

[image: image1]
Metabolome Analysis of Banana (Musa acuminata) Treated With Chitosan Coating and Low Temperature Reveals Different Mechanisms Modulating Delayed Ripening












	
	ORIGINAL RESEARCH
published: 03 March 2022
doi: 10.3389/fsufs.2022.835978






[image: image2]

Metabolome Analysis of Banana (Musa acuminata) Treated With Chitosan Coating and Low Temperature Reveals Different Mechanisms Modulating Delayed Ripening

Anjaritha Aulia Rizky Parijadi1†, Kana Yamamoto1†, Muhammad Maulana Malikul Ikram1, Fenny M. Dwivany2, Ketut Wikantika3, Sastia Prama Putri1,4* and Eiichiro Fukusaki1,4,5


1Department of Biotechnology, Graduate School of Engineering, Osaka University, Suita, Japan

2School of Life Sciences and Technology, Institut Teknologi Bandung, Bandung, Indonesia

3Center of Remote Sensing, Institut Teknologi Bandung, Bandung, Indonesia

4Industrial Biotechnology Division, Institute for Open and Transdisciplinary Research Initiatives, Osaka University, Suita, Japan

5Osaka University-Shimadzu Omics Innovation Research Laboratories, Osaka University, Suita, Japan

Edited by:
Danar Praseptiangga, Sebelas Maret University, Indonesia

Reviewed by:
Sajid Ali, Bahauddin Zakariya University, Pakistan
 Debabandya Mohapatra, Central Institute of Agricultural Engineering (ICAR), India

*Correspondence: Sastia Prama Putri, sastia_putri@bio.eng.osaka-u.ac.jp

†These authors have contributed equally to this work

Specialty section: This article was submitted to Sustainable Food Processing, a section of the journal Frontiers in Sustainable Food Systems

Received: 15 December 2021
 Accepted: 24 January 2022
 Published: 03 March 2022

Citation: Parijadi AAR, Yamamoto K, Ikram MMM, Dwivany FM, Wikantika K, Putri SP and Fukusaki E (2022) Metabolome Analysis of Banana (Musa acuminata) Treated With Chitosan Coating and Low Temperature Reveals Different Mechanisms Modulating Delayed Ripening. Front. Sustain. Food Syst. 6:835978. doi: 10.3389/fsufs.2022.835978



Banana (Musa acuminata) is one of the most important crop plants consumed in many countries. However, the commercial value decreases during storage and transportation. To maintain fruit quality, postharvest technologies have been developed. Storage at low temperature is a common method to prolong the shelf life of food products, especially during transportation and distribution. Another emerging approach is the use of chitosan biopolymer as an edible coating, which can extend the shelf life of fruit by preventing moisture and aroma loss, and inhibiting oxygen penetration into the plant tissue. Gas chromatography-mass spectrometry metabolite profiling of the banana ripening process was performed to clarify the global metabolism changes in banana after chitosan coating or storage at low temperature. Both postharvest treatments were effective in delaying banana ripening. Interestingly, principal component analysis and orthogonal projection to latent structure regression analysis revealed significant differences of both treatments in the metabolite changes, indicating that the mechanism of prolonging the banana shelf life may be different. Chitosan (1.25% w/v) treatment stored for 11 days resulted in a distinct accumulation of 1-aminocyclopropane-1-carboxylic acid metabolite, an important precursor of ethylene that is responsible for the climacteric fruit ripening process. Low temperature (LT, 14 ± 1°C) treatment stored for 9 days resulted in higher levels of putrescine, a polyamine that responds to plant stress, at the end of ripening days. The findings clarify how chitosan delays fruit ripening and provides a deeper understanding of how storage at low temperature affects banana metabolism. The results may aid in more effective development of banana postharvest strategies.
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INTRODUCTION

Fruit ripening is a complex process influenced by numerous biotic and abiotic factors, including light, hormones, temperature, and genotype. Fruit comprises two different groups according to its behavior upon ripening: climacteric and non-climacteric. Climacteric fruits, such as banana (Musa acuminata), mango, and mangosteen, are characterized by a burst of ethylene production and cell respiration. Ripening-associated events in climacteric fruit lead to biochemical and physiological changes that ultimately affect color, texture, flavor, and aroma changes (Silva et al., 2009; Lerslerwong et al., 2013; Asif et al., 2014; White et al., 2016). Better understanding of the fruit ripening process may help to evaluate the optimal maturity and fruit quality, and reduce postharvest fruit losses.

Banana is consumed worldwide thus considered as an important fruit in terms of its potential as a functional and nutraceutical food. As a climacteric fruit, the physiochemical changes that occur during banana ripening occur rapidly, resulting in color changes and notably perishable fruit after storage at room temperature. Banana peel color is a major criterion of the maturity and the grade of fruit maturity. In the fresh fruit market, bananas are usually harvested when the peel color is deep green or recognizable as a fully green mature ripe grade. Later, the peel color changes to yellow, which is preferable by consumers. Because bananas have a relatively short shelf life, postharvest packaging, and handling strategies are necessary to achieve optimal fruit maturity and to maintain quality (Lustriane et al., 2018).

Postharvest technology development is one of the most important processes affecting food quality. Several postharvest technologies, which include low temperature and modified atmosphere packaging, have been extensively developed to achieve the most favorable conditions for quality improvement or shelf life improvement in several climacteric fruits, such as bananas, plums, and peaches (Facundo et al., 2012; Valero et al., 2013; Yinzhe, 2013; García et al., 2014; Kumar Raghav et al., 2016; Brizzolara et al., 2018). However, these technologies are expensive and energy intensive. Edible coating is an alternative method that can extend the shelf life of fruit owing to its ability to prevent moisture loss, aroma loss, and inhibit oxygen penetration into the plant tissue. Refined methods of edible coatings have received much attention recently because they are less expensive, simple, and biodegradable, for example tragacanth gum, carboxymethyl cellulose, and corn zein, that has been applied on apricots, mangoes, nectarines and apples, respectively (Ali et al., 2020, 2021; Mendes-Oliveira et al., 2022). Chitosan is a promising biopolymer for edible coating. It is a linear polysaccharide consisting of β-(1→4)-linked 2-amino-2-deoxy-D-glucose residues, which is a deacetylated derivative of chitin, the second most abundant polysaccharide in nature after cellulose, and whose many sources include exoskeletons of crustaceans, insects, mollusks, and fungi. Chitosan has many benefits for agriculture, food, and medicine because of its many functional properties that include antioxidant, antimicrobial activities, and ability to form a film. It can reduce the respiration rate of fruit by forming a coating on the fruit and adjusting the permeability of carbon dioxide and oxygen (Jianglian, 2013; Luo and Wang, 2013). Although the effect of chitosan on fruit storage has been confirmed through chemical and physical analyses, only a few studies on its mechanism to delay fruit ripening have been performed. Existing studies on banana postharvest technologies have focused on physiochemical parameters or targeting only a few processes related to color changes, texture, and enzymatic assays in the peel and pulp parts.

In recent years, metabolomics has been widely used as an important tool to support postharvest fruit development and ripening studies, including sapodilla, litchi, and peach (Das and De, 2015; Bustamante et al., 2016; Yun et al., 2016; Brizzolara et al., 2018). To better elucidate the complex mechanism of metabolic response during postharvest technologies in banana, we performed gas chromatography-mass spectrometry (GC-MS) metabolite profiling of the banana ripening process. We also compared the effects of different postharvest treatments on the banana ripening process. The treatments used were room temperature (RT, 27 ± 3.4°C) as a control, chitosan treatment (C), and low temperature (LT, 14 ± 1°C). Multivariate analysis was performed to correlate specific metabolites with color changes that occurred during banana postharvest treatment. This is the first report of a metabolomics approach to understand the effects of postharvest treatment in banana.



MATERIALS AND METHODS


Plant Materials

A batch of mature green bananas (M. acuminata, AAA group, Cavendish subgroup) from Indonesia with maturity indices stage 2 based on United States Department of Agriculture (https://www.ams.usda.gov/sites/default/files/media/Bananas_Visual_Aid%5B1%5D.pdf) was used in this study. Banana samples were visually inspected for uniformity in size, color, and absence of physical damage and fungal infection before they were selected as the samples used in this experiment.



Temperature Treatment

The aforementioned LT and control (RT) storage conditions were examined. This postharvest LT treatment was previously reported as an effective treatment to prolong shelf life (Piriyavinit et al., 2011; Mustafa et al., 2018). For temperature treatment, the fruits were stored at RT or LT for 10 days and were randomly collected on days 0, 1, 3, 5, 7, and 9 for examination. Three fruits were collected at each day of sampling and quickly quenched in liquid nitrogen and stored at −20°C prior to extraction and homogenization.



Chitosan Coating

Food grade chitosan (high molecular weight, 85–89% deacetylated) purchased from Biotech Surindo (Cirebon, Indonesia) was used as an edible banana coating. A 1.25% (w/v) chitosan solution was prepared in acetic acid by adding the appropriate amount of chitosan and stirring. The pH was adjusted to 5.5 with 1 M NaOH. Bananas were coated with chitosan by immersion in the solution for 2 min, air-dried at RT, and stored at RT (27 ± 3.4°C). Three bananas were inspected and collected at days 0, 1, 3, 5, 7, 9, and 11. The changes in peel color were documented by taking photographs at each observation time.



Total Soluble Solids Measurement, Metabolite Extraction, and Derivatization

The total soluble solids (TSS) content of banana fruit was determined by using a refractometer (ATAGOⓇ N-1α, Tokyo, Japan) and performed as described before by Pratiwi (Sa Pratiwi et al., 2015). Results were expressed as degree Brix (°Brix). Briefly, 15 g banana fruit pulp in each treatment was homogenized using a blender with 45 mL of distilled water. The mixture was centrifuged at 14,000 rpm for 5 min. A few drops of the filtrate were then placed on the prism of the refractometer before reading. The refractometer was calibrated with distilled water to give a 0 °Brix reading at each measurement. The extraction and derivatization procedures were performed as previously described with slight modifications (Ikram et al., 2020). Briefly, the middle part (~2 cm) of banana was cut, separated into pulp and peel, and quenched with liquid nitrogen on days 0, 1, 3, 5, 7, 9, and 11. The cut bananas were ground into powder using a mortar or multi-bead shocker (Yasui Kikai, Osaka, Japan). Ten milligrams of powdered banana was mixed with 1 mL of the extraction solvent, which was methanol (Wako Chemical, Osaka, Japan), chloroform (Kishida Chemical Co., Ltd., Osaka, Japan), or ultrapure water (Wako Chemical) at a ratio of 2.5/1/1 (v/v/v) together with an internal standard (Ribitol 20, mg/mL) by vortexing. The samples were incubated at 37°C and 1,200 rpm for 30 min. Centrifugation was performed at 4°C and 10,000 rpm for 3 min, and 600 μL of the supernatant was transferred into a 1.5 mL microtube. Ultrapure water (300 μL) was added and vortexed to increase the separation between the polar and non-polar phases. The combined supernatant of all samples was centrifuged for 3 min at 4°C and 10,000 rpm. The supernatant was transferred and evaporated in a spin dryer (Taitec, Aichi, Japan) for 1.5 h at RT. The evaporated samples were lyophilized overnight in a freeze dryer (Taitec). Methoxyamine hydrochloride (100 μL, 20 mg/ml in pyridine) was added to each sample and incubated at 30°C and 1,200 rpm for 90 min. Subsequently, 50 μL N-methyl-N-trimethylsilyl—trifluoroacetamide (MSTFA; GL Science, Tokyo, Japan) was added and incubated at 37°C and 1,200 rpm for 30 min before GC/MS analysis.



GC-MS Analysis

An Ultra QP-2010 gas chromatography coupled with a mass spectrometer and an AOC-20i/s auto-injector was used for analysis (Shimadzu, Kyoto, Japan). The mass spectrometer was tuned and calibrated prior to the analysis. One microliter of derivatized sample was injected in the split mode, with a ratio of 11/1 (v/v) and an injection temperature of 230°C. The flow rate of the helium carrier gas was 1.12 mL/min with a linear velocity of 39.0 cm/s. The column temperature was held at 80°C for 2 min, raised to 330°C at a rate of 15°C/min, and then maintained at 330°C for 6 min. The transfer line and ion-source temperatures were 250 and 200°C, respectively. Ions were generated via electron ionization at 70 eV. Spectra were recorded using at 20 scans/s over a mass range of 85–500 m/z. The detection voltage was automatically set after auto-tuning for each analysis batch. A standard alkane mixture (C8-C40) was injected at the beginning of the analysis for tentative identification.



Data Analyses

The raw GC-MS data were processed using the GC-MS solution software package (Shimadzu, Kyoto, Japan). Peak alignment was executed using MetAlign (Wagenigen; download for free at http://www.wageningenur.nl/). The pre-processed data were then subjected to peak annotation using AIOutput and our laboratory's in-house library made with authentic standards. In addition to the in-house library, 1-aminocyclopropane-1-carboxylic acid (ACC) peak was confirmed by co-injection with an authentic standard (Sigma-Aldrich Japan Ltd., Tokyo, Japan). Multivariate analysis was performed using SIMCA-P+ version 13 (Umetricts, Umea, Sweden) for principal component analysis (PCA) and orthogonal projections to latent structures (OPLS) without data transformation to observe data patterns based on their differences and similarities. The data were auto-scaled to reduce the mask effect from the abundant metabolites. PCA was used as a non-supervised multivariate analysis of banana ripening stages, which can clarify the understanding of the relationship between the samples and the metabolite features. OPLS analysis is a supervised multivariate analysis that is commonly used to predict significant metabolites using observed values, such as color changes. In the present study, OPLS was used to describe several variables of PCA and was projected to regression or discriminant using the explanatory variable. From OPLS analysis, variable important in projection (VIP) score can be calculated based on the root of the value taken after the sum over all model dimensions of contribution (variable influence) is divided by the total explained sum of squares X and sum of square Y by the OPLS model and is multiplied by the number of terms in the model (Galindo-Prieto et al., 2014).




RESULT


Ripening Process of Banana

Metabolic changes during the banana ripening process were investigated using GC-MS analysis. Three fruits per observation day were used. The analysis was performed separately for the peel and pulp portions of banana. We tentatively identified 99 metabolites from the pulp and 96 metabolites from the peel using the National Institute of Standards and Technology and our in-house library (Supplementary Table 1). Two PCA models of the GCMS-derived dataset were used. The first was based on the fruit pulp samples and the second was based on the peel samples. The first two principal components (PCs) within each model provided a total explained variance of 39.2 and 41%, respectively (Figure 1). The PCA was designed to provide an overview of all observations or samples in a dataset (Fujimura et al., 2011). In PCA analysis, the data were rearranged into a new axis (coordinate) termed PC. PC should be created to maximize the variance among samples. The greatest variance would be explained by PC1, the second largest variance by PC2, and so on. The results showed that the trend of PC1 described the metabolite change trends during banana ripening from mature green or raw stages to overripe stages with senescence spots appearing during observation.


[image: Figure 1]
FIGURE 1. PCA plot of day 0–11 samples of (A) pulp and (B) peel from metabolome data sets during banana ripening. The data were analyzed using SIMCA-P+ version 13. Metabolome data was obtained by GC/MS analysis and processed and annotated using MetAlign and AIOutput (Scaling: auto-scale, transformation: none). Numbers represent day of sampling. Colors from light-red to dark-red represents the ripening stage.


OPLS analysis was used to regress PCA variables (metabolite intensity) on the number of days. This allowed us to verify whether the number of days could accurately predict metabolite-based ripening stages. OPLS analysis was conducted using the number of days as the response variable (y-variable) and metabolite peak intensity values as the predictor variables (x-variables) with the number of latent variables used in this study being two. Representative samples of one batch of ripening processes were selected as a training set. Representative samples from different batches were used as a dataset to validate the prediction model. OPLS analysis was performed in both the pulp and peel ripening processes to confirm the robustness of the prediction model. The constructed models displayed a linear coefficient (R2) and prediction ability (Q2) > 0.5 (Figure 2). High R2 and Q2 values indicate an excellent predictive model. To verify our results, we added the test set into the model in which they fit perfectly in the predicted regression line. Moreover, the root mean square error (RMSE) was calculated to determine how well the observed ripening stages matched the actual ripening stages of banana. The RMSE of estimation (RMSEE) was 1.17 in pulp and 0.55 in peel. The values did not deviate distinctly from the RMSE of prediction (RMSEP) value of 1.09 in pulp and 0.59 in peel. The findings indicated the validity of the regression model. The collective results indicated the successful development of a prediction model for the banana ripening process based on metabolomic data. Contributing metabolites were selected based on the five highest variable importance in projection (VIP) scores obtained from the PLS model. Among the 99 annotated metabolites, 10 were important in our prediction model the pulp and peel of banana. The metabolites that changed during the banana ripening process in the pulp were xylonic acid, propylene glycol, 2-aminoethanol, galactose+glucose, and 2-isopropylmalic acid. Those that changed in the peel part were valine, cinnamyl alcohol, acetoacetic acid, galacturonic acid, and meso erythritol.


[image: Figure 2]
FIGURE 2. PLS regression plot of day 0–11 samples from metabolome data sets of (A) pulp and (B) peel during the banana ripening process. The data were analyzed using SIMCA-P+ version 13. Metabolome data was obtained by GC/MS analysis and processed and annotated using MetAlign and AIOutput. The explanatory and response variable was metabolites and number of days, respectively. Numbers represents days of sampling. Black color represents samples used to construct the model (training set). Red color represents test set samples.




Effect of LT Treatment on Banana

The LT and RT treatments were evaluated during 9 days of storage (Figure 3). Differences in these treatments were evaluated using a metabolomics approach to confirm the metabolite changes. A total of 70 and 66 metabolites were annotated in the pulp and peel of banana, respectively (Supplementary Table 2). After GC-MS analysis, the data sets of RT and LT treatments were subjected to multivariate statistical analysis. PCA revealed two PCs explaining 43.3 and 37.4% of metabolite variation in pulp and peel, respectively, between the two temperature treatments (Figure 4A and Supplementary Figure 1). PC1 describes the difference in metabolite change trends between RT and LT treatments from the raw to ripening stages in the pulp part (Figure 4A). As can be seen in the PCA score plot of pulp, LT treatment produced markedly different metabolite changes from RT. This indicates that LT treatment was effective in prolonging banana shelf life by halting the increase in ripening-associated metabolites. Thus, LT prevented metabolic changes. This trend was also confirmed in the OPLS regression analysis, which showed that LT treatment halted metabolites related to the ripening process. The predicted ripening days were up until day 5 or 6 at LT and until day 9 at RT (Figure 4B). Similar to pulp, peel displayed the same trend of metabolic changes during treatment.


[image: Figure 3]
FIGURE 3. Picture of banana ripening process under control condition (room temperature 27 ± 3.4°C) and low temperature condition (LT, 14 ± 1°C) during nine days of storage time.



[image: Figure 4]
FIGURE 4. (A) PCA plot and (B) OPLS regression model of day 0–9 samples from pulp of banana treated in LT metabolome data sets analyzed using SIMCA-P+ version 13. Metabolome data was obtained by GC/MS analysis and processed and annotated using MetAlign and AIoutput (Scaling: auto-scale, transformation: none). In (A), white represents day 0, red represents room temperature (RT), blue represents low temperature (LT). In (B), black represents RT and red represents LT.




Effect of Chitosan Coating on Banana

Banana ripening process after coated with chitosan compared to control stored for 11 days were showed in Figure 5. The processed GC/MS data set of bananas treated with chitosan with 100 annotated metabolites from pulp and 101 annotated metabolites from peel were subjected to multivariate data analysis (Supplementary Table 3). The PCA score plot of chitosan treated banana data sets on pulp and peel parts are shown in Figure 6A and Supplementary Figure 2, respectively. The PC1 and PC2 vectors varied by 34.5 and 13.6%, respectively. Along with the PC1 vector, both uncoated and chitosan-coated banana samples were aligned in PC1, which describes the ripening process. This result indicates that the ripening process was the major factor for the data variance. Chitosan-coated samples were plotted on the negative side more than the uncoated samples in PC1, compared to samples from the same maturation stage. This finding suggests that metabolite changes during the ripening process were successfully observed, and that these changes were delayed in chitosan-coated banana. The delayed ripening process of chitosan treated bananas was confirmed by total soluble solids (TSS) changes (Supplementary Figure 3) and OPLS regression (Figure 6). TSS values showed to be increasing along the ripening process. Compared to control, chitosan-coated sample showed lower TSS values that indicate slower ripening process. For OPLS regression analysis, using chitosan treated banana as the test set and uncoated banana as the training set to create the model, we observed that the chitosan treated banana ripening process was shifted to the left. The finding means that the predicted ripening days were delayed compared to the uncoated condition (Figure 6B). On the other hand, PC2 of the PCA plot (Figure 6A) implied differences between the uncoated and chitosan-coated groups. This result suggests that the ripening of chitosan-coated banana was different from that of the normal (uncoated) banana. Since the samples on day 11 from chitosan-coated banana were especially clustered away from uncoated samples, it is important to understand which metabolites contributed to this separation. A similar trend in PCA and OPLS regression was also observed in the peel of chitosan treated banana.


[image: Figure 5]
FIGURE 5. Picture of banana ripening process under control condition (untreated) and chitosan-treated condition (1.25% chitosan) during 11 days of storage time.



[image: Figure 6]
FIGURE 6. (A) PCA plot and (B) OPLS regression model of day 0–11 samples from pulp of banana treated by chitosan metabolome data sets analyze using SIMCA-P+ version 13. Metabolome data was obtained by GC/MS analysis and processed and annotated using MetAlign and AIoutput (Scaling: auto-scale, transformation: none). In (A) the white color represents day 0, the red color represents room temperature (RT), and yellow color represents chitosan treatment (CH). In (B), black represents RT and red represents CH.


To evaluate the differences between the last day of observations in both LT and CH treated banana, especially the pulp portion that is consumed, OPLS-discriminant analysis (OPLS-DA) was performed. The explanatory variables used were metabolites obtained from GC/MS. The response variable was set to “0” for control or untreated banana and “1” for LT or CH treated banana. Figure 7 is the plot of OPLS-DA for control and untreated pulp with LT treatment (Figure 7A) and CH treatment (Figure 7B). Both OPLS-DA plots showed that these treatments were significantly different from the control. The metabolites that were affected by the treatment are shown in Table 1. LT treatment affected putrescine, β-alanine, and malic acid. CH treatment affected 1-aminocyclopropane-1-carboxylic acid (ACC), glycine, and α-ketoglutaric acid. The VIP score indicates the degree of importance for the metabolites during the model construction, and the coefficient indicating its positive (similarly) or negative (differently) correlated compared to the control treatment. The relative abundance of these VIP metabolites in the control untreated, LT treated, and CH treated banana are shown in Figure 8.


[image: Figure 7]
FIGURE 7. OPLS-DA score plot from metabolome data sets of banana pulp treated with (A) low temperature and (B) chitosan. Data were analyzed using SIMCA-P+ version 13. Metabolome data was obtained by GC/MS analysis and processed and annotated using MetAlign and AIoutput. Red color represents room temperature (RT), blue color represents low temperature (LT), and yellow represents chitosan treatment (CH).



Table 1. Top three variable important in projection metabolites from OPLS-DA of banana pulp treated by low temperature and chitosan.
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FIGURE 8. Bar graph of variable important in projection metabolites between (A) room temperature vs. low temperature treatment, and (B) untreated vs. chitosan treated banana pulp. The vertical axis represents the relative intensity of metabolites from GC/MS. The horizontal axis represents the treatment and number of days. White (0) represents day 0, red color (R) represents room temperature and untreated banana, blue (L) represents low temperature treatment, and yellow color (Y) represents chitosan treatment.





DISCUSSION

Banana is a climacteric fruit that continues to ripen after harvest (Dwivany et al., 2020). In this study, the banana ripening process was evaluated in banana pulp and peel. The metabolites that affected the pulp during the banana ripening process were xylonic acid, propylene glycol, 2-aminoethanol, galactose+glucose, and 2-isopropylmalic acid. Effects on peel were evident for valine, cinnamyl alcohol, acetoacetic acid, galacturonic acid, and meso erythritol. Xylonic acid is associated with the plant cell walls. Xylonic acid is a constituent of hemicellulose in pomegranate; thus, its involvement in the banana ripening process might indicate cell wall modification during ripening (Deng et al., 2021). The other accumulated metabolite during banana ripening was propylene glycol. This metabolite is a well-known gas used to accelerate the ripening process of fruit. These results can be used as a basis to indicate the ripening process of banana and can provide useful feedback for postharvest technology studies.

Ethanolamine, also known as 2-aminoethanol, is an important plant metabolite that is related to the production of choline and membrane lipids, such as phosphatidylethanolamine and phosphatidylcholine (Kwon et al., 2012). The importance of ethanolamine also confirms previous results in mangosteen (Parijadi, 2018). Moreover, galacturonic acid and galactose reportedly to contribute to cell wall degradation, which affects fruit softening during the ripening process (Burana-osot et al., 2010). 2-Isopropylmalic acid is present in tropical fruits, such as melon, banana, and pear (Vázquez-Manjarrez et al., 2020). The ripening process is related to a senescence process that correlates with hormones that are influenced by biotic or abiotic stresses, such as ethylene and melatonin (Zhao et al., 2021). The observed accumulation of 2-isopropylmalic acid during ripening confirms previous results of an increase in the intensity of 2-isopropylmalic acid in sugar beet during salt-stressed conditions (Liu et al., 2020).

Other than galacturonic acid, which has been described previously, another important metabolite during the ripening process in peel is valine. Valine is a proposed precursor of 2-methylpropyl, a major volatile compound in banana. Valine might be responsible for the aroma development during banana ripening (Alsmairat et al., 2018). Similar to valine, cinnamyl alcohol is the substrate for acyl transferase in banana, an enzyme responsible for ester formation. Cinnamyl alcohol might also contribute to aroma development in banana (Beekwilder et al., 2004). While these two metabolites are related to the production of aroma in banana, acetoacetic acid might indicate the oxidation of flavoring substances during banana ripening (Saito et al., 2017). On the other hand, meso erythritol might not be related to the aroma compound in banana, but rather may be a protective or growth accelerating agent. Previous studies have reported the effectiveness of erythritol in killing certain insects, such as Drosophila melanogaster (Scanga et al., 2018). In addition, erythritol shortens the germination time in some plants, including white radish, garlic, and Arabidopsis (Kuroda et al., 2008). Thus, erythritol might serve as a sweetener and also to regulate plant development and protect against stress.

In the present study, to more comprehensively understand the mechanism to delay banana ripening through postharvest treatment, we compared the current standard LT treatment with the emerging method of chitosan coating. The two treatments displayed similar effects and similarly delayed ripening of banana peel and pulp. Both treatments were able to reduce the rate of banana ripening process as shown in the peel color changes of banana for LT treatment (Figure 3) and chitosan treatment (Figure 5). For LT treatment, day 3 banana showed similar level of ripening stage with control (stage 5 yellow with green tips). However, the deterioration was significantly different as shown in day 9 (Figure 3). For chitosan treatment, the uncoated banana on day 3 was on stage 5 (yellow with green tips), while the coated banana was on stage 2 (light green) (Figure 5). While on day 9, the uncoated banana had already started to decay while the banana treated with chitosan was still on stage 4 (more yellow than green) (Figure 5). Different days of observation were used (day 9 for LT, day 11 for chitosan treatment) based on the browning level of control banana (Figures 3, 5). Despite the difference in storage days, these treatments were able to affect the metabolite intensity in the banana, thus shortening the predicted ripening days compared to control and untreated banana, or rendering banana less ripe based on its metabolite profile (Figure 4B).

OPLS-DA was performed to determine the process behind the LT and chitosan delay of banana ripening. Metabolites that were affected by the LT compared to the control condition were putrescine, β-alanine, and malic acid. Metabolites that were affected by chitosan treatment were ACC, glycine, and α-ketoglutaric acid. The different metabolites that were affected by these treatments indicates different regulatory mechanisms between the LT and chitosan delay of ripening. Of the metabolites affected by LT, putrescine can regulate plant senescence and response to stress (Takeda et al., 1997). Putrescine has also been correlated with the ripening process of banana; exogenously provided putrescine was able to maintain the shelf life of banana (Takeda et al., 1997; Archana and Suresh, 2019). Moreover, β-alanine was reported to be inhibited in mangosteen during the ripening process under LT conditions (Parijadi, 2018). This inhibition of amino acid biosynthesis, specifically β-alanine, is presumably caused by hypoxic conditions during LT treatment (Parijadi, 2018). The involvement of malic acid in LT treatment also indicates the role of malic acid in the banana ripening process due to its correlation with the sweet acid taste of banana (Parijadi, 2018). The accelerated accumulation of malic acid in banana is evidence of the positive correlation between malic acid and the ripening process (Maduwanthi and Marapana, 2019). In the present study, the difference in accumulation of all metabolites was small (Figure 8A). Nonetheless, this small difference was sufficient to regulate the ripening process and delay ripening.

In contrast to the LT treatment, the accumulation of important metabolites differed between untreated and chitosan treated bananas. The first characteristic metabolite in chitosan treated samples was ACC, a precursor of ethylene in the biosynthesis pathway (Yang and Hoffman, 1984). ACC abundantly accumulated and increased gradually during the ripening process in chitosan-coated banana, and compared to the accumulation of ACC in untreated banana, the accumulation was close to zero up until day 11 (Figure 8B). This might indicate that chitosan treatment regulates the delay of the ripening process by inhibiting ethylene production. In general, amino acids are biostimulants that may induce positive effects on plant growth and mitigate abiotic stress in plants (Zargar Shooshtari et al., 2020). Glycine is a small amino acid that can act as a signaling molecule to increase the activity of antioxidant enzymes (Zargar Shooshtari et al., 2020). A prior study described that the exogenous application of glycine to coriander increased antioxidant activity and other growth parameters, such as plant dry weight and stem diameter (Mohammadipour and Souri, 2019). Another possibility for the role of glycine might be related to Gly betaine, given the prior report of its effectiveness in protecting against abiotic stress (Chen and Murata, 2008). The higher accumulation of α-ketoglutaric acid in untreated banana compared to chitosan treated banana was consistent with previous results that indicated the accumulation of α-ketoglutaric acid during banana ripening process (Yun et al., 2019). The accumulation of α-ketoglutaric acid (also known as 2-ketoglutaric acid and 2-oxoglutarate) might be related to the energy-metabolism pathway in the tricarboxylic acid cycle or the production of gibberellic acid hormone, which participates in fruit ripening, suggesting that chitosan suppressed this effect (Araújo et al., 2014; Xiong et al., 2018). The difference in accumulation of these metabolites was also supported by the changes of TSS values of chitosan-coated banana during the ripening process. TSS values indicated the changes of starch to soluble sugars in ripening process, and lower values of TSS in chitosan-coated banana might indicate slower ripening process compared to control (Dadzie and Orchard, 1997). This result also confirms a previous study that showed slower increase of TSS values during the chitosan-coated banana ripening process (Maqbool et al., 2011).

Finally, the present study is the first to use a GC-MS metabolomics approach to evaluate the effect of LT and chitosan treatments in banana. Both treatments delayed banana ripening by delaying metabolite changes in banana fruit during the ripening process. The treated fruit was less ripe compared to the control condition. However, the treatments might have different mechanisms. LT treatment affects putrescine, β-alanine, and malic acid, which may be an indicator of hypoxia or regulation of plant senescence through polyamines. Chitosan treatment affects ACC, glycine, and α-ketoglutaric acid, which affect hormone-related processes and antioxidant processes. Even though the ripening model was constructed in this study, further improvements can be made by incorporating physicochemical parameters, such as color changes and texture analysis, as response variables. Hypotheses of the role of metabolites in this study also need further confirmation to strengthen the knowledge of the postharvest effect in the banana ripening process. Nonetheless, the results from this study provide a better understanding of LT and chitosan postharvest strategies for banana. The data will inform further research to control the ripening process in banana.
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