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ABSTRACT

Peaches and nectarines are susceptible to wooliness, a form of chilling injury. It manifests as a
lack of juiciness and a dry woolly or leathery texture of the fruit flesh which reduces the shelf life
of fruit during cold storage. Wooliness can be alleviated by pre-harvest methods such as
application of gibberellins and hexanal formulations, by post-harvest methods such as heat
treatment, low temperature conditioning, controlled atmosphere storage (CAS) and application
of different chemical melatonin application, 1-methylcyclopropene (1-MCP), oxalic acid, glycine
betaine, methyl jasmonate (MeJA), salicylic acid (SA), and nitric oxide. Gibberellin delays the
onset of climacteric respiration and ripening cycle. Hexanal application inhibits the enzyme
responsible for fruit deterioration and improves fruit firmness. Increase in ethylene production
causes chilling injury in fruits, heat treatment and application of 1-MCP inhibit ethylene
application. LTC treatment increases the content of ATP and enhances activities of energy
metabolism enzymes. The combined treatment of low temperature conditioning (LTC) and MeJA
inhibit the activities of PPO and POX while induced the activities of antioxidant enzymes. CAS
treatment reduces the activities of endo-PG, exo-PG activities and PME activity; and increasing
activities of antioxidant enzymes, and reducing MDA content. Glycine betaine (GB) treatment
enhances the accumulation of endogenous GB, y-aminobutyric acid (GABA), and proline
contents. This enhances chilling tolerance in peach fruits and reduces wooliness.
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INTRODUCTION
Prunus belong to subfamily Prunoideae, is the
horticulturally  important genus in the
Rosaceae. Prunus species are referred as stone
fruit due to the seed is enclosed within a
lignified stone-like endocarp. Stone fruits
mainly include peach, nectarine (P. persica
(L.) Batsch), European plum (P. domestica

L.), Japanese plum (P. salicina Lindl.), sour
cherry (P. cerasus L.), sweet cherry (P. avium
L.), apricot (P. armeniaca L.) and almond (P.
dulcis Miller).These fruits are cultivated in the
temperate regions and have greater demand
throughout the world. But these fruits ripen
and  deteriorate  quickly at ambient
temperature.
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Therefore, cold storage is used to slow these
processes and delay development during their
transportation and storage but the chilling
injury limits the storage life of stone fruits
under low temperature.

Woolliness or leatheriness in peaches
(mealiness in other fruits) is one form of
chilling injury. It manifests as a lack of
juiciness and a dry ‘woolly’ texture of the fruit
flesh. This disorder is reported to occur in
stone fruits like peaches, plum, nectarines and
apricots but majorly affecting peaches and
nectarines. Woolliness is not reported in
cherry. Although there are some other
symptom develop after prolonged cold storage
and/or after ripening at room temperature like
flesh  browning, flesh translucency (gel
breakdown), red pigment accumulation
(bleeding), black pit cavity, fail to ripen, and
lose flavor. While in ripe peaches and
nectarines this lack of juiciness was named
woolliness™ 2 and in plums flesh translucency
has been called gel breakdown °. These
symptoms are similar as internal breakdown
(IB) or chilling injury (C)* * °. This brief
review comprises the recent research findings
related to controlling CI of harvested fruits
during cold storage.

Woolliness management

Pre-ripening of fruits before storage:
Ripening of fruits artificially before storage
helps in complete degradation of pectin. Thus,
the chances of woolliness occurrence are
reduced. But it is found that these
managements are not much effective as they
produce off-flavours and undesirable taste.
Thus, there is some recent advanced
management  for managing  woolliness
effectively. These advanced managements can
be classified into two categories namely pre-
harvest and post-harvest.

Pre-harvest methods

These are methods used to manage woolliness
before they are harvested

GA application:

GA; induces hydrolytic cell wall enzymes,
enhancing polysaccharide solubilization and
favouring cell expansion. GA; is also involved
in the protection of endomembrane system,
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regulating genes involved in its own
biosynthetic pathway. GA; delays the onset of
climacteric respiration and ripening cycle®. It
also maintains the firmness of the fruits. This
treatment (400 L ha' of a GA; solution [50
mg L' of GA; (Proggib®) and surfactant
(0.05%, viv) (Silwet®), pH 45]) was
recommended for spraying at the beginning of
the pit hardening stage (45 days after anthesis,
DAA\) by Pegoraro et al°.

Hexanal application:

Hexanal, is a naturally occurring compound in
plants. Its formulations are effective in
enhancing the shelf life of many fruits like
mango, peach and sweet cherry”®. Exogenous
application of hexanal formulation inhibits the
enzyme phospholipase-d, which is involved in
fruit deterioration®®.

Application of Enhanced Freshness
Formulation (EFF) with hexanal (0.02%)
delayed the incidence of woolliness by one
week'?. The cherry fruits were subjected to pre-
harvest spray of hexanal formulation
(enhanced freshness formulation, EFF), has
resulted in better color, brightness and
firmness while post-harvest application of
hexanal vapour with combination of 1-MCP,
has enhanced the firmness of cherries™.
Post-harvest Methods
Harvest date and maturity stage:

During storage, late harvested show more
woolliness, as compared to the peaches
harvested at commercial maturity™. Girardi*®
also found that early harvest of peaches can
promote other chilling injury symptoms during
cold storage.

Heat Treatment

Heat treatment, comprising hot air vapour
(HA), hot water dipping (HW) and intermittent
warming (IW), are being used on large scale in
controlling CI in a number of fruits as it
inhibits ethylene synthesis and delays the
process of ripening. Jin'* recommended hot air
treatment at 38-39°C for 12 h as optimum
condition for reducing Cl in peach. As it
inhibits ethylene synthesis, has been reported
to delays the softening in plums®™.

However, it can also cause flesh
mealiness in peach and nectarine after
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harvest™. So it is not recommended using heat
treatment alone but the combined treatment of
HA and methyl jasmonate (MelJA) vapor
treatment could reduce chilling injury and
maintain the fruit quality during cold storage.
Heat treatment combined with salicylic acid
(SA) treatment is also an effective method for
reducing internal browning in peach fruit
during cold storage at 0 °C. This combined
treatment induces the activity of antioxidant
enzymes system (SOD, CAT, APX and GR),
while decrease the activity of lipoxygenase’.
Long heat treatment (3 or 4 h) can

inhibit or drastically decrease
polygalacturonase (PG) activity and by this
alteration promote chilling injury

development. If intermittent warming is used
alone it could be useful in alleviating chilling
injuries in peaches™. Periodical warming of
peaches during their storage at low
temperatures can maintain the PG activity,
which promotes solubilisation of the water-
soluble pectin and normal peach ripening.
Further it has also been reported that
intermittent  warming  alone is  not
recommended because these encourage fruit
decay and a significant loss of pulp firmness®®.
Low temperature conditioning:
Low-temperature conditioning is an effective
method to prevent chilling injury, pathogenic
decay and maintaining fruit quality. Fruits are
conditioned by exposing them to temperatures
little above the critical chilling range before
subjecting them to actual storage temperature.
This will provide more resistant to subsequent
chilling injury™.

Jin® reported the combination of LTC
and MJ treatment as a useful technique to
reduce Cl and maintain quality in peach fruit
during cold storage. This combined treatment
has significantly inhibited the activities of PPO
and POX while induced the activities of
antioxidant enzymes (SOD, CAT and APX).
LTC treatment also increases the content of
ATP and enhances activities of energy
metabolism enzymes in peaches®

LTC treatment significantly reduced
chilling injury and enhanced chilling tolerance
of loquat fruit by enhancing endogenous
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glycine betaine (GB) content and induced
activities of energy metabolism-associated
enzymes?. LTC enhanced the accumulations
of proline and MICBF1 was identified in
chilled mango fruit, and its expression was up-
regulated by LTC*,

Controlled atmospheric storage (CAS):

The CAS utilizes the reduction of oxygen (O,)
and increase in carbon dioxide (CO,) as
compared to the ambient atmosphere.
Sometimes ethylene and carbon monoxide
level are also maintained. By this way it the
gas composition affects the storage life of
fruits and vegetables®. Lowering O, and
raising CO, in the storage atmosphere
conferred benefit on the fruit and delayed or
prevented the appearance of woolliness®. The
CO, component appears to be critical for
delaying the onset of CI *. Anderson®
recommended that 3-5% CO, +1-2% O, at
0-C storage technique is considered to be best.
While wang™® recommended this technique
(5% O, + 5% CO,;) at 0°C best for the
alleviation of CI.

It has been reported that CA treatment
reduces the activities of endo-PG, exo-PG
activities and PME activity, which is
considered to be most suitable treatment for
improving the postharvest quality of peaches®.
Wang *® found that 70% O, atmosphere
storage inhibits Cl in peach by increasing
activities of antioxidant enzymes like SOD and
CAT, and reducing the content of MDA.
Melatonin treatment:

Melatonin (N-acetyl-5-methoxytryptamine) is
a hormone present in different parts of all of
the plant species. It has important role in
regulation of stress response, plant growth, and
development®”. Cao®® reported that treatment
with melatonin at 100 pM has induced chilling
tolerance in peach after harvest. This treatment
has increased polyamines, y-aminobutyric acid
(GABA) and proline content in the treated
fruits and induced tolerance against chilling
injury.

Application of 1-MCP:
1-Methylcyclopropane (1-MCP) is an ethylene
action inhibitor that is used to delay the
ripening process and to extend the storage as
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well as shelf life of climacteric fruits. Jin [29]
reported that the treatment 0.5 or 1 ul L™ of 1-
MCP inhibits internal browning and reduces
mealiness or woolliness in Asian peaches
stored at 0 or 5°C. When the nectarine fruits
were treated with 1-MCP at 1uL/L they
remained marketable even after 40 days. The
activities of PPO, PG and PME have been
reduced by 1-MCP treatment and MAP
storage™®.

Oxalic acid:

Oxalic acid is an organic acid commonly
occurring in plant. OA treatment can
effectively enhance chilling tolerance and
alleviate CI in various fruits like peach, mango
and pomegranate as it increases the antioxidant
capacity*?**®, It has significantly increased
the contents of ATP, energy charge, enzyme
activities of energy metabolism and
unsaturated/saturated fatty acid ratio in peach
fruit®.

Glycine betaine (GB):

Glycine betaine is an important osmotic
adjustment helps in maintaining cell osmotic
pressure, protecting protein or enzymes
function, and regulating stress response in
plant. It accumulates plant species in response
to abiotic stresses such as drought, salinity,
extreme temperatures, UV radiation and heavy
metals. Exogenous applications of GB to
plants even during stress increase the internal
levels of GB and generally enhance plant
growth and final crop yield under stress
conditions®.

GB treatment could induce chilling-tolerance
in peach fruits stored in cold storage.
Exogenous GB treatment enhances the
accumulation of endogenous GB, GABA and
proline contents by inducing their metabolism
related enzymes activities®.

Methyl Jasmonate (MeJA):

MeJA, as a natural plant regulator compound,
plays important roles in plant growth and
development, fruit ripening, and responses to
environmental stress®®. MeJA treatment alone
reduced internal browning and flesh mealiness
in peach fruit. The recommended treatment is
1pmol L™ MeJA vapor in a sealed incubator at
20 =C for 24 h'. It enhances chilling tolerance
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of peach fruit by inducing enzyme activity
related to energy metabolism and maintaining
high levels of ATP content and energy
charge®’.

Salicylic Acid (SA):

Salicylic acid belongs to a group of plant
phenolics. It possesses an aromatic ring
bearing a hydroxyl group or its functional
derivative. It has important role in regulation
of many processes in plant growth and
development. It has also role in plant defense
mechanism against different biotic and abiotic
stresses and is reported to increase chilling
tolerance in many fruit crops like kiwi fruit,
banana and peach®®34.

The combined treatment of SA with ultrasound
has effectively inhibited CI in peach fruit than
SA alone. This combined treatment has
induced the activities of antioxidant enzymes
(CAT, APX, MDAR, DHAR, and GR). In
addition, endogenous SA concentrations also
increased in peaches*’.

Nitric oxide (NO):

Nitric oxide, a highly reactive free radical gas,
acts as a multifunctional signalling molecule in
plants tissues®. It has role in modulation of
plant hormonal and defense against biotic and
abiotic stress®. Postharvest NO gas (10 pL
L™") treatment has been reported to alleviate
chilling injury during cold storage at 0 °C for 6
weeks of Japanese plums*. NO changes the
relationship between PE and PG, which stops
the increase in the content of soluble pectin
and the reduction in the ionic pectin. The
consequence here is reduced woolliness®.

CONCLUSION
Wooliness can be managed by pre-harvest
methods and post-harvest methods. The
treatment of methyl jasmonate, salicylic acid
and oxalic acid as alone or in combination
with other treatment described above reduced
the chilling injury and maintained the fruit
flesh firmness. These treatments have induced
antioxidant enzymes system and maintained
the high levels of ATP content and energy
charge, helped in reducing wooliness in
peaches. Pre-harvest treatment of hexanal
formulation and gibberellins maintained flesh
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firmness and reduced wooliness incidence.
MeJA could enhance chilling tolerance of
peach fruit by inducing enzyme activity related
to energy metabolism and maintaining high
levels of ATP content and energy charg MeJA
could enhance chilling tolerance of peach fruit
by inducing enzyme activity related to energy
metabolism and maintaining high levels of
ATP content and energy charge
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