1–10).
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4. DISCUSSION
Ethylene cross talk with other hormones such as ABA for the 
promotion of the fruit ripening process by stimulating the signaling 
of several ethylene components, resulting in ethylene-induced fruit 
softening [5]. However, the molecular mechanisms that coordinate 

auxin, ABA, and ethylene signaling during the fruit ripening process 
remain unclear. Fruit softening depends on the alteration of the cell wall 
structural properties, with massive depolymerization/solubilization of 
cell wall components such as polysaccharides (pectins, cellulose, and 
hemicelluloses), lignin, and proteins [1,20].

Figure 9. Venn diagram exhibiting the commonality and uniqueness of identified proteins in different tissues and stages of banana fruit. The comparisons were 
made between 40 and 60-DAF peel and pulp tissue (A), 40 and 90-DAF peel and pulp tissue (B), 6 and 12-DAR peel and pulp tissue (C). Top 10 highly expressed 

proteins were considered for the comparison.

Figure 10. The PPI network is simulated by STRING. PPI is presented for the identified proteins (top 20) in bananas during different developmental and ripening 
stages. Arabidopsis thaliana network database and a confidence level of 0.4 were used for the analysis parameters. Different line colours represent the types of 

evidence used in predicting the associations. The comparisons were made between 6 and 12 DAR peel (A), 6 and 12 DAR pulp (B), 40, 60 and 90-DAF peel (C) 
and 40, 60 and 90-DAF pulp (D).
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In the present study, the decline in the starch content with the rise 
in sugar accumulation, clearly demonstrates the starch hydrolysis 
and synthesis of sugars during banana ripening. This study focused 
on the spatiotemporal protein expression of banana fruit from early 
development to late ripening stage. In addition, differentially expressed 
proteins that regulate different metabolic pathways during banana fruit 
development and ripening processes were described. 

4.1. Proteins Related to Starch and Sugar Metabolism
During the ripening, the fruit undergoes several biochemical and 
physiological changes that result in starch breakdown to sugar or 
sucrose accumulation [21]. Starch is a polymer of glucose-1-phosphate 
(G-1P), linked by an α-1,4-glycosidic bond, which is usually 
synthesized for energy storage during fruit maturation. Through 
the proteome analysis, Chin et al. [22] have identified α-1,4-glucan 
phosphorylase proteins, which exhibited high abundance during the 
unripe stage of mango pulp. Interestingly, in our study, α-1,4-glucan 
phosphorylase proteins (#2) were increased by 1.5-fold in the pulp 
tissue of fully developed fruit and exhibited less abundance in the rest 
of the developmental and ripening stages, suggesting that the α-1,4-
glucan phosphorylase activity reaches a maximum in fully developed 
fruit thereby accumulation of high starch content in the pulp tissue. 
SS protein which participates in the starch biosynthesis process was 
decreased in banana pulp during ripening [1]. The spatiotemporal 
expression analysis revealed an increase in the protein expression 
pattern by 2-fold in both peel and pulp during the early stages of fruit 
development. However, the expression pattern of the same protein 
displayed a decreased pattern in both the tissues during the later stage 
of development and ripening, and our results are in consistent with the 
previous reports [1]. 

SuSy is actively participates in the carbohydrate polymers synthesis, 
i.e., starch or cellulose, or in the generation of active compounds 
which helps in fruit development [23]. In this regard, Tian et al. [23] 
have identified SuSy proteins in kiwi fruit tissues (exocarp) at different 
developmental and ripening stages. Furthermore, during the onset of 
kiwi fruit ripening, SuSy was found to be up-regulated [23]. In the 
present study, SuSy exhibited increased protein abundance in both 
peel and pulp tissues across the developmental and ripening stages 
of bananas. However, a sharp rise (2-fold) in SuSy was observed 
during the ripening stages of banana pulp tissue, suggesting that sugar 
synthesis is highly active in pulp tissue during fruit ripening.

Fructose-bisphosphate aldolase has a key role in sugar metabolism 
and it is involved in the regulation of the sink metabolism of the 
fruit tissue during the ripening process [24,25]. Previous reports 
have observed a significant increase in the fructose-bisphosphate 
aldolase proteins in melon and blueberry ripening [24,25], suggesting 
that fructose-bisphosphate aldolase may have a key role in sucrose 
metabolism at ripening [24,25]. In this study, fructose-bisphosphate 
aldolase expression gradually increased (2-fold) in peel tissue from 
developmental to early ripening stages. Furthermore, the protein 
expression of fructose-bisphosphate aldolase gradually increased 
(2-fold) in the pulp tissue during fruit development and ripening, 
suggesting its active role in the synthesis and accumulation of sugars 
during fruit ripening.

4.2. Proteins Related to Hormone Regulation
Plant hormones are widely known to be major regulators of fruit 
development and ripening. In this regard, ethylene has a major role 
in triggering the expression of cell wall modifying enzymes such as 
PME, PL, and PG, that catalyze the cell wall pectin depolymerization, 

resulting in the gradual fruit softening [4,26,27]. SAM-synthase 
proteins are known to be involved in ethylene and polyamine 
biosynthesis and they catalyze SAM from methionine during fruit 
ripening [28]. A major portion (80%) of the cellular methionine is 
converted to SAM by the action of SAM-synthase and ATP [29].

Previous studies have reported that the abundance of SAM synthase 
proteins was increased in cherry tomato pericarp and peach mesocarp 
during ripening [13,29]. It was also observed that the abundance of 
SAM-synthase was relatively higher in the early stage of tomato 
ripening compared to the later stage ripening [29]. Interestingly, in 
the present, study the expression pattern of SAM-synthase protein 
gradually increased in both peel and pulp from the developmental to 
the early ripening stage, but at later stages of ripening its expression 
declined in the pulp. In averse, a sharp rise (3-fold) in the expression 
of SAM synthase protein was observed in the peel compared to pulp 
tissue, reflecting the abundant expression of SAM synthase in the 
peel tissue. We speculate that the site of synthesis of ethylene is in 
the peel tissue and later it translocates to the pulp tissue to trigger the 
ripening process. In this context, our results are in agreement with 
the previous studies on different fruits that the SAM-synthase may 
play a key role in triggering the fruit ripening process by converting 
S-adenosyl-L-methionine to 1-aminocyclopropane-1-carboxylic 
acid (ACC) during ethylene biosynthesis process. 

ARF-GAP mediates plant growth and root development by regulating 
auxin levels which were previously reported in rice and Arabidopsis 
[30,31]. The auxin and ethylene pathways cooperatively regulate a 
variety of developmental processes in plants. The auxin is capable of 
inducing ethylene biosynthesis and signaling and these two hormones 
interact reciprocally [32]. However, the role of ARF-GAP proteins in 
fruit ripening is still not clear. The present study emphasizes that the 
expression level of ARF-GAP protein was abundant in pulp (4-fold) 
tissue compared to peel tissue during the ripening stage of banana. 
Furthermore, our study speculates that the ARF-GAP proteins may 
have a functional role in mediating the auxin efflux cross talk with 
ethylene signaling for triggering the fruit ripening in bananas.

Tetratrico-peptide repeat (TPR) domain proteins are involved in auxin 
and ABA signaling. In Arabidopsis, it was reported that the ETO1 
(ETHYLENE-OVERPRODUCER1) protein negatively regulates 
ethylene biosynthesis in seedlings through direct interaction of its 
TPR domains with an ACC synthase isoform [33]. However, the 
specific role of TPR proteins in fruit ripening is yet to be explored. It 
was observed that ABA regulates the ethylene biosynthesis and ABA-
ethylene interaction leads to the triggering of the fruit ripening process 
[6]. Despite all these, the exact molecular mechanism exploring the 
interaction between ABA and ethylene during fruit ripening has not 
yet been reported. In the present study, TPR_REGION domain protein 
which is involved in auxin and ABA signaling gradually decreased in 
the pulp tissue at different stages of fruit development and in the early 
stage of ripening, but the same protein was found to be absent in pulp 
tissue of fully developed fruit and at the later stage of ripening. On the 
other hand, the expression pattern of TPR_ REGION domain protein 
in the peel tissue exhibited a sharp increase (2-fold) at later stages of 
fruit ripening. The modulation of SAM-synthase, ARF-GAP, and TPR 
proteins in different tissues of banana indicates the coordinated action 
of ethylene, auxin, and ABA hormones and their positive and negative 
regulation in promoting fruit growth, development, and ripening.

4.3. Proteins Related to Cell Wall Modification
Cell wall disassembly promotes banana ripening by triggering the 
breakdown of multiple polysaccharides networks, with the help of cell 
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wall degrading proteins such as PL, PG, PME, and others [3]. The PL 
proteins involved in the maceration and soft-rotting of fruit tissue and 
up-regulation of PL in peel and pulp tissues were observed in different 
studies during fruit ripening [1,20,34,35]. In the present study, a high 
abundance of PL proteins in the peel and pulp was observed at 12-
DAR, suggesting that it could play a key role in the degradation of 
pectin during banana ripening.

XTH is another class of cell wall modifying proteins that contribute 
to cell wall integrity maintenance by endotransglucosylase, and 
weakening by hydrolase activity during fruit ripening. During fruit 
ripening, xyloglucan hydrolase mediates the cell wall expansion 
process [1,34]. Importantly, XTH proteins were involved in the 
regulation of auxin and ethylene-mediated signaling and post-harvest 
fruit softening [34]. Ten XTH proteins, which were consistent with 
the degradation of cell wall components, were identified in the peel 
and pulp tissue of banana fruit at the ripening stage [36,34]. Further, 
Bhuiyan et al. [1] have identified eight up-regulated cell wall 
metabolism proteins such as XTH in the pulp tissues of banana fruit 
at the ripening stage. Another study by Kok et al. [11] has identified 
five numbers of XTH proteins in oil palm which were found to be 
up-regulated during ripening stages. In the present study, XTH 
protein expression in peel gradually increased during development 
and exhibited a sharp increase at ripening (3-fold), whereas in the 
pulp tissue XTH protein expression gradually increased from the 
developmental to ripening stage. Our result postulates that XTH may 
play an important role in banana peel softening during ripening by 
exhibiting hydrolyzing activity. α-Man is a fruit ripening-specific 
N-glycan processing enzyme, which is involved in the fruit softening 
process. The RNAi mediated suppression of α-Man genes, resulted in 
extended shelf-life for days 30 in tomato [37] and days 7 in capsicum 
[38]. Interestingly, in the present study, an increase in the expression 
pattern of α-Man was observed in the pulp tissue during development 
and early ripening (up to 4-fold), but sharply decreased at later stages of 
ripening in the pulp. In the case of peel tissue, the expression pattern of 
α-Man protein gradually increased during development but decreased 
in the later stages of ripening, disclosing its role in hydrolyzing the cell 
wall components, thereby increasing the fruit softening.

PE plays an important role in the cell wall metabolism during fruit 
ripening. This protein is known to extensively decrease the rigidity 
of the cell wall structure and solubilization of pectins during fruit 
softening [3]. PE proteins were identified in pulp tissues of jujube fruit 
at two mature stages and pulp tissues of papaya at ripe and unripe 
stages [39]. Furthermore, the expression of PE proteins was coherent 
with the degradation of cell wall components in peel and pulp tissue of 
banana at ripening [36,34]. Similarly, Xiao et al. [35] have identified 
two up-regulated PE proteins in banana peel tissues at the climacteric 
stage. In the present study, the abundance of PE proteins was noticed in 
both peel and pulp at the initial stage of fruit development. However, 
a sharp increase (1.5-fold) in the pattern of PE was observed in peel 
tissues at ripening stages. On the other hand, the expression pattern of 
PE proteins in the pulp decreased significantly but increased during 
the later stage of ripening. It suggests that the regulatory mechanism 
of PE is different for the peel and pulp tissues of bananas during fruit 
development and ripening. In addition, high expression of PE proteins 
in peel during the ripening stage could indicate that these proteins may 
play a key role in fruit softening by solubilizing the cell wall pectins.

β-gal is a cell wall modification protein involved in debranching pectin 
and supplementing the depolymerization process during fruit softening 
[22,40]. It is part of a wide family of glycosyl hydrolases known to 
remove β-galactosyl residues from the pectin side chain during fruit 
softening [40]. Chin et al. [22] have reported that β-gal increased in 

the expression during the ripening stage of mango pulp. Further, Niu 
et al. [41] have revealed that β-gal was up-regulated in cracking Akebia 
trifoliata fruits. In this study, β-gal protein expression gradually increased 
in both peel and pulp tissue during fruit development, but exhibited 
decreased abundance during the ripening. However, in the case of peel 
the expression pattern of β-gal showed an increase in the abundance 
at the later stage of ripening, which provides evidence that the β-gal 
actively participates in peel tissue during ripening by exhibiting the high 
depolymerization activity, thereby promoting the fruit softening.

4.4. Proteins Related to TFs
TFs play a key role in the regulation of fruit development and ripening 
[20]. In this regard, the AP2/ERF is a major TF involved in the modulation 
of the ethylene signaling pathway during the fruit development and 
ripening process [20,42]. iTRAQ and Q exactive mass spectrometry-
based proteome analysis revealed that AP2/ERF proteins were found to 
be up-regulated in melon flesh during the developmental stage [43]. In 
the present study, AP2/ERF protein expression was noticed during later 
stages of fruit development; the expression was gradually increased 
and reached the maximum expression at later stages of ripening in the 
peel tissue. However, in the case of pulp, the expression pattern of AP2/
ERF slightly declined during the later stage of ripening. The trend was 
similar to that of the expression of SAM-synthase suggesting that AP2/
ERF proteins may have a role in the ethylene signaling pathway during 
banana fruit ripening.

The leucine-zipper (bZIP) protein plays a key role in various biological 
processes such as synthesis of volatile compounds, floral induction, 
and seed maturation. However, proteome studies to elucidate the 
regulatory mechanism of bZIP proteins in fruit development and 
ripening are yet to be explored fully. The bZIP proteins were found 
to be up-regulated significantly in the banana peel during ripening, 
and also suggested to be involved in the regulation of volatile aroma 
production during ripening [20]. In the present study, the expression 
pattern of bZIP protein in the peel tissue was induced at a later stage 
of ripening, but absent in the early stage of ripening. Two numbers of 
bZIP proteins were increased (2-fold) in the pulp tissue at the early-
stage ripening, when compared to other developmental and ripening 
stages. In addition, our results are in consistent with the previous 
studies that bZIP proteins may play a crucial function in the synthesis 
of volatile compounds during ripening.

NAC proteins may have a major function in the regulation of 
phytohormone signaling (ethylene, ABA, and auxin) and also involve 
in pigment accumulation, floral development, and fruit softening 
[44,45]. Yun et al. [20] have identified NAC-domain proteins, which 
were significantly up-regulated in banana peel tissue during ripening. 
Interestingly, in the present study, a sharp rise in the expression pattern 
of NAC-A/B domain containing protein was observed in the peel 
tissue. In the case of pulp tissue, the expression of NAC-A/B-domain 
containing protein was increased during early developmental and early 
ripening stages. However, its expression is reduced in the pulp during 
fully developed and later stages of ripening. Our result speculates 
that the NAC-A/B domain-containing protein may participate in the 
banana fruit ripening process by interacting with the ethylene signaling 
pathway. The trend of the expression pattern of AP2/ERF, bZIP, and 
NAC-A/B domain-containing proteins was found to be similar to that 
of SAM synthase protein expression, suggesting that these proteins 
may have a key role in controlling the regulatory process of ethylene 
biosynthesis and signaling during ripening. In addition, these proteins 
may also regulate ethylene synthesis in a spatiotemporal and tissue-
specific manner.
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4.5. Proteins Related to Carbon and Energy Metabolism
Malate dehydrogenase (MDH) is a key protein responsible for 
malate oxidation process during fruit ripening and also participates 
in carbon fixation [46]. MDH is involved in the TCA cycle and is 
also suggested to play a key role in facilitating the exchange of 
metabolites between cytoplasm and organelles. Yu et al. [47] have 
revealed that MDH modulates the accumulation of carbohydrates by 
adjusting the carbohydrate allocation from sources to sink during 
apple fruit ripening. MDH protein has been known to regulate 
photosynthetic activity and anthocyanin biosynthesis in plum 
fruit [48]. Interestingly, in the present study, MDH protein in both 
peel and pulp tissue showed an increase in the expression during 
the initial stage of fruit development, but exhibited decreased 
expression during ripening. Meanwhile, a sharp increase in the 
expression of MDH protein was observed in the peel and pulp tissues 
of fully developed fruit. It is tempting to speculate that the MDH 
participates in the carbon fixation step that occurs during banana 
fruit development, which was previously reported in mango pulp, 
where MDH was found to be up-regulated in pre-climacteric stage 
compared to climacteric stage [49]. 

4.6. PPIs of Identified Proteins
In a living cell, protein establishes a diverse functional connection 
with each other which are underlying in the cellular process [50]. 
Enolase, which catalyzes the conversion of 2-phosphoglycerate 
to phosphoenolpyruvate, remains the central core protein in the 
interacting network. The involvement of enolase in the energy 
metabolism and carbon flow process through glycolysis pathway 
was reported in previous studies during fruit ripening [35,49,51]. 
During kiwi fruit ripening, enolase is suggested to interact with 
other functional categories of proteins such as defense, i.e., pyruvate 
decarboxylase and protein storage (HSP 70) [51]. Previously, a strong 
induction of enolase by ethylene and chilling treatment was reported 
in kiwifruit and tomato, and suggested to be involved in climacteric 
fruit ripening [52]. Down-regulation of enolase enzymes in mango 
pulp during the ripening stage indicated a slower carbon flow through 
the glycolysis pathway [49]. In the current study, abundant expression 
of enolase during fruit ripening in the pulp tissue indicates that it may 
play a similar role in inducing the ethylene biosynthesis process in 
bananas during fruit ripening (Fig. 10). 

In the present study, enolase protein was present in 40-DAF peel and 
pulp, 60-DAF pulp, 90-DAF peel, 6-DAR pulp, and 12-DAR pulp. 
However, the abundance of enolase protein was found to be high in 
6-DAR pulp, suggesting an increase in the carbon flow through the 
glycolysis pathway is promoting banana fruit ripening.

PGM serves as an intermediate, which catalyzes the readily 
reversible inter-conversion of G-1P and glucose-6-phosphate during 
the glycolysis pathway [22]. PGM proteins have a pivotal role in 
energy metabolism and are significantly up-regulated during Chinese 
bayberry ripening [53]. PGM is involved in the sugar metabolism 
process in melons and olives during ripening, and the expression of 
PGM was relatively high in melons during ripening [22,54].

PGM acts as an important regulatory enzyme in cellular glucose 
utilization and energy homeostasis processes during orange ripening 
[55]. The down-regulated expression of PGM, together with the 
reduced carbon flow through the glycolysis pathway was reported 
in mangoes during ripening and in strawberries during development 
[12,49]. 

In the present study, PGM protein was present in the 40-DAF pulp, 
6-DAR pulp, and 12-DAR peel. However, the abundance of PGM 

protein was significantly high at 6-DAR pulp, when compared to other 
stages. Our findings revealed that PGM plays a pivotal role in banana 
fruit ripening.

5. CONCLUSION
To our knowledge, this is the first in-depth proteome study that is 
focused on spatiotemporal expression of protein dynamics involved in 
different metabolic pathways in banana fruit. The current investigation 
on the spatiotemporal expression of proteins in the peel and pulp tissue 
discloses comprehensive information and sheds light on the key protein 
expression, tissue type, and its involvement in different metabolic 
pathways of banana fruit during development and ripening. A high 
abundance of ethylene biosynthesis-related protein namely SAM 
synthase was observed in 12-DAR peel during ripening, suggesting 
that the ethylene may play an active role in fruit ripening. Proteins 
involved in hormone regulation such as ARF-GAP and TPR_domain 
containing protein related to auxin and ABA biosynthesis exhibited 
high abundance during banana ripening, suggesting that the auxin 
and ABA may have a key role in promoting fruit ripening, other than 
ethylene in banana. XTH which is considered to be a major cell wall 
modification protein, displayed an increase in the protein expression 
in peel tissue during the later stage of banana ripening, i.e., 12-DAR 
peel, which suggests that the XTH proteins actively participate in 
the regulation of cell wall modification process during peel ripening. 
Further, some of the unique or distinct proteins were identified in 
specific stages of banana during development and ripening. PPI 
revealed that two glycolysis pathway-related proteins namely, PGM 
and enolase found to be interacting more with other protein partners 
in the network. The result from our study not only provides an insight 
into the protein changes during banana development and ripening 
process, but also enlightens the path for further utilization of these 
identified proteins for banana crop improvement programs. Through 
genome editing or recent biotechnological approaches functional 
role of the identified proteins can be assigned and utilized further in 
controlling the ripening process, thereby minimizing the post-harvest 
losses in bananas due to the over ripening.
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