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Abstract: The peach industry faces serious economic losses because of the short “green” life of the
fruit at postharvest. In the present study, we investigated the effects of putrescine (PUT) application
on the quality characteristics, pattern of ripening, storage behaviour and shelf life of peach fruit
during low-temperature storage. The aqueous solution of PUT (0, 1, 2 and 3 mM) was applied to the
peach trees at three distinctive stages of fruit growth and development. The fruits, harvested at the
commercial stage of maturity, were stored at 1 = 1 °C and 90 £ 2% relative humidity for 6 weeks.
The data for fruit firmness, total soluble solids (SSC), titratable acidity (TA), ascorbic acid (AsA)
content, rate of ethylene production, chilling injury (CI) index and colour perception were collected
at harvest and then on a weekly basis throughout the storage period. The results showed that spray
application of PUT significantly reduced the incidence of CI and reduced the rates of fruit softening,
loss in fruit weight, SSC, TA, AsA content and fading of skin colour during storage, regardless of
the doses of PUT applied, or the time of application. However, the positive effects on the quality
characteristics of peach fruit, including CI, were more pronounced with the higher doses of PUT,
specifically when applied at 2 mM. In conclusion, CI in peach fruit may be substantially alleviated by
the spray application of 1-3 mM PUT during fruit growth without compromising the quality of the
fruit for up to 6 weeks in low-temperature storage.
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1. Introduction

Peach (Prunus persica L.) is considered one of the most important stone fruit and it has prodigious
demands in the international market. It is one of the most important drupe fruits of Pakistan and it is
cultivated on an area of around 14,700 ha that yields about 55,800 tons of fruit annually [1]. During
the past decade, the production of peach fruit has gained perceptible momentum worldwide, mainly
because of the availability of low-chill cultivars and improved postharvest management practices [2].
Baluchistan and the northern areas of Pakistan are considered peach hubs [3,4]. Despite the munificent
increase in peach-growing area, a variety of issues associated with the yield potential and quality of
peach fruit at harvest and during storage still need to be resolved systematically [2].

The ripening process of peach, like other climacteric fruits, is characterized by rapid increases
in the rates of cellular respiration and ethylene production [5] that, in turn, cause substantial losses
in the quality, including firmness and are, thus, responsible for the shorter postharvest shelf life of
the fruit. This ripening behaviour of peach fruit epitomizes some serious constraints for efficient
management practices such as postharvest handling, storage and transportation. In addition to
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other strategies, pre-conditioning, intermittent warming, controlled atmosphere storage and the use
of semi-permeable/biodegradable coatings are some of the common postharvest practices used to
maintain the quality of peaches and extend their postharvest shelf life [6]. However, many of these
practices are associated with undesirable traits of fruit quality such as chilling and/or CO; injury,
production of ethanol and off-flavour taste due to fruit respiration under anaerobic conditions [7].
The postharvest quality of peach fruit is generally maintained by low-temperature storage. However,
it causes chilling injury (CI) to the fruit [8], which further results in wooliness, internal browning and
softening of the fruit and makes it more perishable and prone to decay [9]. In addition, the seasonality
of many peach cultivars dictates their storage for an extended period of time [10].

Polyamines (PAs) are low-molecular-weight organic cations that are ubiquitous in all living
beings. The involvement of PAs in the diverse physiological activities of plants and animals has been
well established [11]. In plants, these organic molecules have been demonstrated to play essential
roles in growth, development, proliferation and differentiation of cells and they are actively involved
in the regulation of biotic/abiotic stress tolerance [12]. The exogenous application of PAs inhibits
ethylene production/perception in fresh climacteric produce [13,14]. These molecules have been
reported to slow down the ripening phenomenon, while maintaining the firmness of fruits during
storage [7]. Through their active involvement in fruit ripening, PAs have been demonstrated to extend
the postharvest life of many fruit species, including mango [15], apple [16], peach [17], apricot [18] and
plum [7]. However, to the best of our knowledge, information on the use and effects of pre-harvest
application of PAs on the quality and storage behaviour of peach fruit has not yet been systematically
documented. Therefore, in the present study we aimed to investigate the effects of PUT—applied at
certain critical stages of fruit growth—on the quality and postharvest life of the peach fruit cultivar
Flordaking during low-temperature storage.

2. Materials and Methods

The selected orchard consisted of 220 trees planted on two acres of land, out of which thirty six
peach trees (8-years-old) of the cultivar Flordaking (uniform size and shape)—grafted on Peshawar
Local—were selected from a commercial orchard in Madrota Village (33°52/24” N, 72°21'44” E),
Tehsil and Distt. Attock in the Punjab Province of Pakistan. The trees were selected on the basis
of health and uniformity. The orchard was laid out in the square system with a plant-to-plant and
row-to-row distance of 7 m and the plant rows were oriented in the north-south direction.

The aqueous solution of putrescine (PUT; 0, 1, 2 and 3 mM), with Tween-20 used as a surfactant,
was applied onto the experimental peach trees till run-off on three stages of fruit growth and
development, that is, cell division (20 March), pit hardening/lag phase (11 April) and cell enlargement
(19 April), in the years 2011 and 2012. There was not any difference in the environmental data of the
locality for both the years. The total numbers of twelve (12) peach trees from each experimental block
were used in the experiment and three tree served as a treatment unit, replicated three times.

At the commercial stage of fruit maturity, 80 peach fruit, visibly uniform in size and shape and free
from diseases/disorders/bruises and other physical damage, were harvested from each treatment unit
including control and transported to the Post-harvest Laboratory at the Department of Horticulture,
PMAS Arid Agriculture University, Rawalpindi, Pakistan. The fruit samples from each replication
were divided into four equal lots, each containing 20 fruit. One lot was analysed for colour perception,
rate of ethylene production, flesh firmness, soluble solids contents (SSC), titratable acidity (TA) and
ascorbic acid (AsA) content at harvest. The other three lots were packed in corrugated boxes and
stored at 1 = 1 °C and 90 £ 2% relative humidity (RH) for 6 weeks. The incidence of fruit decay/CI
was recorded for 4 weeks after the fruit were subjected to low-temperature storage, whereas weight
loss, fruit firmness, rate of ethylene production, electrolytic leakage /membrane integrity and colour
perception of peach fruit were evaluated on a weekly basis during storage.
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2.1. Physiological Losses in Weight

The initial weight (W1) of each box containing fruit samples from each replication was noted
on the day of harvest (just prior to cold storage) and then subsequently on a weekly basis during
storage. The physiological loss in fruit weight (PLW), expressed as the percentage of initial fruit weight,
was calculated using the following formula:

PLW (%) = (W1 — W) x 100/ W,
where, Wy = initial weight and W, = weight of peach fruit after different intervals during storage.

2.2. Fruit Firmness

The flesh firmness was measured using the pared surface of peach fruit with a digital penetrometer,
(Model BKD020; WEL, Willow Bank Electronics Ltd., Napier, New Zealand) fitted with an 8-mm
plunger. The values were expressed in Newton (N) force, required to puncture the fruit flesh to a
constant depth.

2.3. Fruit Color

The colour perception on the exterior sides along the equator of peach fruit was measured
using a portable/hand-held chroma meter (CR-400; Konica Minolta 7 Sensing, Inc., Osaka, Japan)
in Commission Internationale de L’ Eclariage (CIE) units (L*, a* and b*), as described by Shafiq
and Singh [19]. Using the values of a* and b*, the chroma (C*) and hue angle of the fruit colour
were calculated [20].

2.4. Fruit Decay

The number of fruit showing lesions, rotting or surface softening was counted at the end of the
storage period. The results were expressed as the percentage (%) of decayed fruit.

2.5. §SC, TA and AsA Content

SSC of the juice freshly extracted from the composite fruit samples in each replication (n = 3)
were estimated with a portable refractometer (Model: FG-103, Chincan brand, Hangzhou Weiku Co.
Ltd., Zhegiang, China) and the results were expressed as °Brix. TA of the juice was gauged using the
standard method [21]. AsA content of the fresh peach juice was estimated using the method previously
described by [22]. Pulp of peach (5 g) from ten fruits was ground using mortar and pestle with 5 mL of
1.0% HCl and the mixture was then centrifuged for ten minutes at 10,000 rpm. The supernatant was
used for AsA estimation. Absorbance of the extract was noted at 243 nm by the spectrophotometer
(Model sp3000 plus, Optima Japan).

2.6. Rate of Ethylene Production

The rate of ethylene production by the peach fruit was assayed at harvest and then on a weekly
basis throughout the storage period. Three fruits from each replication were weighed together and
maintained for 1 h in an airtight glass jar (head-space volume: 1 L) fitted with a rubber septum.
After the incubation period, 1 mL of air was collected from the jar with a syringe through the rubber
septum. The air sample was directly injected into the gas chromatograph (Agilent Technologies,
6890 N Network GC system, Palo Alto, CA, USA) fitted with a flame ionization detector. The thermal
conditions of the column, injector and detector were maintained as described previously [23]. The rate
of ethylene production by the peach fruit was reported as umol kg=! h=1.
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2.7. Electrolyte Leakage

The membrane integrity of skin discs from the peach fruit was estimated in terms of the relative
rate of electrolyte leakage (EL), as described by Zheng et al. [24] with minor modifications. 15 skin-discs
(8-mm diameter), excised from peach fruit (n = 3), were submerged in double de-ionized water (15 mL),
vacuum infiltrated (30 min.) and shook for 2 h. Then, the initial electric conductance (ECy) of the
sample was noted. Following digestion of the sample at 95 °C for 30 min, the final electric conductance
(EC¢) was noted. The percent EL was calculated by the following equation:

EL (%) = (ECo/ECy) x 100

2.8. CI (Internal Browning)

The degree of CI was assessed by visual observation of the extent of flesh browning on the flat
surface of the mesocarp in the peach fruit by cutting the fruit from the middle (along the axial diameter)
after four week of storage, as described by Wang et al. [25].

2.9. Economic Analysis

Economics of different spray treatments is determined by BCR (benefit cost ratio). More BCR
means the treatment is more cost effective and benefiting the farmers. BCR was estimated by formula:
BCR = TR/TC, where TR and TC represent total revenue from experimental fruits and total cost of
using each spray treatment, respectively.

2.10. Statistical Analysis

The data collected using a completely randomized design were subjected to analysis of variance
and all the statistical analyses were performed with Statistix 8.1 software [26]. Multiple comparisons
among the mean values were performed with Duncan’s multiple range test, with the error level set
at 5% [27].

3. Results

3.1. PLW

The results confirmed a gradual but steady increase in the PLW of Flordaking peaches during
the low-temperature storage for both the years under study (Table 1). The increase in weight loss was
more pronounced during the storage period of 4-6 weeks. After 6 weeks of cold storage, the minimum
PLWs (14.66 and 21.68) were observed in the peach fruit harvested from the trees treated with 2 mM
PUT, whereas the highest PLWs (35.16 and 34.66) were recorded in the fruit harvested from the control
trees, in the year 2011 and 2012, respectively. In general, all PUT treatments significantly reduced the
rate of weight loss in the peach fruit during the 6 weeks in low-temperature storage, regardless of the
concentration of PUT and time of spray application.

3.2. Fruit Firmness

The data collected during this study revealed that the peach fruit harvested from the PUT-treated
trees were significantly firmer than those harvested from the untreated (control) trees at harvest
(Table 1). In addition, the peach fruit from the PUT-treated trees maintained their flesh firmness during
storage for significantly a longer period of time than those harvested from the control peach trees.
At the end of the storage period (i.e., 6 weeks), the fruit harvested from the trees treated with 2 mM
PUT exhibited 2.4- and 1.6-fold higher flesh firmness than those collected from control trees for 2011
and 2012, respectively. A rapid phase (the 1st phase) of softening in the peach fruit was observed
during the 1st week of cold-storage, followed by a significantly slower rate of fruit softening (the 2nd
phase) during 2-3 weeks of storage, regardless of the treatments used, including the control. The 3rd
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phase of rapid loss in fruit firmness was observed during 3-6 weeks of cold storage (Table 1). At the
end of cold storage, the peach fruit harvested from the PUT-treated trees maintained higher levels
of flesh firmness, irrespective of the level/dose or time of PUT application. However, 2 mM PUT
application proved to be significantly (p < 0.05) a better treatment for maintaining the flesh firmness
of peach fruit, compared to control as well as other treatments.

3.3. Fruit Color

It is evident from Table 1 that the brightness (L* value) of peach skin decreased as the storage
period increased (temperature: 1 + 1 °C; RH: 90 & 2%). The peach fruit treated with 2 mM PUT
had significantly higher L* values than those subjected to other treatments, including the control,
irrespective of the time of application during both of the experimental repetitions (2011 and 2012).
The peach fruit collected from the control (untreated) trees had the lowest value of skin brightness
at harvest as well as during the 6 weeks of cold storage. Foliar application of PUT was found to be
effective in maintaining the degree of red blush (a* value) on the exterior of peach fruit during the
low-temperature storage (Table 1). At the end of 6 weeks of storage, the development of red/pink
blush on the surface of the peach fruit was more profound than that observed immediately at harvest,
regardless of the treatments used. The fruit collected from the peach trees treated with 2 mM PUT
significantly retained a lower level of red blush (a* value) at the end of 6 weeks of storage, irrespective
of the time of PUT application, for the years 2011 and 2012.

3.4. Proximate Quality Characteristics

The results of the present study revealed that PUT treatments significantly improved the quality
attributes of Flordaking peaches, such as TA (Table 2) and AsA (Table 3), whereas the SSC of the fruit
was not affected (Table 2).

The results confirmed a gradual but steady increase in the SSC of peach fruit till the end of storage
(Table 2). The increase was more pronounced at the 4th week of cold storage. At the end of storage
period, the PUT treatments significantly maintained the SSC of the fruit (Table 2). After the 6 weeks of
cold storage, a significantly lower level of SSC was recorded in the fruits harvested from the trees that
received 2 mM PUT (Table 2) than in those harvested from the untreated peach trees, irrespective of
the time of PUT application.

The peach fruit exhibited, relatively, a linear and gradual decrease in TA, unlike SSC, as the
storage period increased (Table 2), regardless of the PUT treatments. However, the fruit from the
PUT-treated trees retained their TA for a longer period during low-temperature storage, regardless
of the level and time of PUT application. It may be noted from the results (Table 2) that 2 mM PUT
application produced peach fruit with the highest TA, whereas the fruit from the untreated (control)
trees had the lowest TA. However, at the end of the storage period, the fruit ripening index (SSC:TA)
was significantly higher in the fruit collected from the untreated trees, whereas the peach fruit from
the trees treated with 2 mM PUT had the lowest SSC:TA value.

The results of the present study demonstrated that an extended period of cold storage resulted in
a linear (p < 0.001) decrease in AsA content in peach fruit, regardless of the treatments used (Table 3).
However, PUT application significantly delayed the rate of decrease in the AsA level of the fruit,
regardless of the dose and time of PUT application. It may be noted that the fruit from the trees treated
with 2 mM PUT had around 1.7-fold higher AsA content than those treated with water only (control)
at the end of the low-temperature storage, irrespective of the time of PUT application, during both of
the experimental years under study.
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Table 1. Effects of exogenous application of putrescine on the physiological loss of weight, firmness and objective colour of peach skin during storage.

Sl,t:;igae I;?::fﬁ;ﬁf Weight Loss Fruit Firmness Brightness of Fruit-Skin Colour Blush Colour of Fruit Skin
(weeks) (mM) (%) ) (L*) (@*)
2011 2012 2011 2012 2011 2012 2011 2012
0 0 0.00 00 © 0.00 + 00/ 7533 +1918P 974346834 D 6845+ 0314BC 7247 4+ 0.44 ABC 5.97 + 045/ 414 +£045K
1 0.00 £ 00° 0.00 + 00/ 87.70 + 3.71 B 104.63 + 5.44 ABC 69.55 + 0.91 2B 7266 + 0.79 ABC 5.36 + 0.24] 410 £ 053K
2 0.00 00 © 0.00 =00/ 109.07 £ 0.92 & 112.83 £9.314 69.34 + 1.18 AB 73.63 + 0.74 A 5.01 +0.267 415+ 056K
3 0.00 & 00 © 0.00 + 00/ 101.60 + 2.96 4 110.27 4 5.16 AB 68.94 4 0.98 AB 73.81 £ 049 A 499 + 049/ 404 +062K
Day 0 0.00¢ 0.00F 9343 A 106.29 A 69.07 A 73.14 A 5.33 F 411F
1 0 8.52 + 0.24 KL 6.0 +0.82 11 36.35 & 2.11 GHI 75.67 + 2.87 EFG 61.04 £225CF 7058 £ 05840 1427 +£037C¢G 5524 025HK
1 5.87 + 0.24 MN 502 + 048 Y 62.25 + 2.94 DE 78.33 +2.04 PG 69.01 +1.51 48 7232+ 0.164BC  11.26 +0.70 FG 7.30 + 0.57 HXK
2 499 +017N 277 £0.79]) 80.00 + 5.00 BC 91.67 + 6.05 B-E 70.00 + 3.06 AB 73.42 4 0.24 AB 620 +035Y 7.12 + 0.36 HK
3 5.62 + 0.27 MN 3.94+0.33Y 66.35 + 6.04 CPE 85.67 + 2.86 ¢F 69.73 +1.26 AB 7279 4+ (.75 ABC 7.17 + 0.20 HU 454 4+ 0.73 UK
Week 1 6.25F 445E 61.24B 82.83B 67.44 AB 72.28 AB 9.73D 6.12F
2 0 1327 £ 0.31SH 17,06 + 1.27 DEF 3194 +318CK 4567 +408HK 5779 +107FH 7016 +0374P 17574+ 04580 1426 + 1.29 DEF
1 9.73 + 047K 11.97 + 2.96 FGH 53.00 4 0.45 EF 55.00 4 5.81 HI 6523+ 1544 EF 7176 £1.124BC 13964+ 021G 808 +1.37HK
2 7.23 +0.18 M 6.29 + 0.48 HU 7542 + 1.02 BCP  65.67 + 1.34 FGH 70.42 + 047 A 72.33 £0.99 ABC  10.23 + 0.61 GH! 8.64 + 0.82 G
3 9.59 + 0.54 K 9.88 4 0.80 GHI 58.77 + 0.30 E 65.00 + 2.53 GH 69.52 + 03548 7165+ 0.834BC 1113 +0.69FCH 818+ 1.01HK
Week 2 9.95E 11.30P 54.78 C 57.83 C 65.74 BC 71.46 AB 13.22€ 9.79D
3 0 18.74 +£0.12P 24.78 +1.97 BC 18.43 + 0.90 KO 30.33 & 0.89 /KL 54.80 + 049 FGH 6984 40214 18.05+ 0.78 BC 20.64 + 0.83 AB
1 1191 +£ 0240 2108 £+126CPE 2845+ 271 HL 46.33 +1.87 1 6342 +2634F 6980+ 0304 1466 +£2.68BF  14.94 + 0.32 CDE
2 8.91 4 0.08 KL 14.81 + 1.41 EFG 4402 +2.78 FG 43.00 +2.10 UK 69.50 + 19148 71624 0.874BC 1073 +£0.05FH 9,00 + 0.70 GHI
3 12.06 £ 0.13H 1592 +0.67P-C  39.90 + 1.57 FCH 43.67 + 1.87 K 6732+ 0.64AD 71,02 +£0544ABC 1148 4+ 0.39FC 9.87 + 0.78 FGH
Week 3 12.90 P 19.15 € 32.70 D 40.83 D 64.11 €P 70.56 BC 13.73 € 13.61 €
4 0 23.26 +0.89 € 28.59 + 1.81 4B 13.39 + 3.14 MNO 27.00 + 1.16 JKL 54.79 + 0.86 FGH 64.86 +0.14 P 18.07 £ 0.26 B€ 21.17 + 0.65 4B
1 13.23 +0.31 GH 24.10 +1.23 B€ 23.36 4+ 1.40 N 32.00 & 1.16 /KL 6398 +1974E  6820+0954D 1465+ 044BF  17.66 + 2.01 BCD
2 10.19 + 026 'K 19.35 4 0.56 CPE 32.30 + 1.68 7 43.33 +£2.87 1K 69.65 + 0.652B 7038 +014AD 1137 +041FC 9.76 + 0.98 GH
3 12.65 +0.32CGH  19.74 + 2.20 CPE 28.20 + 0.80 H-L 38.00 + 3.63 L 68.00 +1.12AP 7111 +£0.754BC 12,08 + 0.21 EFG  12.81 + 0.08 EFG
Week 4 14.83 € 22958 2431E 35.08 DE 63.76 P 68.64 P 14.04 € 15.35 BC
5 0 29.94 4+ 0.84 B 29.72 +1.224 9.70 + 0.66 NO 25.67 + 0.34 KL 53.03 4 1.15 FGH 64.83 +1.24D 22.76 + 0.74 A 21.56 + 0.67 AB
1 16.56 + 0.33 E 25.61 + 1.25 AB 15.50 + 0.76 L0 32.33 + 1.87 KL 6248 £1.08BF 67454+ 022BD 1640+ 1.61 B°P 18,50 & 0.46 BCP
2 11.47 + 0.88 HI 19.75 + 0.69 €P 2433 +3.28™M 40.67 + 0.67 L 68.45 + 0.62 ABC 7047 +£2.07A D 1365+ 0.62PC  12.94 + 0.34 EFG
3 15.82 + 0.35 EF 19.32 + 2.43 BC 18.53 + 3.76 -0 36.33 & 3.55 L 6797 0944 D 7037 +£03540 1466+ 0598F 1524 + 0.41 CPE
Week 5 18.44 B 23.60 B 17.02 F 33.75 DE 62.98 €D 68.28 €D 16.87 B 17.06 B
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Sl’t:;a:)gae I;?:;fﬁ;ﬁf Weight Loss Fruit Firmness Brightness of Fruit-Skin Colour Blush Colour of Fruit Skin
6 0 35.16 + 0.49 A 34.66 +2.42 A 8.73 +0.84© 22.00 4+ 0.58 L 51.83 +1.19H 64.84 + 242D 26.00 + 0.04 A 234540414
1 20.25 4+ 0.40 P 29.12 + 1.67 AB 13.23 + 0.64 MNO 37133 + 1.87JKL 60.54 +2.66 G 66.96 + 0.91 €P 18.48 +0.52 B 20.97 4+ 0.74 AB
2 14.44 £+ 0.32 FG 21.79 +1.12€P 20.90 + 03210 34.67 + 1.46 L 6772+ 12750 6954 +£2044 D 1606 £024BE 1819 +1.10 BCP
3 19.55 + 0.54 D 23.55 + 0.60 B¢ 15.67 4+ 1.43 -0 36.33 +2.87 L 65.68 £ 09340 6896 +277A4D 1703+ 035BD 1877 4 0.85BC
Week 6 22354 27.28 A 14.63 F 31.08 E 61.44P 67.58 F 19.39 A 20.35 A
LSD (p < 0.05) 1.94 6.45 13.77 20.42 7.74 5.98 4.06 4.50
Conc. *% X% X% X% % *¥ *%
Strg‘ X% X% X% X% % *¥ *%
Conc. xStrg. x* x* NS ** NS i xE

N = newton (force), mM = millimoles, Conc. = Concentration/dose, Strg. = storage period, NS = non-significant, ** = highly significant, the means within a column having same letters are
statistically non-significant using the Least Significant Difference (LSD) Test.

Table 2. Effects of exogenous application of putrescine on the organoleptic properties of peach fruit during storage.

Storage Putrescine .
Period Treatment §sC SSC:TA
(weeks) (mM) (°Brix) (ratio)
2011 2012 2011 2012 2011 2012
0 0 932 +0.13H 9.17 + 0.08 E 0.93 + 0.01 PG 1.09 + 0.02 A0 9.99 + 0.21 F-N 8.43 + 0.09 X
1 9.35+ 023 H 9.23 +£0.37E 1.10 + 0.12 4D 1.11 4+ 0.01 ABC 8.53 +0.31 1O 8.34 + 0.40 K
2 9.53 + 0.03 FGH 933 +£020F 122 +£0.014 1.20 + 0.03 & 7.82 +£0.02°0 8.30 +0.37 K
3 9.45 4+ 0.12 GH 940 +0.10 E 1.15 4+ 0.01 AB 1.13 4 0.03 2B 8.21 + 0.21 NO 7.80 £ 0.21 K
Day 0 9.41F 9.28 ¢ 1.104 1134 8.64F 8.22F
1 0 10.52 4+ 0.31 &G 10.33 4 0.29 AE 0.88 £ 0.03 B 0.96 + 0.02 ¢H 12.03 + 0.75 DEF 10.82 4 0.40 EX
1 9.73 +£0.13 E-H 10.00 + 0.17 B-E 1.01 & 0.010 BF 1.00 + 0.06 B-G 9.62 +0.21 10 10.10 + 0.73 6K
2 9.58 -+ 0.22 FGH 933 +044F 1.15 4 0.010 ABC 1.06 4 0.022 A-D 8.35 + 0.06 MNO 8.80 + 0.55 K
3 9.45 + 0.15 GH 9.57 + 0.23 PE 1.10 + 0.14 AD 1.01 + 0.08 B-G 8.80 + 0.86 KO 9.60 + 0.86 JK
Week 1 9.82 DE 9.81 BC 1.03 AB 1.007 B 9.70E 9.83E
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Table 2. Cont.

Storage Putrescine .
Period Treatment ssC TA SSC:TA
2 0 10.65 + 0.02 &F 10.43 4+ 0.29 AE 0.79 £ 0.02 6K 0.97 + 0.00 B-H 13.57 4 0.48 €D 10.72 4+ 0.29 EX
1 9.99 + 0.06 P-H 10.43 4 0.93 A°E 0.96 + 0.02 DEF 0.97 +0.02 B-H 10.37 + 0.23 FM 10.74 + 1.04 EK
2 9.68 + 0.26 E-H 10.00 + 0.29 B-E 1.10 + 0.03 AP 1.04 £ 0.02 A°E 8.79 + 0.29 K0 9.60 + 0.16 UK
3 9.71 4+ 0.09 E-H 9.87 4 0.19 €PE 1.02 + 0.02 B-F 0.99 + 0.02 B-6 9.48 + 0.15 0 9.91 4+ 0.41 H-K
Week 2 10.01 €P 10.18 B 0.97 BC 1.00 B 10.55 D 10.25 DE
3 0 11.29 + 0.16 ABC 11.67 + 0.42 AB 0.76 + 0.01 1K 0.93 +0.01 P 14.96 + 0.26 BC 12.48 + 0.36 D1
1 10.06 4 0.11 P-H 10.73 4+ 0.12 A°E 0.88 + 0.018 E-H 0.96 + 0.022 ¢H 11.41 + 0.09 & 11.20 4+ 0.38 EJ
2 9.76 + 0.27 E-H 10.63 £ 0.23 A°E 1.05 + 0.030 A°E 1.02 + 0.015 BF 932+ 031710 10.38 4 0.08 F-K
3 9.76 4+ 0.11 E-H 10.53 4 0.22 AE 1.02 + 0.00 B-F 0.98 + 0.015 B-G 9.53 + 0.27 10 10.72 4+ 0.07 EK
Week 3 10.21 €P 10.85 4 0.93 €D 0.98 B 11.30 €P 11.20 €P
4 0 11.28 4 0.23 ABC 11.37 4 0.19 ABC 0.71 + 0.02 K 0.84 £ 0.03 67 16.04 + 0.33 4B 13.48 + 0.32 CDE
1 10.29 4+ 0.31 ¢H 10.87 4 0.03 AE 0.90 + 0.02 E-H 0.84 £ 0.00 & 11.50 + 0.36 P-1 12.86 + 0.04 P-H
2 10.06 4 0.16 P-H 10.62 4+ 0.31 A°E 1.03 + 0.009 B-F 0.97 + 0.015 B-H 9.74 + 0.23 H-O 10.92 4+ 0.35 EJ
3 10.09 + 0.03 P-H 10.57 + 0.29 A°E 1.02 4+ 0.015 B-F 0.88 +0.022 B 9.85 + 0.02G© 12.05 + 0.44 D1
Week 4 10.43 BC 10.89 A 0.91€P 0.89€ 11.79 BC 12.33€
5 0 11.90 + 0.29 AB 12.00 £+ 0.25 A 0.70 + 0.01 ¥ 0.75 + 0.03 KL 17.18 + 0.39 4 16.07 4 1.02 ABC
1 10.55 + 0.11 &6 11.23 £ 0.29 4D 0.88 +0.03 EH 0.77 + 0.03 L 11.96 + 0.47 D-G 14.67 + 0.69 BCD
2 10.19 + 051 ¢H 10.70 4 0.36 A°E 1.01 + 0.01 B-F 0.88 £ 0.01 &7 10.12 + 0.12 F-N 12.12 4 0.48 D1
3 10.22 + 020 ¢H 10.73 4+ 0.12 A°E 0.97 + 0.02 DEF 0.81 + 0.04 K 10.62 + 0.71 FL 13.26 4+ 0.76 ©F
Week 5 10.72 AB 11.174 0.89 D 0.80P 12.47 AB 14.03 B
6 0 12.26 + 0.07 A 11.93 +£0.23 A 0.69 £ 0.010 ¥ 0.63 + 0.022 & 17.84 4+ 0.50 A 19.06 4+ 0.52 A
1 11.10 £ 0.27 A-D 11.37 + 0.20 ABC 0.87 £ 0.023 FJ 0.65 + 0.017 KL 12.84 + 0.45 DE 17.57 4+ 0.76 AB
2 10.42 4+ 0.30 ¢H 11.12 £ 0.34 4D 0.98 + 0.010 &F 0.89 + 0.040 B 10.67 + 0.18 FX 12.51 + 0.52 D1
3 10.82 + 0.08 B-E 11.25 4+ 0.28 A-D 0.92 + 0.008 E-H 0.86 + 0.037 FJ 11.77 + 0.43 P-H 13.16 + 0.78 G
Week 6 11.154 11424 0.86 P 0.76 P 13.28 4 15.57 &
LSD (p < 0.05) 1.16 1.70 0.18 0.17 211 3.08
COI’IC. ¥ 3% *3% EE % %
Strg % X% X% X% % *%
Conc. x Strg. NS NS NS NS ** **

SSC = soluble solids content, TA = titratable acidity, mM = Millimoles, Conc. = concentration, Strg. = storage, NS = non-significant, ** = highly significant, the means within a column
having same letters are statistically non-significant using the Least Significant Difference (LSD) Test.
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Table 3. Effects of exogenous application of putrescine on ascorbic acid content, rate of ethylene production and the relative electrolyte leakage of the skin of peach
fruit during storage.

SPt:rr;gde 2::;:;::;: AsA Content Rate of Ethylene Production Relative Electrolyte Leakage
(weeks) (mM) (mg/100 g, fw) (uLKg~1h™1) (%)
2011 2012 2011 2012 2011 2012
0 0 433 4+ 0.29 D1 490 + 0.48 CF 20.53 + 0.78 UK 7.34 +0.24] 44.06 +£0.18 FJ 34.92 +20.5H
1 497 + 0.49 AF 5.70 + 0.15 ABC 16.65 4 0.52 M 7.42 +0.187 37.43 + 1.56 ™M 32.70 + 2.47 BH
2 6.17 £ 0274 6.38 0204 14.15 4+ 0.37M 6.78 +0.28 29.66 + 0.59 N 27.78 + 0.37 H
3 5.97 + 0.29 AB 6.32 +0.16 AB 14.55 + 0.25 M 6.69 +0.217 34.28 + 1.70 LMN 31.37 + 1.32 FGH
Day 0 5364 5834 16.47 E 7.06 ¥ 36.36 F 31.69 P
1 0 393 +0.31FK 4.65 + 0.00 H 25.77 + 0.42 DEF 26.59 + 0.41E 49.53 + 0.77 EFG 35.22 + 8.56 ¢ H
1 4.60 +0.15H 4.60 +0.18 H 20.65 + 0.14 IK 21.88 + 0.69 FG 40.39 + 1.56 BM 36.87 + 0.74 B-H
2 5.77 4 0.03 ABC 6.28 +0.12 AB 18.29 + 0.55 KL 18.10 £ 0.591 32.92 + 0.31 MN 30.07 + 3.45 GH
3 5.50 + 0.25 A-D 5.48 4+ 0.31 AE 19.34 + 0.34 JKL 19.44 4+ 0.30 HI 35.72 + 1.08 K-N 31.63 + 2.72 FGH
Week 1 495 4B 5258 21.01D0 21.50 E 39.64D 33.45CP
2 0 3.63+£0296K 455 +0.05 <1 30.17 £ 1.16 BC 30.39 +£0.85 5745+ 04180 4633 +0.20AF
1 453 £0.04H 4754022 23.96 £ 035 F1 29.15 + 0.45 P 39.82+227™ 3883 +0.38AH
2 537 +£0.17 4D 5.63 +0.34 4D 19.49 + 1.02 )KL 18.83 4+ 0.611 3564+ 0.68 5N 33564 1.64DH
3 5.20 £ 0.00 A°F 498 £025B5F 2150 £ 0.68 5K 2017 £ 0.17 GHI 37.77 £1.007M 3752 40,01 AH
Week 2 4.68 BC 4.98 BC 23.78 € 24.63D 42.67€ 39.10 BC
3 0 3.07 £0.10 UK 453 +0.06 <H 31.95 + 0.43 BC 44.00 +0.58 4 59.54 +0.39 ABC 4866 + 6.29 4D
1 400 +051 5 440 £0.05 26.39 + 0.41 DEF 30.81 £0.20€ 4146 £ 1135 4708 £ 094 AE
2 5.27 4+ 0.49 AE 5.42 + 0.47 AE 21.50 + 0.35 K 20.17 + 0.44 GHI 38.74 + 1.331™M 37.55 + 1.25 A-H
3 4.80 +0.19 B-G 450 + 0.09 ¢H 25.06 + 0.46 EFG 23.35 + 032 F 40.18 +£2.25 ™ 36.85 + 2.28 B-H
Week 3 428CD 471¢ 26.22 B 29.60 B 44.98€ 42548
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Table 3. Cont.

SI)t:;a:)g‘;e I;;l::::;ﬁ: AsA Content Rate of Ethylene Production Relative Electrolyte Leakage
(weeks) (mM) (mg/100 g, fw) (LLKg~1h™1)
2011 2012 2011 2012 2011 2012
4 0 297 +£0.31JK 3.35 4 0.36 H1J 39.07 +0.87 A 39.36 + 032 B 62.08 + 1.55 AB 51.19 + 0.78 AB
1 3.63+0116K 3.80 £ 0.10 FI 28.76 + 0.43 €D 30.25 + 0.95 € 46.59 + 2.06 E1 45.71 £ 0.61 A°F
2 473 +£0.23B-H 484 4+034C6 25.17 + 0.35 EFG 27.39 + 0.85 PE 4010 £ 2.26 ™™ 3839 + 1.61 AH
3 450 +0.15H 430 + 0.50 P-H 28.45 + (.72 CDE 26.48 + 0.52 F 43.01 +£1.37 6K 37.25 +2.32AH
Week 4 3.96 DE 4070 30.36 A 30.87 A 47.95B 43.14 B
5 0 3.03 £0.19JK 290 +0.047 36.77 £ 1.12 4 39.26 +0.75B 64.42 +1.24 AB 50.02 + 2.05 ABC
1 3.50 + 0.00 HK 3.49 + 0.60 &7 24.92 + 0.39 FGH 26.64 + 0.36 E 50.98 + 0.31 PEF 46.81 + 1.49 AE
2 457 +0.20H 4134 0.11 B 20.79 + 0.59 UK 21.26 + 0.64 FGH 41.23 + 2,52 B-L 4046 + 1.17 A H
3 440 +0.25D-H 3.70 + 0.28 F-1 21.71 + 0.67 &K 2257 +043F 46.98 + 1.46 B 4181 +1.204H
Week 5 3.88 DE 3.55 DE 26.04 B 2743C€ 50.90 A 44.78 AB
6 0 2704+ 030K 23040317 33.09 +1.228B 31.03 + 0.56 © 66.43 + 0.31 4 50.61 + 5.00 AB
1 3.53 +£0.10 6K 2.88 +£0.037 21.84 +1.277 2295+ 0.58 F 53.86 + 0.59 CPE 50.80 + 1.14 AB
2 447 4+ 0.14 P-H 3.77 £0.11 F1 18.85 + 0.44 JKL 21.62 + 0.38 FGH 40.51 + 1.14 B-L 43.50 +£3.22 4G
3 437 4+ 0.07 D-H 3.80 £ 0.10 F-I 19.54 + 0.24 JKL 21.85 + 0.72 FG 4779 + 1.17FH 52.22 +2.76 4
Week 6 3.77E 3.19E 23.33€ 24360 52.15 4 49284
LSD (p < 0.05) 1.27 1.37 3.51 2.40 7.52 15.17
COI’IC. *3 3% 3% *% *% *%
Strg 3% 3% X% % % *%
Conc. x Strg. NS NS * ** * NS

10 of 17

mM = millimoles, fw = fresh weight, Conc. = concentration, Strg. = storage, NS = non-significant, ** = highly significant, the means within a column having same letters are statistically

non-significant using the Least Significant Difference (LSD) Test.
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3.5. Ethylene Biosynthesis

In the present study, an inverse relationship was observed between the spray application of
PUT and the rate of ethylene production of peach fruit at harvest and during the entire period of
cold-storage, irrespective of the time of PUT application (Table 3). During storage, PUT application
significantly reduced the rate of ethylene production in the fruit, regardless of the dose and time of
PUT application. Perceptibly, 2 mM PUT application proved to be more efficient in reducing the rate
of production of this ripening hormone in peaches. Although all treatments significantly lowered the
ethylene climacteric peak but the lowest climacteric peaks (1.6- and 2.2-fold lower than control, during
2011 and 2012, respectively) were observed in the fruit treated with 2 mM PUT treatment.

3.6. CI (Internal Browning) and EL

The foliar application of PUT significantly delayed the onset of CI in the fruit by 4 weeks during
the low-temperature storage, regardless of the dose and time of PUT foliar spray for both years
(Table 4). The highest CI index was observed in the fruit harvested from the control trees (0.23 and
0.45, respectively). Changes in the CI index of peach fruit were concomitant with those recorded for
the EL from their skin discs (Table 3). In the present study, the lowest levels of EL from the peach skin
were observed in the fruit collected from the trees treated with 2 mM PUT, irrespective of the time of
spray application for the two consecutive years of experimentation.

Table 4. Effects of exogenous application of putrescine on the chilling injury index and the degree of
disease/decay incidence in peach fruit during storage.

Putrescine (mM) Chilling Injury Index Disease and Decay Incidence (%)
2011 2012 2011 2012
0 0.23 + 0.008 2 0.45 + 0.003 2 5141342 52 4 0.089 2
1 0.07 +0.013P 0.166 + 0.002° 25 +1.30b 22 +0.00P
2 0.04 + 0.007 © 0.07 £ 0.003 13+1.24¢ 18 £0.67°¢
3 0.06 £0.20P 0.08 +0.00¢ 254 130P 18 £0.34°¢
LSD (p < 0.05) 0.06 0.01 6.04 261

mM = millimoles, n = 3 (replications), the means within a column having same letters are statistically non-significant
using the Least Significant Difference (LSD) Test.

3.7. Disease and Decay Incidence

The pre-harvest application of PUT significantly reduced the rate of disease/decay occurrence in
the peach fruit during low-temperature storage, regardless of the rate and time of PUT application
(Table 4). During 2011, at the end of the storage period, the highest degree of disease/decay incidence
(51%) was recorded in the fruit harvested from the untreated trees, whereas the foliar spray of
PUT, applied at any stage of fruit growth/development, effectively reduced the occurrence of fruit
disease/decay. In addition, 2 mM PUT application was found to be the most effective treatment in
substantially reducing the rate of fruit disease/decay incidence in the peach cultivar Flordaking. While,
during 2012, all the treatments were at par with each other in controlling the disease and decay index
in stored peaches at low temperature (Table 4).

4. Discussion

In the present study, foliar application of PUT on peach trees resulted in significantly a slower
rate of physiological loss of fruit weight, during low-temperature storage (Table 1). These results
were consistent with those previously reported by Tareen et al. [28,29] for the same peach cultivar
(Flordaking). Fresh produce such as fruits and vegetables maintain their functional, nutritional, textural
and physicochemical properties during extended storage periods, provided that these commodities
exhibit slower rates of moisture loss [30]. The natural or uncontrolled phenomena of respiration
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and transpiration, along with the associated metabolic activities, are primarily responsible for the
physiological loss of fruit weight during storage [31,32]. Probably because of its anti-senescence
properties [33], PUT may have maintained the membrane stability or integrity of the epicuticular
wax of peach fruit, thereby reducing the rate of moisture loss from the fruit during cold storage as
demonstrated by Mirdehghan et al. [34] in pomegranate fruit.

Fruit softening is another important factor responsible for limiting the storage life of horticultural
crops [35]. It is associated with deleterious changes in the metabolism of cell wall carbohydrates as
well as the structural components of the cell wall [36]. These changes are triggered by the activities
of hydrolytic enzymes [37]. In this study, maintenance of higher flesh firmness of the peach fruit
in response to PUT application may be attributed to the reduced activities of the fruit-softening
enzymes [18]. In this context, our results are consistent with those reported by Khan et al. [7],
Valero et al. [38], Serrano et al. [13] and Abu-Kpawoh et al. [39] for various plum cultivars.

The cosmetic appearance of fresh produce is one of the most important quality factors that
dictate the buying decision of consumers and lays down the foundation for maturity indexes in
many horticultural crops. The ripening phenomenon in fresh produce is meticulously associated
with the degradation of photosynthetic pigments coupled with the concomitant increases in the levels
of phenolic pigments. Similarly, storage regime substantially influences the cosmetic appearance,
including visible colour on the exterior. The slower changes in the brightness of colour (L*; Table 1)
and red blush (a*: Table 1) on the surface of peach fruit after PUT application may be ascribed to the
delay in chlorophyll senescence with the reduced rate of fruit ripening. The application of PAs has
been a successful production practice to ensure optimum colour development on the fruit surface in
many species such as lemon [40], apricot [41] and mango [15].

The results show that the PUT treatments significantly slowed down the increase in SSC, which can
be ascribed to its effect in delaying the conversion of starch into simple sugars and other impacts of
PUT such as decreasing the weight loss and ethylene biosynthesis, hence delaying the ripening process.

Gupta and Jawandha [42] demonstrated that malic, citric and quinic acids were the major organic
acids found in peach fruit. These acids are converted to sugars as the storage period prolongs.
It ultimately affects the qualitative and organoleptic characteristics of the fruit such as flavour and taste.
Ripening increases the respiration rate, along with certain other metabolic activities, in climacteric
fruits, causing an abrupt decrease in the levels of these organic acids [43]. Similar effects of different
treatments were observed in case of SSC: TA (ratio) in the peach fruit during storage at low temperature.
Slower and gradual increase in SSC and SSC: TA (ratio) in the fruit from the PUT-treated trees may
be attributable to the antagonistic effects of PUT on ethylene biosynthesis (Table 3) that, in turn,
affect sugar/acid metabolism during ripening. The exogenous application of PAs has been reported to
show similar results in various stone fruits [7,44]. The lower values of SSC: TA ratio in the fruits from the
PUT-treated trees may be explained by the slower metabolic changes in organic acids and carbohydrates
(sugars). These findings were consistent with those previously reported by Mirdehghan et al. [34].

Yahia et al. [45] investigated the ripening-related dynamics of AsA and activities of ascorbate
oxidase (AO) in tomato and bell pepper and reported a direct relationship between the two, suggesting
the involvement of PAs in the biosynthesis and maintenance of AsA content. AsA is a well-known
water-soluble vitamin which is sensitive to various environmental signals. It can readily be oxidized
just by the brief exposure to oxygen, alkalinity, metals, heat and light. AO is believed to be the key
enzyme involved in the oxidation process. The results of the present study revealed that the foliar
application of PUT upregulated the biosynthesis of AsA in the fruit (Table 3), confirming the similar
pattern of changes in AsA content previously reported by Yahia et al. [45] in tomato and bell pepper.
Similarly, Mirdehghan et al. [34] reported higher levels of AsA content in pomegranate arils during
storage in response to post-harvest application of PAs.

In the present study, the inhibition of ethylene biosynthesis by PUT application may indicate a
stress response due to high amine concentrations, as reported by Flores [46]. The antagonistic effect of
PAs (PUT, spermine and spermidine) on ethylene biosynthesis may be explained by their competition



Sustainability 2019, 11, 2013 13 of 17

for the same precursor [47]. The inhibitory effect of PUT on the enzymes responsible for ethylene
production could be another reason for the decrease in the ethylene peak [48]. This antagonistic
effect of PAs on ethylene production has also been reported in a variety of fruits such as apricot [41],
peach [14], plum [13], kiwifruit [49] and plum [50].

In this study, the CI appeared in the form of flesh browning after 4 weeks of low temperature
storage. Previously, Wang et al. [25] reported similar observations in peach fruit. Under the conditions
that induce chilling disorders, the lipid fraction of the plasma membrane loses fluidity, which causes
a series of changes in the permeability of cellular membrane [32]. Specifically, under thermal stress,
cold acclimation has been shown to affect the fraction of unsaturated lipid content in pomegranate,
suggesting its involvement in maintaining the integrity of the cell wall [51]. In response to the
pre-harvest foliar applications of PUT, the skin membrane of the fruit maintained its integrity for a
longer period of time during storage, as evidenced by reduced EL (Table 3) and the lower incidence of
ClI/flesh browning (Table 1), in the present study. This sort of involvement of PAs in reducing lipid
peroxidation/EL has previously been reported in rice crop grown under saline stress conditions [52].
The lower incidence of CI/decay in Flordaking peaches (Table 4) after 4 weeks of cold storage,
in response to the spray application of PUT may also be attributed to the increased activities of highly
coordinated biomolecules or improved defence system against potential pathogens [53], as suggested
by Poole and McLeod [54] in kiwi fruit, Yao and Tian [55] in sweet cherries and Haggag [56] in beans.
This effect of putrescine on controlling the disease and decay incidence in peach has already been
reported by Bal [57].

The economic analysis of the benefit cost ratio (BCR) of the present study (Table 5) demonstrated
that the spray application of lower doses (1-2 mM) of PUT is a cost effective management strategy
in peach production. Though the BCR for 2 mM PUT was higher compared to other PUT treatments
(1 and 3 mM) and control, while the net profit fetched by 3 mM PUT was also higher than that fetched
by the spray application of 1 mM or water (control).
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Table 5. Economic analysis (benefit-cost ratio) of putrescine application in one acre of peach orchard.

14 of 17

Percent Loss

Putrescine Fixed Cost Variable Total Cost Yield/Acre of Fruit Due Market‘able Market Price Total Return per  Total Profit per Beneﬁt:Cost

Treatment Cost to Decay or Fruit Acre Acre Ratio
Disease

(mM) (Rs.) (Rs.) (Rs.) (Kg) (%) (Kg) (Rs. Kg™1) (Rs.) (Rs.) (Ratio)

2011 2012 2011 2012 2011 2012 2011 2012 2011 2012 2011 2012 2011 2012 2011 2012 2011 2012 2011 2012

0 2000 2500 1000 1200 3000 3700 5399 4753 51 52 2646 2296 50 50 132,279 114,788 130,279 111,088 43.4  30.0

1 2000 2500 2200 2200 4200 4700 6001 5092 25 22 4500 3972 55 58 247,521 230,353 243,320 225,653 579  48.0

2 2000 2500 4400 4400 6400 6900 6896 5658 13 18 5999 4640 63 75 377964 347991 371,564 341,091 581 494

3 2000 2500 6600 6600 8600 9100 5755 5035 25 18 4316 4128 58 62 250,351 255964 241,751 246,864 379 271
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5. Conclusions

A single foliar spray of 1-3 mM PUT on peach trees cultivar Flordaking at cell division,
pit hardening, and cell enlargement stage of fruit growth/development substantially improves
the firmness of fruit flesh and development of red/pink blush on the fruit’s exterior at harvest.
The application of PUT significantly reduces the rate of ethylene production and delays the incidence
of CI and fruit decay during low-temperature storage. Application of 2 mM PUT application was
found to be more efficient in alleviating CI and maintaining the quality and improving the storage life
of peach fruit during, for up to 6 weeks.
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