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induced by mechanical damage at room temperature
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ABSTRACT: Bananas respond at the physical and physiological level to mechanical damage. Mechanical
injuries cause alterations in color and flavor, tissue softening, faster ripening, increased weight loss, increased
invasion of microorganisms, and higher enzyme activity in the affected area. The purpose of this study was to
verify the physical and metabolic alterations in ‘Prata Ani’ bananas induced by mechanical stress at room
temperature. The experiment was conducted in a completely randomized, split-plot in time design, consisting
of one control and four mechanical injury types: cutting, abrasion, impact and compression, sampled over
time. The percentage of accumulated and daily fresh weight loss, electrolyte leakage from the injured peel
region, total soluble sugar and starch contents and enzyme activity of polyphenoloxidase and peroxidase were
measured. The damage caused by cutting and abrasion resulted in the highest percentage of fresh weight loss.
All types of mechanical damage increased electrolyte leakage during the evaluation period, in comparison with
the control. The impact damage anticipated the ripening, besides affecting the conversion of starch into total
soluble sugars in the pulp. By impact and abrasion injuries, the polyphenoloxidase and peroxidase activity in the
peel was increased by up to 231% and 90%, and 618% and 956%, respectively, compared to the control.
Key words: postharvest, musa spp., injury

Alteragdes fisicas e metabdlicas em banana ‘Prata An3’ induzidas por dano
mecanico mantidas sob temperatura ambiente

RESUMO: Bananas apresentam respostas fisicas e fisioldgicas ao dano mecanico. As injirias mecinicas causam
alteragBes na cor e sabor, amaciamento dos tecidos, amadurecimento mais rapido, aumento na perda de peso,
aumento no ataque e invasio de microorganismos e maior atividade enzimatica na area afetada. Verificaram-
se alteragdes fisicas e metabdlicas induzidas por estresse mecinico em bananas ‘Prata Ani’ mantidas em
temperatura ambiente. Foi utilizado o esquema em parcelas subdivididas no tempo, constituido de testemunha
e quatro fontes de dano mecinico: corte, abrasdo, impacto e compressio, com amostragens ao longo do tempo,
no delineamento inteiramente casualizado. As porcentagens de perda de massa fresca acumulada e diéria, o
extravasamento de eletrélitos da regido danificada da casca, os teores de agticares soltiveis totais e amido e a
atividade das enzimas polifenoloxidase e peroxidase foram avaliadas. Os danos por corte e abrasio promoveram
maior porcentagem de perda de massa fresca. Todos os tipos de dano mecanico aumentaram extravasamento de
eletrélitos em relagio A testemunha ao longo do periodo de avaliagio. O dano por impacto antecipou o
amadurecimento, além de prejudicar a conversio de amido em agticares solGveis totais na polpa. As injtrias por
impacto e abrasdo aumentaram a atividade das enzimas polifenoloxidase e peroxidase na casca em até 231 e 90%,
e 618 e 957%, respectivamente, em relagio ao controle.

Palavras-chave: p6s-colheita, musa spp., injtria
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Introduction

Bananas respond at the physical and physiological
level to mechanical damage. Physical responses are
mainly linked to the appearance, with the surge of symp-
toms of advanced lignification and necrosis in the dam-
aged region (Lladé and Dominguez, 1998). Due to the
physiological responses, mechanical injuries cause alter-
ations in color and flavor, tissue softening, faster ripen-
ing; these are mainly due to the increase in respiration
and ethylene production, increased weight loss, in-
creased invasion of microorganisms (Dadzie and Or-
chard, 1997; Lladé and Dominguez, 1998; Zeebroeck et

al., 2007; Fischer et al., 2009), and higher enzyme activ-
ity in the affected area (Lladé and Dominguez, 1998).
Ferris et al. (1993; 1995) studied plantain genotypes
and environmental conditions, and observed that abra-
sion damage reduced the ripening period and increased
the loss rate of fresh fruit weight. They also found that
impact damage reduced the ripening period of fruit har-
vested 85 days after flowering. Cutting also caused a re-
duction of the ripening period without influencing the
weight loss, compared with the control fruits. However,
compression damage had no effect on the characteris-
tics evaluated, compared to undamaged fruits. Compres-
sion injuries can lead to the breaking of epidermis cells,
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triggering enzymatic reactions and, consequently, the
darkening of areas around the affected location, due to
leakage and exposure of the cell liquid to enzyme ac-
tion, inducing oxidation of phenolic compounds to
quinones (Radi et al., 1997).

Mechanical damage can occur at any point in the sup-
ply chain of ‘Prata An¥’ banana (Maia et al., 2007), due
to the technology used at harvest and post harvest. Ar-
eas with a low technical degree are prone to high rates
of fruit damage and consequently, high values of post-
harvest losses. In such areas, workers are usually un-
trained and unqualified, the fruits are harvested and
dumped on the ground, there is no protection for the
transport in the plantation, wooden boxes or other heavy
packaging material above the recommended weight is
used for packaging. Furthermore, fruits are transported
on roads without maintenance and on open trucks, and
handling during ripening and storage, distribution and
retail sale are inappropriate.

There are few studies on the effects of mechanical
damage on ‘Prata And’ banana. The purpose of this
study was to verify the physical and metabolic changes
induced by mechanical stress in ‘Prata Ani’ banana at
room temperature.

Material and Methods

The experiment was conducted with a “Prata An3”
banana (AAB) from a commercial orchard located in
Verdelandia, state of Minas Gerais, Brazil (15°24" S;
43°43" W; 480 m asl, climate classification Aw, accord-
ing to K&ppen). A split-plot in time analysis was used,
where the treatments consisted of: T1 - control without
mechanical damage and four types of mechanical dam-
age: T2 - cutting, T3 - abrasion, T4 - impact, and T5 -
pressure or compression. Samples were collected within
a period of nine days, based on a completely random-
ized design with three replications and three fruits per
plot.

The bunches were collected in November 2003 when
the central fruits of the second hand had reached a di-
ameter of 36 + 2 mm. After harvesting the second bunch,
a third and fourth hand of each one were also removed,
washed, identified, wrapped in bubble plastic and
packed in corrugated boxes. The boxes were labeled by
a cut close to the flower cushion and washed in a 0.2%
detergent solution for five minutes. Thereafter, the fruits
were padded in plastic boxes lined with shredded paper
and stored for nine days at room temperature (mean of
25.4 + 1.9°C and 82 + 9.1% relative humidity), until and
after the treatments.

Fruits with a completely green peel, in other words,
rated as peel color 1 (Dadzie and Orchard, 1997), were
damaged by impact, pressure or compression, abrasion,
and cutting. The fruits were damaged, one by one, in
the central region, between two nooks, on two areas of
10 cm’ each (2 cm by 5 cm), totaling 20 cm’.

Cutting was performed with a stylus in three 5 cm
long cuts, spaced 1 cm apart, to a depth of 2 mm. Other
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fruits were abraded by rubbing sand paper N° 80 over
the previously delimited area. Fruits were impact-dam-
aged according to a methodology described by Dadzie
and Orchard (1997), by letting a steel ball (66 g) drop on
the fruits from a height of 1.5 meters. The impact en-
ergy was 0.9712 J. The fruits were damaged by compres-
sion by maintaining a weight of 3 kg for 5 minutes on
the fruits.

The following characteristics were evaluated: loss
percentage of fresh weight; the loss rate of fresh fruit
weight, i.e., the daily loss percentage of fresh weight;
electrolyte leakage from the damaged peel region; con-
tents of total soluble sugars and starch; and enzyme ac-
tivity of polyphenoloxidase and peroxidase. The cumu-
lative percentage of fresh weight loss and daily rate of
fresh weight loss were determined daily in duplicate
samples, consisting of three fruits each. The electrolyte
leakage, total soluble sugar and starch contents and en-
zyme activity of polyphenoloxidase (PPO) and peroxi-
dase (POD) were determined every two days. For this
purpose, the fruits were sampled randomly during rip-
ening. The fruits were weighed together to determine
the daily reduction of fresh weight assessed as described
by Dadzie and Orchard (1997).

The electrolyte leakage was determined using the
methodology described by Whilton et al. (1992), by
which a piece (diameter 1 cm) of damaged peel per fruit
is removed. This section was washed in distilled water
and surface-dried on absorbent paper, and then incubated
for 2 hours in a test tube with lid, containing 18 mL of
distilled water and maintained at room conditions. Af-
ter this period, the electrical conductivity was measured
with a conductivity meter (Schott, model CG 853). Sub-
sequently, the tubes containing the peel samples were
autoclaved at 121°C and 1.5 atm for 30 min and the read-
ing of the electrical conductivity was repeated. Results
were expressed as the ratio of the values of the first by
the second measurement, multiplied by 100.

Subsamples were taken from the bruised region, ap-
proximately 500 mg pulp for the determination of starch
and sugar contents, and 1,000 mg peel to determine the
PPO and POD activity. These samples were deep-fro-
zen in liquid nitrogen (-196°C) and stored at -20°C until
the evaluations.

To determine the sugar and starch contents, the
samples were homogenized in a polytron with 80% etha-
nol and centrifuged at 2,000 x g for 10 min. The precipi-
tate was extracted again and centrifuged for three more
times, and the supernatants were combined and the vol-
ume completed to 25 mL. Ten milliliters of the super-
natants together were completely evaporated in a
vacuum rotary evaporator, at approximately 45°C, and
the residue resuspended in 5 mL of distilled water, and
stored at -20°C until analysis. From this extract, aliquots
were taken to determine the soluble sugars by anthrone
reaction (Hodge and Hofreiter, 1962).

The residue of the alcoholic extractions was treated
with water: 52% perchloric acid at 1:1.3 and centrifuged
three times at 2,000 X g for 10 min, after reaction peri-
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ods of 20, 30 and 20 minutes for the three extractions,
prior to centrifugation, respectively. The resulting super-
natants were combined and completed with distilled
water to a volume of 50 mL and used for starch quanti-
fication by the method of McCready et al. (1950), modi-
fied by Patel (1970). The PPO and POD activities were
determined by the methods described by Silva (1981);
Flurkey and Jen (1978), with modifications.

To obtain the enzyme extract, the samples were
placed in a test tube with 5 mL of 0.2 mol L™ phosphate
buffer (pH = 6.0), cooled and homogenized in a polytron
at 20,500 rpm for 40 s. The suspension was centrifuged
at 10,000 x g for 21 min at 4°C. After centrifugation, the
supernatant or enzyme extract was placed in another test
tube in an ice bath.

To determine the PPO activity, 1.3 mL of 0.2 mol L™
phosphate buffer (pH 6.0) and 1.5 mL of 0.2 mol L™ cat-
echol was filled into a test tube. This tube was placed
in a thermostatic bath at 25°C to stabilize the tempera-
ture. Thereafter, 30 UL enzyme extract was added, fol-
lowed by homogenization and then seven absorbance
readings were made every 30 s in a spectrophotometer,
at a wavelength of 425 nm. Results were expressed in
enzyme units per gram of sample, calculated based on
the extract amount that induced an increase in absor-
bance of 0.001 units per minute.

To determine the POD activity, 2.0 mL of 0.2 mol
L™ phosphate buffer (pH 6.0) with 0.5% frozen guaiacol
was placed in a test tube. This tube was placed in a ther-
mostatic bath at 30°C to stabilize the temperature. Af-
ter this, 100 uL enzyme extract and 100 pL of 0.08% hy-
drogen peroxide was added, followed by homogeniza-
tion. Immediately, seven absorbance readings were per-
formed every 30 s in a spectrophotometer, at 470 nm.
The results were expressed in enzyme units per gram of
sample, based on the extract amount that induced an in-
crease in absorbance of 0.001 units per minute. All re-
agents were stored in a refrigerator. The catechol, guai-
acol and hydrogen peroxide solutions were prepared and
stored in the dark.

Data were submitted to analysis of variance and re-
gression. The linear and nonlinear models were chosen
based on the potential to explain the biological phenom-
enon in question, on the coefficient of determination and
significance of the regression coefficients, using the t test
at 10%. Descriptive analyses were used for the data of
respiration and enzyme activity of PPO and POD.

Results and Discussion

An increased loss of fresh fruit weight was observed
during the evaluations in all treatments. At the end of
the evaluations, the fruits damaged by cutting and abra-
sion had lost 11.2% and 11.8% fresh weight, while fruit
damaged by impact, compression and the control had
lost 9.7%, 8.1% and 8.4%, respectively, nine days after
the treatments (Figure 1). There was also intense dehy-
dration in the affected region of the fruits damaged by
abrasion and cutting over time. Injury by cutting and

abrasion make banana ‘Prata And’ more susceptible to
fresh weight loss. Ferris et al. (1993; 1995) and Llad6 and
Dominguez (1998) also observed that mechanical inju-
ries increased bananas’ weight loss.

Although the daily loss of fresh weight tended to be
higher in cut and abraded {ruits than in fruits of the other
treatments, the effect of the type of mechanical damage
on daily fresh weight loss was not significant. The daily
loss of fresh weight was 1.1, 1.4, 1.4, 1.2, 1.1 % to con-
trol, cutting, abrasion, impact and compression, respec-
tively.

An increase in electrolyte leakage over time was de-
tected in fruits of all treatments, as a result of ripening
(Figure 2). A trend with three phases was observed in
the development of electrolyte leakage from the peel of
‘Prata And’ banana during the evaluation period: in the
first phase, the values increased slowly, in the second
phase, there was an exponential increase and in the third
final phase, a stabilization, that is, a sigmoidal model.
Only fruits damaged by abrasion and impact reached
the 3™, while the others only reached the 2™ stage. Pos-
sibly, if the measurements were continued for a longer
period, the control fruits and those damaged by cutting
and compression would also reach the last stage. The
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Figure 1 - Loss of accumulated fresh weight of ‘Prata And’

bananas during the storage period at room

temperature, as related to types of mechanical

damage. ® Significant (t test, p < 0.01).
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Figure 2 - Electrolyte leakage from the peel of “Prata An3”
bananas during the storage period at room
temperature, as related to types of mechanical
damage.
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same performance was observed in measurements of to-
tal soluble sugars and starch (Figures 3 and 4). There-
fore, the traits related to the ripening processes of ba-
nana will probably have this type of performance when
evaluated over time. Moura et al. (2002) also observed
this performance in the carotenoids and lycopene lev-
els of ‘Santa Clara’ tomato. Likewise, Rocha (2009) ob-
served a similar performance in ¢ Prata ¢ banana.

The values of electrolyte leakage in all mechanically
damaged were higher than in the control fruits in the
evaluation period. The highest electrolyte leakage was
found in fruit peel damaged by abrasion, reaching close
to maximum values on the 6" day after the treatment.
The leakage of total electrolytes from the same fruits
was 64.1% on the last day of evaluation, while fruits
damaged by cutting, impact, compression and the con-
trol reached values of 62.9%, 47.2%, 44.5%, and 36.2%,
respectively (Figure 2). The reason is that damage by
abrasion causes the disruption of a large quantity of epi-
dermis cells. Moreover, the integrity of cell membranes
is affected by all types of mechanical damage, since the
electrolyte leakage serves as a reference of the mem-
brane integrity or alteration of selective permeability
(Fergunson and Watkins, 1981). Furthermore, during the
ripening process, the membranes gradually lose the se-
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Figure 3 - Total soluble sugars in the pulp of ‘Prata An3’ bananas
during the storage period at room temperature, as
related to types of mechanical damage.
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Figure 4 - Starch content of the pulp of ‘Prata An¥’ bananas
during the storage period at room temperature, as
related to types of mechanical damage.
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lective permeability and break (Kays, 1991). Zhou et al.
(2007) also observed that mechanical damage affected
plasma membrane of pear.

The levels of total soluble sugars in the pulp in-
creased in the fruits of all treatments during the evalua-
tion period (Figure 3) while starch levels decreased (Fig-
ure 4). This performance is typical of banana, where fruit
ripening is characterized by the conversion of starch to
total soluble sugars (Kays, 1991; Wills et al., 1998). The
levels of total soluble sugars in fruits injured by cutting,
abrasion, impact and compression reached of 23.9%,
21.5%, 18.2%, and 23.0%, at the end of the evaluation pe-
riod, while the control reached 20.1% (Figure 3). In gen-
eral, the values of total sugars in the fruit pulp of dam-
aged fruit were higher than in the control fruits during
the assessment period. This fact indicates that the me-
chanically damaged fruits have a higher speed of starch
- sugar conversion, 1.e., pulp ripening is faster. Mechani-
cal damage stimulates respiratory process and ethylene
biosynthesis. The consequence is increased activity of en-
zymes and starch degradation by a-amylase, B-amylase
and glucosidases. The action of these enzymes increases
more rapid degradation and the available quantity of su-
crose and glucose, which are respiratory substrates lead-
ing to higher respiration rate in mechanically damaged
fruits (Paliyath et al., 2008; Taiz and Zeiger, 2008).

On the last day of evaluation, the pulp starch con-
tent of impact-damaged fruits was 7.2%, whereas the pulp
starch levels of fruits damaged by cutting, abrasion, com-
pression and control were 3.8%, 2.1%, 2.9%, and 6.7%, re-
spectively (Figure 4). Impact injury caused a loss in the
starch-sugar conversion in the fruit pulp. At the end of
the evaluation period, the total soluble sugar and starch
levels in the fruit pulp of this treatment were lowest and
highest, respectively, of all treatments. Maia et al. (2003)
also observed loss in starch-sugar conversion caused by
impact injury. This loss in conversion is confirmed by
the stabilization of sugar and starch levels in the pulp from
the 6" day of evaluation onwards when reach values close
to the maximum and minimum, respectively, (Figures 3
and 4). At the 5" day of evaluation the sugar and starch
levels in the pulp of impacted-damage fruits are highest
and lowest, respectively, than those injured by cutting,
abrasion and compression, or the control fruit.

The peak activity of polyphenoloxidase in the peel
of ‘Prata And’ banana was observed on the 7" day after
the treatments, when the fruits damaged by impact
(1,888.9 units g'), abrasion (1,083. 3 units g”') and cutting
(718.3 units g') also reached higher PPO activity peaks
than fruits damaged by compression (579.4 units g”') and
the control fruits (571.4 units g'), showing the fruit re-
sponse to these injuries (Figure 5). These results indi-
cate an increase of up to 25.7%, 89.6% and 230.6% in the
enzyme activity of fruits damaged by cutting, abrasion
and impact, compared to the control. Therefore, impact
and abrasion, particularly impact damage, resulted in a
substantial increase in PPO activity, compared to the
other treatments. This confirms that the increased PPO
activity is directly related to cell disruption.
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In response to the stress of the mechanical damage
treatments, which expose the plant tissue to several in-
juries, phenols are produced and hydrogen peroxide is
released (Buchanan et al., 2000; Taiz and Zeiger, 2008).
The oxidative enzymes are activated by a breakdown of
the cell membranes (Ferrer et al., 1989), and act in the
oxidation of phenolic compounds (Siddiq et al., 1992)
and lignin biosynthesis (Lagrimini, 1991). The darken-
ing observed in the affected region of the peel due to
cell collapse, confirmed by the leakage of electrolytes,
leads to a mixture of enzymes and substrates that result
in the enzymatic oxidation of colorless substrates which,
in the presence of oxygen, are converted to dark-colored
products (Ju and Zhu, 1988; Acican et al., 2007).

The peroxidase activity in the peel of ‘Prata An¥’ ba-
nana was comparable to the polyphenoloxidase activity
over time and according to the treatments. Similarly, the
peroxidases, which are membrane proteins, are activated
by mechanical disruption (Reimmann et al., 1992).
Analogously to PPO, POD activity reached a peak in
the fruits damaged by abrasion (12.515.3 units g”'), im-
pact (8,509.5 units g™') and compression (1,726.3 units g”')
on the 7" day after the treatment and in the control fruits
(1,184.5 units g') on the 5" day after the treatment, al-
though in this case the peak was less evident.
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Figure 5 - Polyphenoloxidase activity in peel of ‘Prata And’
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Figure 6 - Peroxidase activity in peel of ‘Prata And’ bananas
during the storage period at room temperature, as
related to types of mechanical damage

Regarding the damage by cutting, no POD peak ac-
tivity was observed, but rather an increasing activity
of this enzyme until the last day of evaluation (4,860.7
units g”') (Figure 6). Moreover, the POD activity of
fruits affected by impact, abrasion and cutting was
higher than in control and compression-damaged fruits
(Figure 6). At the POD activity peak, the values reached
increases of up to 310.4%, 956.6% and 618.4% in fruits
damaged by cutting, abrasion and impact, in compari-
son with the control. Therefore, abrasion and impact,
particularly abrasion damage, led to a substantial in-
crease in POD activity, compared to the other treat-
ments.

The results of increased PPO and POD activity con-
firm the stress of damaged fruits, particularly by cutting,
abrasion and impact injuries. The browning of the dam-
aged region due to oxidative enzyme activity results in
an unpleasant appearance for the consumer and the taste,
flavor, color and texture may be altered (Paliyath et al.,
2008). Similar results were found by Acican et al. (2007),
Cantos et al. (2002) and Zhou et al. (2007). On discrimi-
nating markets, fruits with these symptoms are often re-
jected and thrown away, contributing to the waste of
food.

The most important factors that determine the rate
and intensity of enzymatic browning are the activity of
enzyme, concentration of the specific polyphenols
present in the tissue, oxygen availability, the pH, and
the temperature (Martinez and Whitaker, 1995). Brown-
ing reactions are also dependent on the mechanical in-
tegrity of cell membranes according to the results ob-
served. In general, compression damage caused no harm-
ful effect to the bananas. Fruits with peel color grade 1
are most likely tolerant to this type of mechanical dam-
age.

Conclusions

Damage by cutting and abrasion increased fruit
weight loss and electrolyte leakage. Impact damage ac-
celerated the ripening of ‘Prata Ani’ bananas, besides
affecting the conversion of starch to total soluble sugars
in the pulp. “Prata Ani” bananas with peel color grade
1 were tolerant to compression damage.
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