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Abstract 

 
Softening is a characteristic of fruit ripening caused by oxidative action. The oxidized degree 

of membrane lipids and proteins in relation to production of reactive oxygen species (ROS) of 
postharvest banana fruit during softening were investigated. Firmness as an indictor of softening of 
banana fruit was also measured. Banana fruit firmness decreased markedly after 4 days of storage, 
which indicated the occurrence of fruit softening. The contents of malondialdehyde (MDA) and 
protein carbonyl after 3 days and lipofuscin content after 4 days of storage increased markedly, 
which exhibited that the accumulation of lipofuscin appeared later than that of MDA and protein 
carbonyl which could be associated with the late softening stage. Hydroxyl radical level and 
hydrogen peroxide content decreased within 3 days and then increased significantly. However, 
production of superoxide anion radical decreased within 2 days, then maintained a low level, and 
finally increased significantly after 5 days of storage. It was apparent that the marked increases of 
hydroxyl radical and hydrogen peroxide contents of banana fruit appeared prior to the time of fruit 
softening and the accumulations of MDA, protein carbonyl and lipofuscin. This study suggested 
that enhanced production of hydroxyl radical and hydrogen peroxide could participate in the 
formation of oxidative products and then involve the initiation of banana fruit softening. 
 
Introduction 
 

The oxidative damage of plasma membranes and proteins are caused mainly by the 
reactive oxygen species (ROS) (Koc et al., 2004). ROS production occurs primarily as 
by-products of cellular metabolism in the mitochondria and normal mitochondrial 
respiration is associated with inevitable electron leak, resulting in a nonstop formation of 
ROS, such as superoxide anion radical, hydrogen peroxide and hydroxyl radical (Masaki 
et al., 1999; Terman et al., 2006). Excessive production of ROS related with respiratory 
climate can damage cellular composition such as proteins and lipids and leads to the loss 
of membrane integrity and functionality. 

Enhanced peroxidation can damage membrane lipids and proteins. Protein-bound 
carbonyl has been considered a specific marker of protein oxidation (Abd et al., 2005; 
Grune et al., 2001). Lipofuscin-like pigments (LFP) as the final products of the 
autoxidation of molecular components of cells (Akeo et al., 1992; Gugiu et al., 2006), 
particularly, unsaturated lipids (d'Ischia et al., 1996), represents increased oxidative 
damage to cells (Terman & Brunk, 2002; Terman et al., 2007). Malondialdehyde (MDA) 
is also a product of lipid peroxidation (Hodges et al., 1999). Oxidative products of 
membrane lipids and proteins as indicated by the accumulation of lipofuscin and protein-
bound carbonyl, may account for the damage of the membrane functions, which indicates 
that plant cells could lose the balance between production and scavenging of ROS.  
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Fruit softening is a characteristic of fruit ripening and excessive production of ROS 
accelerates fruit ripening (Fry et al., 2001; Cheng et al., 2008). It is suggested that 
cellular oxidation and peroxidation was associated with the progress in fruit softening. To 
our best knowledge, the degree of the cellular oxidation and peroxidation of harvested 
fruits during softening was evaluated only by ROS production level and malondialdehyde 
content in the most study. Unfortunately, these studies did not involve the oxidative and 
peroxidative products of membrane lipids and proteins. In this study, ROS production 
levels in relation to the oxidative and peroxidative products of membrane lipids and 
proteins, lipofuscin and protein-bound carbonyl were measured. The relationship between 
level of cellular oxidation and peroxidation, and softening degree of harvested banana 
fruit was determined. This study can help understand and elucidate the mechanism of 
fruit softening based on the oxidation and peroxidation points. 
 
Materials and Methods 
 
Plant materials: Mature pre-climacteric fruit of banana (Musa sp. cv. Williams, 
Cavendish sub-group AAA) were obtained from a local commercial plantation near 
Guangzhou. Individual fingers were dipped for 2 min in 0.05% Sportak (a.i. prochloraz) 
fungicide solution to control disease and then air-dried at 25°C for 3 h. Fruits were 
selected for uniformity of weight and shape without visual defects, treated with 1000 
mL/L propylene (a functional ethylene analog) for 16 h, placed at random into unsealed 
plastic bags (3 fruit fingers/bag) and then held for 7 days to ripen at 22°C. 
 
Measurement of fruit firmness: Fruit firmness of pulp tissues from ten individual fruits 
was measured every day. According to the method of Duan (Duan et al., 2008), peel 
tissues from one side of banana fruit finger were removed and then measurements were 
conducted at three different points using a penetrometer (Model GY-1, Hangzhou 
Scientific Instruments, Hangzhou, China) fitted with a 4 mm diameter flat probe and 
recorded as Newton (N). 
 
Analysis of H2O2 production: H2O2 was determined by the method of Schopfer 
(Schopfer et al., 2001). Pulp tissues (1 g) of banana fruit were homogenized with 3 mL of 
0.02 M phosphate buffer (pH 6.0) for 30 min. The homogenized solution was centrifuged 
for 10 min at 1900 g and the supernatant was then collected. The supernatant (1 mL) was 
incubated for 5 min with 3 mL of 0.02 M phosphate buffer (pH 6.0) containing 5 μM 
scopoletin (Sigma Chemical Co.) and 3 mg/mL horseradish peroxidase (Boehringer 
Mannheim) in darkness at 25°C using a shaker. The decrease in fluorescence (the 
excitation wavelength of 346 nm and the emission wavelength of 455 nm) in the 
incubation medium was measured against the reagent blank solution as a reference. 
Fluorescent value was transformed into molar H2O2 concentration using a linear 
calibration curve. 
 
Measurement of ·OH production: ·OH production was estimated as described by 
Halliwell (Halliwell et al., 1988). Pulp tissues (1 g) of banana fruit were homogenized for 
30 min in 3 mL of 0.02 M phosphate buffer (pH 6.0) and then centrifuged with 1900 g for 
10 min. The supernatant (1 mL) was incubated for 30 min in 1.5 mL of buffer (0.02 M 
pH 6.0 phosphate buffer) containing 20 mM 2-deoxy-D-Rib (Sigma Chemical Co.) at 
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25°C and then the formation of the breakdown product malondialdehyde was determined 
by mixing 0.5 mL of centrifuged incubation medium with 0.5 mL of 2-thiobarbituric acid 
(10 g/L in 0.05 M NaOH) and 0.5 mL of 2.8% (w/v) trichloroacetic acid. After the 
reaction solution was treated in boiling water for exactly 10 min, cooled in tap water, and 
clarified by centrifugation, the reaction product was measured fluorometrically (the 
excitation wavelength of 532 nm and the emission wavelength of 553 nm) against reagent 
blanks. ·OH production content was expressed as the relative fluorescent intensity. 
 
Measurement of superoxide anion production: According to the method of Schopfer 
(Schopfer et al., 2001), pulp tissues (1 g) of banana fruit were homogenized for 30 min in 
3 mL of 20 mM K-phosphate buffer (pH 6.0) and then centrifuged with 1900 g for 10 
min. The supernatant (1 mL) was incubated for 1 h with 2 mL of 10 μM dihydroethidium 
(DHE) and 100 μM CaCl2 at pH 4.75. To prevent light oxidation, samples were 
maintained in the dark prior to analysis. The reaction product was measured 
fluorometrically using the excitation wavelength of 488 nm and the emission wavelength 
of 520−615 nm and the peak value as the concentration of superoxide anion against the 
reagent solution and expressed as the fluorescent intensity. 
 
Measurement of MDA content: MDA content was determined by the method of 
Hodges (Hodges et al., 1999). Pulp tissues (1 g) of banana fruit were extracted for 2 hour 
with 5 mL of 10% (w/v) 2,4,6-trichloroanisole. The crude extract was centrifuged at 
10000 g for 10 min., and then the supernatant was collected. An aliquot (1 mL) of the 
supernatant was vortexed with 4 mL of 20% (w/v) 2,4,6-trichloroanisole containing 0.5% 
(w/v) thiobarbituric acid, treated for 30 min., in a boiling water, cooled for 5 min., in ice 
and then centrifuged for 20 min., at 1640 g. The supernatant was collected and then the 
absorbances at 600 and 532 nm were measured, respectively. The MDA equivalent was 
calculated by the method of Dhindsa (Dhindsa et al., 1981) using the extinction 
coefficient of 155 mM cm-1. 
 
Measurement of lipofuscin: Extraction and determination of lipofuscin (LFP) were 
conducted by the method of Schutt  (Schutt et al., 2002). Pulp tissues (1 g) were extracted 
for 30 min., with 3 mL of 0.05 M phosphate-buffer (pH 8.0) containing 20 mg/mL 2,6-
ditertiarybutyl-4-methyl phenol. The resulting homogenate was shaken for 10 min at 
45°C, and then centrifuged at 5000 g for 10 min. The supernatant phase was collected 
and an aliquot of the supernatant was passed through a filter membrane (Ø=0.45 µm). 
Lipofuscin content of the filtered solution was assessed by the relative fluorescent 
intensity at the excitation wavelength of 390 nm and the emission wavelength of 530 nm. 
 
Estimation of protein oxidation: Content of protein carbonyl as an index of protein 
oxidation was estimated by the method of Uchida & Stadtman (Uchida & Stadtman, 
1993). In brief, pulp tissues (1 g) of banana fruit were homogenized for 30 min in 3 mL 
of 0.02 M phosphate buffer (pH 7.0) and then centrifuged for 10 minutes at 1900 g. The 
supernatant phase was collected and 0.8 ml of the supernatant was incubated with 0.8 mL 
of 0.1% (w/v) 2, 4-dinitrophenyl hydrazine (2,4-DNPH) in 2 M HCl. In this study, 2 M 
HCl was used as a control. After 60 min., of incubation at room temperature, 2 mL of 
20% trichloroacetic acid was added, mixed and then centrifuged for 10 min., at 1900 g. 
After washing by ethanol/ethylacetate mixture (50:50, v/v), the residue was dissolved 
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into 3 mL of 8 M guanidine hydrochloride in 133 mM Tris solution (pH 7.2) containing 
13 mM ethylenediaminetetraacetic acid and then centrifuged at 1900 g for 10 min. The 
supernatant phase was collected and then the absorbance of the supernatant was recorded 
at 365 nm using an UV/VIS spectrophotometer (ELICO, Model SL 159) against the 
control solution. Results were expressed as l mol of 2,4-DNPH-incorporated amount per 
microgram of protein based on a molar extinction coefficient of 2.1×104 M-1 cm-1 for 
aliphatic hydrazones. 
 
Protein content determination: Protein content was determined by the method of 
Lowry (Lowry et al., 1951) with bull serum albumin as the standard. 
 
Statistical analysis: Data were expressed as means ± standard deviations of three 
replications. The significant differences between means within the confidence interval of 
95% were analyzed by t-test. 
 
Results and Discussion 
 

Decrease in fruit firmness is a characteristic of fruit softening ripening (Jiang et al., 
2004). In this study, banana fruit firmness decreased gradually during storage and a 
significant reduction in the firmness was observed after 4 days of storage (Table 1), 
which indicated the occurrence of fruit softening. As firmness decreased markedly, 
banana fruit became soft and skin turned to be yellow.  

MDA is a product of lipid peroxidation (Hodges et al., 1999) while protein-bound 
carbonyl has been considered a specific marker of protein oxidation (Abd et al., 2005; 
Grune et al., 2001) and lipofuscin-like pigments (LFP) as the final products of the 
autoxidation of molecular components of cells (Akeo et al., 1992; Gugiu et al., 2006) can 
account for the oxidative extent (d'Ischia et al., 1996;, Terman & Brunk, 2002). Siu et al., 
reported that MDA, lipofuscin, and protein oxidation provided an index of cell oxidized 
damage (Siu et al., 1999) and oxygen-derived free radicals could cause cellular oxidation 
and consequent membrane lipid peroxidation (Siu & To, 2002). Thus, membrane stability 
can be evaluated well by levels of MDA, lipofuscin and protein oxidation during fruit 
ripening / softening. In this study, contents of MDA, protein carbonyl, and lipofuscin of 
banana fruit tended to increase during storage. The contents of MDA and protein carbonyl 
of banana fruit after 3 days and lipofuscin content after 4 days of storage increased 
markedly, which indicated that the accumulation of lipofuscin appeared later that of MDA 
and protein carbonyl, and could be associated with the late softening stage. Furthermore, 
the increased level of the oxidation and peroxidation in harvested banana fruit may account 
for the senescence in the period of fruit softening. The study exhibited further that a 
relationship existed between the oxidation and peroxidation, and banana fruit softening. 

The oxidation and peroxidation of membrane lipids and proteins could be caused by 
ROS (Koc et al., 2004). Production of ROS such as superoxide anion radical, hydrogen 
peroxide and hydroxyl radical production occurs primarily as by-products of cellular 
metabolism in the mitochondria and normal mitochondrial respiration (Masaki et al., 
1999; Terman et al., 2006) and is considered as an important cause of cellular oxidation 
and consequent membrane lipid peroxidation, linking to fruit maturation and aging 
(Esterhazy et al., 2008). As shown in Table 2, various levels of hydroxyl radical, 
hydrogen peroxide and superoxide anion radical of banana fruit during storage were 
observed hydrogen peroxide and hydroxyl radical contents decreased within 3 days, then 
increased significantly,  and  finally  decreased after 5 and 6 days of storage, respectively.  
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Table 1. The changes of firmness, MDA content, protein carbonyl content and lipofuscin content during 
the storage of banana fruits. 

Days of 
storage Firmness N MDA content 

(nmol g-1 FW) 

Protein carbonyl 
content 

(nmol mg-1 protein) 

Relative fluorescent 
intensity of lipofuscin 

1 11.228 ± 0.188a 4.645 ± 0.271c 4.751 ± 0.181d 7.160 ± 0.126d 
2 11.071 ± 0.223a 4.025 ± 0.405c 5.441 ± 0.086c 6.561 ± 0.128f 
3 11.071 ± 0.179a 8.743 ± 0.201c 5.830 ± 0.124b 6.531 ± 0.272f 
4 10.028 ± 0.164b 24.278 ± 0.674b 7.370 ± 0.028b 6.814 ± 0.150e 
5 7.257 ± 0.143c 26.477 ± 0.658b 7.477 ± 0.129b 8.004 ± 0.197c 
6 5.414 ± 0.063d 54.503 ± 0.751a 7.750 ± 0.251b 9.146 ± 0.229b 
7 3.342 ± 0.083e 51.778 ± 1.438a 8.452 ± 0.017a 11.110 ± 0.086a 

Different letters within the same column indicate significant differences at 5% level. 
 

Table 2. The changes of hydroxyl radical, hydrogen peroxide and superoxide anion radical content 
during the storage of banana fruits. 

Days of 
storage 

Relative fluorescent 
intensity of hydroxyl radical 

Hydrogen peroxide content 
(mmol H2O2 g-1 FW) 

Relative fluorescent intensity 
of superoxide anion radical 

1 11.711 ± 0.144a 4.256 ± 0.207b 1.457 ± 0.049b 
2 9.303 ± 0.177d 3.066 ± 0.188e 1.073 ± 0.058d 
3 8.397 ± 0.117e 2.341 ± 0.068f 1.060 ± 0.058d 
4 9.390 ± 0.140c 3.908 ± 0.080c 1.056 ± 0.034d 
5 10.550 ± 0.198b 4.529 ± 0.077a 1.052 ± 0.072d 
6 14.152 ± 0.288a 3.419 ± 0.150d 1.263 ± 0.074c 
7 13.640 ± 0.183a 3.122 ± 0.087e 1.836 ± 0.032a 

Different letters within the same column indicate significant differences at 5% level. 
 
However, production of superoxide anion radical decreased within 2 days, then 
maintained a low level, and finally increased significantly after 5 days of storage. It was 
apparent that the significant increase in hydroxyl radical and hydrogen peroxide levels of 
banana fruit during storage appeared prior to the time of fruit softening and the 
accumulations of MDA, protein carbonyl and lipofuscin (Tables 1 and 2), which 
indicated that enhanced production of hydroxyl radical and hydrogen peroxide 
participated in the formation of oxidative products (Pennathur et al., 2005) and could 
involve in the initiation of fruit softening. At the later stage of fruit softening, increased 
production of superoxide anion radical might be related to decreased superoxide 
dismutase activity while reduced levels of hydroxyl radical and hydrogen peroxide could 
be due to loss of mitochondrial membrane potential and activity (Wiseman et al., 2007) 
responsible for cellular membrane damage through the formation of hydroxyl radical 
reaction with reducing iron in cytoplasm (Geracitano et al., 2005). Thus, this study help 
understand fruit softening involving ROS production, and the oxidation and peroxidation 
indicated by MDA, protein-bound carbonyl and lipofuscin-like pigments. 
 
Acknowledgement  
 

This work was supported by the National Natural Science Foundation of China 
(Grant Nos. 30425040, 30500353, 30430490, 30371007 and U0631004) and Guangdong 
Provincial Natural Science Foundation (No. 06200670). 
 
References 
 
Abd, E.M., M.M. Iravani, J.P. Spencer, S. Rose, A.T. Fahim, T.M. Motawi, N.A. Ismail and P. 

Jenner. 2005. Age-associated changes in protein oxidation and proteasome activities in rat 
brain: modulation by antioxidants. Biochem Biophys Res Commun., 336(2): 386-91. 



SHAOYU YANG ET AL., 2028 

Akeo, K., N. Ueno and C.K. Dorey. 1992. The effect of oxygen on melanin precursors released 
from retinal pigment epithelial cells in vitro. Pigment Cell Res., 5(6): 379-86. 

Cheng, G., X.W. Duan, B. Yang, Y.M. Jiang, W.J. Lu, Y.B. Luo and W.B. Jiang. 2008. Effect of 
hydroxyl radical on the scission of cellular wall polysaccharides in vitro of banana fruit at 
various ripening stages. Acta Physiol Plant., 30(2): 257-263. 

d'Ischia, M., C. Costantini and G. Prota. 1996. Lipofuscin-like pigments by autoxidation of 
polyunsaturated fatty acids in the presence of amine neurotransmitters: the role of 
malondialdehyde. Biochim Biophys Acta., 1290(3): 319-26. 

Duan, X.W., G.P. Cheng, E. Yang, C. Yi, N. Ruenroengklin, W.J. Lu, Y.B. Luo and Y.M. Jiang. 
2008. Modification of pectin polysaccharides during ripening of postharvest banana fruit. 
Food Chem., 111(1): 144-149. 

Esterhazy, D., M.S. King, G. Yakovlev and J. Hirst. 2008. Production of reactive oxygen species 
by complex I (NADH:ubiquinone oxidoreductase) from Escherichia coli and comparison to 
the enzyme from mitochondria. Biochemistry-Us., 47(12): 3964-71. 

Fry, S.C., J.C. Dumville and J.G. Miller. 2001. Fingerprinting of polysaccharides attacked by 
hydroxyl radicals In vitro and in the cell walls of ripening pear fruit. Biochem J., 357(3): 729-37. 

Geracitano, R., A. Tozzi, N. Berretta, F. Florenzano, E. Guatteo, M.T. Viscomi, B. Chiolo, M. 
Molinari, G. Bernardi and N.B. Mercuri. 2005. Protective role of hydrogen peroxide in oxygen-
deprived dopaminergic neurones of the rat substantia nigra. J Physiol., 568(1): 97-110. 

Grune, T., R. Shringarpure, N. Sitte and K. Davies. 2001. Age-related changes in protein oxidation 
and proteolysis in mammalian cells. J Gerontol A Biol Sci Med Sci., 56(11): B459-67. 

Gugiu, B.G., C.A. Mesaros, M. Sun, X. Gu, J.W. Crabb and R.G. Salomon. 2006. Identification of 
oxidatively truncated ethanolamine phospholipids in retina and their generation from 
polyunsaturated phosphatidylethanolamines. Chem Res Toxicol., 19(2): 262-71. 

Halliwell, B., M. Grootveld and J.M.C. Gutteridge. 1988. Methods for the measurement of 
hydroxyl radicals in biochemical systems: deoxyribose degradation and aromatic 
hydroxylation. Methods of Biochem Anal., 33: 59-90. 

Hodges, D.M., J.M. DeLong, C.F. Forney and R.K. Prange. 1999. Improving the thiobarbituric 
acid-reactive-substances assay for estimating lipid peroxidation in plant tissues containing 
anthocyanin and other interfering compounds. Planta., 207(4): 604-611. 

Jiang, Y.M., D.C. Joyce, W.B. Jiang and W.J. Lu. 2004. Effects of chilling temperatures on 
ethylene binding by banana fruit. Plant Growth Regul., 43: 109-115. 

Koc, A., A.P. Gasch, J.C. Rutherford, H.Y. Kim and V.N. Gladyshev. 2004. Methionine sulfoxide 
reductase regulation of yeast lifespan reveals reactive oxygen species-dependent and -
independent components of aging. Proc Natl Acad Sci USA., 101(21): 7999-8004. 

Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall. 1951. Protein measurement with the 
folin phenol reagent. J Biol Chem., 193(1): 265-275. 

Masaki, H., Y. Okano and H. Sakurai. 1999. Generation of active oxygen species from advanced 
glycation end-products (AGEs) during ultraviolet light A (UVA) irradiation and a possible 
mechanism for cell damaging. Biochim Biophys Acta., 1428(1): 45-56. 

Pennathur, S., Y. Ido, J.I. Heller, J. Byun, R. Danda, P. Pergola, J.R. Williamson and J.W. 
Heinecke. 2005. Reactive carbonyls and polyunsaturated fatty acids produce a hydroxyl 
radical-like species: a potential pathway for oxidative damage of retinal proteins in diabetes. J 
Biol Chem., 280(24): 22706-14. 

Rajinder, S., Dhindsa and Wandekayi Matowe. 1981. Drought tolerance in two mosses: Correlated 
with enzymatic defence against lipid peroxidation. J. Exp. Bot., 32: 79-91. 

Schopfer, P., C. Plachy and G. Frahry. 2001. Release of reactive oxygen intermediates (Superoxide 
radicals, hydrogen peroxide, and hydroxyl radicals) and peroxidase in germinating radish 
seeds controlled by light, gibberellin, and abscisic acid. Plant Physiol., 125(4): 1591-1602. 

Schutt, F., B. Ueberle, M. Schn, F.G. Holz and J. Kopitz. 2002. Proteome analysis of lipofuscin in 
human retinal pigment epithelial cells. Febs Lett., 528(1-3): 217-221. 

Siu, A.W. and C.H. To. 2002. Nitric oxide and hydroxyl radical-induced retinal lipid peroxidation 
In vitro. Clin Exp Optom., 85(6): 378-82. 



OXIDATION AND PEROXIDATION OF POSTHARVEST BANANA FRUIT  2029 

Siu, A.W., R.J. Reiter and C.H. To. 1999. Pineal indoleamines and vitamin E reduce nitric oxide-
induced lipid peroxidation in rat retinal homogenates. J Pineal Res., 27(2): 122-8. 

Terman, A and U.T. Brunk. 2002. The effect of Polbax extract on lipofuscin accumulation in 
cultured neonatal rat cardiac myocytes. Phytother Res., 16(2): 180-2. 

Terman, A., B. Gustafsson and U.T. Brunk. 2006. Mitochondrial damage and intralysosomal 
degradation in cellular aging. Mol Aspects Med., 27(5-6): 471-82. 

Terman, A., B. Gustafsson and U.T. Brunk. 2007. Autophagy, organelles and ageing. J Pathol., 
211(2): 134-43. 

Uchida, K. and E.R. Stadtman. 1993. Covalent attachment of 4-hydroxynonenal to glyceraldehyde-
3-phosphate dehydrogenase. A possible involvement of intra- and intermolecular cross-linking 
reaction. J Biol Chem., 268(9): 6388-6393. 

Wiseman, D.A., S.M. Wells, M. Hubbard, J.E. Welker and S.M. Black. 2007. Alterations in zinc 
homeostasis underlie endothelial cell death induced by oxidative stress from acute exposure to 
hydrogen peroxide. Am J Physiol Lung Cell Mol Physiol., 292(1): L165-77. 

 
(Received for publication 11 March 2008) 

 
 


