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f moisture loss of pomegranate
cultivars under cold and shelf storage conditions
and control strategies

Robert Lufu,ab Alemayehu Ambaw b and Umezuruike Linus Opara*bc

Pomegranates are prone to moisture loss, despite having a thick rind. This study aimed to characterise the

moisture loss in the three most exported pomegranate cultivars (‘Acco’, ‘Herskawitz’ and ‘Wonderful’) of

South Africa during cold and shelf storage. The contribution and susceptibility of the different parts of

the fruit to moisture loss were measured and characterized. Furthermore, water loss control strategies

(liner packaging, shrink wrapping and surface waxing) were investigated. Sample pomegranates were

stored for 42 d at 7 °C and 90% relative humidity (RH) and thereafter transferred to shelf conditions of

23 °C and 58% RH. Another group of pomegranates were directly stored at 23 °C and 58% RH for 16 d to

simulate prolonged shelf conditions. The fruits were examined for the moisture loss, transpiration rate

(TR), respiration rate (RR), fraction of peels and arils, moisture content of the fractions, peel thickness and

chemical attributes of the fruit juice. Moisture loss in pomegranates significantly varies among cultivars,

especially during shelf storage as compared to cold storage and is significantly influenced by the size,

RR, peel and aril fraction, moisture content, and peel thickness. Medium-sized fruit (‘Herskawitz’ and

‘Wonderful’) had a significantly higher moisture loss of 0.32 ± 0.01 g cm−2 (TR = 0.16 mg kg−1 s−1) than

the small-sized fruit (‘Acco’) which had a moisture loss of 0.25 ± 0.01 g cm−2 (TR = 0.14 mg kg−1 s−1) at

a vapour pressure deficit (VPD) of 1.176 kPa during the prolonged 16 d of shelf storage. The maximum

moisture loss (24.2%) observed under the tested conditions was almost entirely from the peel portion of

the fruit. Liner packing (2.1%), shrink wrapping (0.8%) and surface waxing (4.0%) significantly (P < 0.0001)

minimised the moisture loss of the un-treated (7.7%) fruit during cold storage. In addition, waxing, liner

packaging and shrink wrapping greatly increased the critical time Ct (time to reach a moisture loss of 5%)

of un-treated ‘Wonderful’ fruit under cold storage from 26.1 d to 52.9, 98.0 and 251.6 d, respectively.
Introduction

Pomegranate fruit (Punica granatum L.) is a fruit of old, native to
the region between Iran and the Himalayas in northern India
and has over 500 cultivars.1,2 Global production is estimated to
be three million tons annually.3 The wide knowledge and
increasing public awareness about the health benets associ-
ated with pomegranates have tremendously increased its
consumption4,5 especially in the western part of the world.
Particularly, there has been a growing demand for high quality,
healthy and exotic fruit both for fresh use and local processing
into juices and other products.6,7 Therefore, there is increasing
research interest focusing on maintaining pomegranate fruit
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quality throughout the supply chain: harvesting, packaging,
transportation, storage and marketing.8,9

Pomegranates are highly perishable fruit despite having
a relatively lower respiration rate.10 Particularly, pomegranate
fruits are prone to moisture loss due to the plentiful micro-
pores and slits in the skin, despite having a thick rind.11–14

Research showed that cultivars such as ‘Bhagwa’, ‘Ruby’ and
‘Wonderful’ can lose 20–25% of the initial fruit weight within 4
weeks at a temperature and relative humidity of 22 °C and
65%.12,15 During prolonged cold storage, the fruit ‘Bhagwa’,
‘Ruby’ and ‘Wonderful’ lose between 10 and 16% of their weight
within 12 weeks at 5–7 °C and 90–95% RH.12,15–17 A weight loss
above 5% causes shrivelling and reduces the marketability of
the commodity.8,18 Even in the absence of any visible shrivelling,
moisture loss can undesirably affect the visual appearance,
avour and textural properties of the fruit.19 Excessive moisture
loss results into browning of the peel and arils and hardening of
the rind.20,21 It is important to note that pomegranates are
luxurious fruit that sell well in the higher market segment.7

Therefore moisture loss can easily cause a huge nancial loss to
Sustainable Food Technol., 2023, 1, 79–91 | 79
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the industry through direct loss of marketable fresh weight and
the associated diminished commercial value of affected fruit.21

Common moisture loss control techniques have been
investigated by many researchers such as temperature and
relative humidity management,15,22 plastic liners (modied
atmosphere packaging)8,16,23,24 and individual shrink wrapping
with plastic lms.17,25,26 However, several studies demonstrated
increased fruit decay with plastic liners due to moisture
condensation.8,16 Plastic liners also block the airow path
(increases airow resistance) and hence increase the time and
energy usage of cooling operations.27 In addition, plastic food
packaging poses innumerable environmental and public health
risks so biodegradable and sustainable alternatives such as
surface waxing/coating have been investigated.9,28,29 Before
choosing an appropriate technology for strategic optimal
moisture loss control, there is a need to understand the mois-
ture loss characteristics of a commodity. Given its relatively
unique and complex structure, there is a knowledge gap on the
dynamics of moisture loss regrading pomegranate fruit.13

This study aimed to investigate the moisture loss dynamics
and physio-chemical attributes of pomegranate fruit. Secondly,
the contribution and susceptibility of the different parts of the
fruit to moisture loss were measured and characterized. The
study assesses three commercially important pomegranate
cultivars (‘Acco’, ‘Herskawitz’ and ‘Wonderful’) of South Africa,
under cold storage and shelf conditions. Furthermore, water
loss control strategies were investigated.
Materials and methods
Fruit acquisition

Pomegranate fruits (Punica granatum L.) of cultivars ‘Acco’,
‘Herskawitz’ and ‘Wonderful’ were harvested at commercial
maturity (early morning harvest) from a commercial orchard in
Porterville, Wellington (33° 38′ S, 19° 00′ E), Western Cape
Province, South Africa. At commercial maturity the fruits have
attained a desired maturity-ripeness stage, assessed based on
the fruit mass, aril colour, total soluble solids (TSS) and titrat-
able acidity (TA) of the aril juice. These three cultivars are of the
most economic importance in terms of production and export.
The fruits were packed in a corrugated breboard carton (CFC)
and transported using an air-conditioned refrigerated truck to
the postharvest research laboratory at Stellenbosch University,
and were sorted for size and colour uniformity, and defect-free
appearance.
Experimental design

Fruit cultivars. A total of 84 fruits (12 fruits × 7 cartons) for
each of the three cultivars: ‘Acco’, ‘Herskawitz’ and ‘Wonderful’
were used for the analysis. Twelve fruits per cultivar were used
to assess the initial fruit quality. The remaining 72 fruits were
divided into two groups, each holding 36 fruits. Group 1 was
stored at 7 °C and 90% relative humidity (RH) for 42 d and
thereaer transferred to shelf conditions of 23 °C and 58% RH
for 8 d.13 Group 1 mimics the maximum sea freight duration of
pomegranate fruit from South Africa to Europe across the
80 | Sustainable Food Technol., 2023, 1, 79–91
Atlantic Ocean, followed by open shelf marketing before
consumption. Twelve pomegranates were reserved for size
monitoring while 12 fruits were sampled for quality assessment
aer 42 d of cold storage, and again aer an additional 8 d of
shelf storage.

Group 2 was directly stored under shelf conditions of 23 °C
and 58% RH.13 Twelve pomegranates were reserved for size
monitoring, while 12 fruits were sampled for quality assessment
at 8 d, and again at 16 d of shelf storage. This procedure mimics
fruits that are placed directly on open shelves for marketing.

Moisture loss control

Packaging and waxing methods were investigated on one of the
three pomegranate cultivars (‘Wonderful’). The selection of the
cultivar was based on economic importance. Three different
groups of 48 fruits were assigned to three different treatments:
modied atmosphere packaging using micro-perforated plastic
liners (Xtend®, item code 815-PG28/m, patent no. 6190710,
StePac L.A. Ltd, Israel), individual-fruit surface wrapping using
heat shrinkable co-extruded polyolen plastic lms (Vector
shrink lm-19micron Polyolen (POF) centrefold 1067 m,
MIPAQ, Durban, South Africa) and surface coating by dipping
fruit in lac-resin based wax (Endura-Fresh TM 6100, John Bean
Technologies Corporation, Cape Town, South Africa) for 5 s and
air drying at 23 °C for 12 h. All the treated fruits including the
un-treated lot (control) were placed inside open top cartons in
dozens and subjected to the same storage conditions and
duration as group 1. Plastic liners and shrink wraps were
removed before the fruits were transferred to shelf storage.

Measurements

Fruit weight and size monitoring. Twelve fruits were
randomly selected from each group and labelled for weight and
size monitoring. Measurements were taken before storage and
at intervals of 7 d throughout the 42 d of cold storage, and
aerwards at intervals of 2 d during the additional shelf period
of 8 d of group 1. For group 2, measurements were taken at 2
d interval.

The three linear dimensions of the fruit were measured
using a digital Vernier calliper (Mitutoyo, Kawasaki, Japan, ±
0.01 mm). The fruit length (L) measures the longitudinal
dimension (excluding the fruit calyx), while the width (W) and
thickness (T) measure the dimensions on the equator (cheeks)
of the fruit. The fruit weight was determined using an electronic
scientic scale (Mettler Toledo, model ML3002E, Nanikon,
Zurich, Switzerland, 0.0001 g accuracy).

A different set of randomly sampled fruit were cut open by
hand with the aid of a sharp knife and the arils (edible portion)
were separated from the peel. The peel thickness was measured
using a pair of digital Vernier callipers (Mitutoyo, model CD-6
CX, Kawasaki, Japan, ±0.01 mm) of accuracy 0.01 mm. Oppo-
site peel segments of the fruit were obtained using sharp blades.
Measurements were then taken at the opposite equatorial
positions of each segment, obtaining four readings from each of
the 12 sampled fruits. The weight of the arils and peels from
each fruit was measured using an electronic scientic scale
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Mettler Toledo, model ML3002E, Switzerland, 0.0001 g accu-
racy) to determine their proportions.

Headspace O2 and CO2 gas composition. The headspace gas
composition around the fruit (O2 and CO2) was determined
using a closed system.30 Two pomegranates were enclosed in an
equilibrated hermetically sealed glass jar, in triplicate, corre-
sponding to each set of storage conditions. The concentrations
of O2 and CO2 were measured before and aer 2 h using
a calibrated gas analyser (CheckPoint, PBI-Dansensor A/S,
Ringsted, Denmark).

Chemical attributes. The moisture contents of the arils and
peel fractions were determined by weighing samples before and
aer drying and determining the difference. Samples were dried
at 105 ± 0.5 °C for 24 h in a preheated oven (Prolab OTE 160 L,
FMH instruments, Cape Town, South Africa) to achieve
a constant weight.31 The tests were carried out in ve
replications.

Fresh juice was extracted from the arils using a blender
(Mellerware, Liquafresh Juice Extractor III 26300B, Cape Town,
South Africa) with a pre-tted screen for ltering. The total
soluble solids (TSS) of the fruit juice were measured using
a digital refractometer (Atago, Tokyo, Japan). Titratable acidity
(TA) was determined potentiometrically, where 2 mL of pome-
granate juice (PJ) in 70 mL of distilled water was titrated with
0.1 N NaOH to an endpoint of pH 8.2 using a compact auto
titrosampler (Metrohm 862, Herisau, Switzerland). Titratable
acidity was expressed in milligrams of citric acid (CA) per
a hundred millilitres of juice.
Calculations

Fruit surface area. The fruit surface area (eqn (1)) was
calculated from the fruit geometric mean diameter (eqn (2))
according to Dhineshkumar et al.32

A = p(Dg)
2 (1)

Dg = (LWT)1/3 (2)

where A (cm2) is the surface area and Dg (cm) is the geometric
mean diameter of the fruit, calculated from the length (L (cm)),
width (W (cm)) and thickness (T (cm)) of the fruit.

Moisture loss. Cumulative moisture loss was calculated with
respect to the unit fruit mass (eqn (3)) and with respect to the
unit surface area (eqn (4)) because of the variability in fruit size
among cultivars.

ML ¼ ðmi � mtÞ
mi

� 100 (3)

MLA ¼ ðmi � mtÞ
A

(4)

where ML is the moisture loss per unit fruit mass (%), MLA is
the moisture loss per unit surface area of the fruit (g cm2),mi (g)
is the initial fruit mass, and mt (g) is the mass of the fruit aer
storage days.

Estimating the transpiration rate. The transpiration rate (TR
(mg kg−1 s−1)) based on the water loss per unit mass of fruit was
© 2023 The Author(s). Published by the Royal Society of Chemistry
calculated using the slopes of the linear approximation of the
water loss change over time.22 Considering the initiation of fruit
shrivelling (signicant loss of fruit quality) to be at a moisture
loss of 5%,8,18 the critical time Ct (day) was calculated as the time
to reach a 5% moisture loss.

Vapour pressure decit (VPD). The VPD (kPa) between the
fruit surface and the surrounding air was calculated according
to eqn (5).

VPD = Psat × (aw − RH/100) (5)

where Psat (kPa) is the saturation vapor pressure at the fruit
temperature estimated by using the Antoine equation (eqn (6)),
which is one of the many semi-empirical correlations
describing the relationship between vapor pressure and
temperature for pure substances.

log10 Psat ¼ A� B

C þ T
(6)

T (°C) is the fruit temperature, while A = 8.07131, B = 1730.63,
and C = 233.426 are constant and aw is the water activity taken
as 1 assuming negligible drying during the test.

Respiration rate. The respiration rate (RR) was calculated in
terms of the carbon dioxide production rate (RCO2

) in mL kg−1

h−1 by tting experimentally obtained data into eqn (7).30

RCO2
¼ 10� Vf

�
m�

�
CCO2t

� CCO2i

t � ti

�
(7)

where CCO2t
and CCO2i

are the concentrations (%) of CO2 at time t
(h) and initial time ti (h), respectively. In this study (t − ti) is
constant and is equal to 2 h. Vf is the free volume (mL) in the jar,
which is the total volume minus the volume occupied by the
fruit and m (g) is the mass of the fruit inside the jar, and the
constant 10 is a unit conversion factor (g kg−1).
Statistical analysis

The measured and calculated data on fruit physical and physio-
chemical attributes were analysed using Statistica soware
(Statistica 13.6, 2019 Statso, USA). The data were also sub-
jected to analysis of variance (ANOVA) to assess the main effects
of cultivars and storage duration. Duncan's multiple range test
was carried out to test for statistical signicance at p < 0.05.
Principal component analysis (PCA) and the Pearson correla-
tion test were carried out using XLSTAT soware (version
2019.1, Addinso, Paris, France) to assess the variability and to
establish relationships among quality parameters.
Results and discussion
Fruit size difference

The three cultivars differed in fruit size and weight (Table 1).
Generally, ‘Acco’ was the smallest in size with a mass of 185.7 g
and geometric mean diameter of 67.9 cm compared to ‘Her-
skawitz’ (302.2 g and 82.5 cm) and ‘Wonderful’ (336.3 g and 86.8
cm). ‘Wonderful’ fruits are naturally bigger in size and larger in
surface area compared to ‘Herskawitz’ and ‘Acco’.33
Sustainable Food Technol., 2023, 1, 79–91 | 81
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Table 1 Size differences in pomegranate fruit cultivars before storage. Dg is the geometric mean diameter a function of the length (L), width (W)
and thickness (T) of the fruit. Values are means ± standard deviation of n = 12 fruit

Fruit cultivar Mass (g) W (cm) T (cm) L (cm) Dg (cm)

Acco 185.71 � 12.99 73.36 � 3.18 72.62 � 3.25 58.67 � 3.65 67.86 � 2.94
Herskawitz 302.17 � 45.36 86.54 � 7.34 81.33 � 5.55 76.82 � 6.51 82.54 � 5.11
Wonderful 336.32 � 31.10 90.03 � 4.24 89.67 � 4.32 80.91 � 4.90 86.77 � 4.20
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Fruit moisture loss

The moisture loss proles of the three pomegranate fruit
cultivars are presented in Fig. 1. During the 42 d cold storage
(Fig. 1a and d), only the storage duration showed a signicant
effect (P < 0.0001) on fruit moisture loss (especially MLA).
However, the additional 8 d of shelf storage (Fig. 1b and e)
showed that both storage duration and cultivar effects signi-
cantly inuenced fruit moisture loss, with ‘Herskawitz’ (19.3%
and 0.26 g cm−2) and ‘Wonderful’ (17.0% and 0.24 g cm−2)
exhibiting higher losses than ‘Acco’ (16.5% and 0.22 g cm−2).
This observation is well elaborate in MLA (Fig. 1e), where the
combined effect of the storage duration and cultivar difference
signicantly inuenced moisture loss compared to ML (Fig. 1b).

Under the prolonged 16 d shelf storage, all tested conditions
and their interaction signicantly (P < 0.0001) inuenced
moisture loss with higher losses in ‘Herskawitz’ (24.2% and
0.34 g cm−2) and ‘Wonderful’ (20.2% and 0.31 g cm−2) than
‘Acco’ (19.6% and 0.25 g cm−2). Furthermore, moisture loss
among cultivars was more elaborate at the end of the storage
regime than at the start. Generally, the results presented above
showed that the difference in moisture loss among fruit
Fig. 1 Moisture loss profile of pomegranate fruit cultivars (‘Acco’, ‘Wond
fruit mass (WL) and mass loss per unit surface area (WLA) during storage:
d of shelf storage at 23 °C/58% RH and (c and f) under immediate prolonge
12) and the vertical lines represent the standard error of the mean. The
Numerical values of A and B are p-values.

82 | Sustainable Food Technol., 2023, 1, 79–91
cultivars was more evident under shelf conditions than cold
storage conditions. Moisture loss was observed to be cultivar
indifferent34 between ‘Taei’, ‘Banati’ and ‘Manfaloti’ cultivars
of pomegranate throughout the cold storage at different
temperatures. Furthermore,12 it was observed that the weight
loss in ‘Ruby’ was relatively similar (20–25%) to that in ‘Bhagwa’
cultivars of pomegranate fruit aer 28 d of shelf storage at 22 °C
and 65% RH.
Respiration rate (RR)

Fig. 2 summarises the results on RR across all tested condi-
tions. Before storage at low 7 °C, a signicantly higher RR was
observed in ‘Acco’ (8.3 mL kg−1 h−1) and ‘Herskawitz’ (6.9 mL
kg−1 h−1) than in ‘Wonderful’ (3.3 mL kg−1 h−1) fruit (Fig. 2a).
The change in RR was insignicant aer 42 d of cold storage
and aer the subsequent 8 d shelf storage. During the direct
shelf storage period of 16 d (Fig. 2b), the effects of the cultivar,
storage duration and their interaction signicantly inuenced
RR, with higher RR in ‘Herskawitz’ than in ‘Wonderful’ and
‘Acco’. Therefore, the fruit cultivars with higher moisture loss
also had the highest RR and vice versa. RR decreased from the
erful’ and ‘Herskawitz’) expressed as a percentage of mass loss per unit
(a and d) for 42 d at 7 °C/90% RH, (b and e) followed by an additional 8
d shelf storage of 16 d at 23 °C/58% RH. The data points aremeans (n=

lines in (d–f) are predictive trend lines fitted on the experimental data.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Changes in the respiratory carbon dioxide production rate for pomegranate fruit cultivars during storage: (a) for 42 d at 7 °C/90% RH,
followed by an additional 8 d of shelf storage at 23 °C/58% RH and (b) under prolonged immediate shelf storage of 16 d at 23 °C/58% RH. Bars
with different letters are significantly different (P < 0.05) and numerical values of A and B are p-values.
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initial 18.4, 37.9 and 30.6 mL kg−1 h−1 to 9.7, 20.3 and 11.7 mL
kg−1 h−1 at the end of storage for ‘Wonderful’, ‘Herskawitz’
and ‘Acco’, respectively. Other studies have also reported
decreasing RR of pomegranate fruit with the storage dura-
tion.25,26 A similar situation was observed in climacteric fruit
(pear) stored under different temperature and relative
humidity combinations.35 In contrast, an increase of RR with
the storage duration has been reported in pomegranate
uncoated and coated fruit.28 Generally, the RR of pomegran-
ates increases to a peak and then decreases with time during
storage.9,36 The increase in RR could be a respiratory based
physiological disorder in response to sudden change in the
environment from ambient conditions before storage to cold
storage conditions of 7 °C. The decrease in RR could be a sign
of senescence with a reduction in the quantity of living cells
with time.26
© 2023 The Author(s). Published by the Royal Society of Chemistry
Proportion of fruit fractions

The cultivar, storage duration and their interaction signicantly
inuenced the proportion of fruit fractions across all tested
conditions. The three cultivars differed in the proportions of
arils and peel as summarized in Fig. 3: 59.0 and 41.0% in ‘Acco’,
50.1 and 49.9% in ‘Herskawitz’ and 55.4 and 44.6% in
‘Wonderful’, respectively, before storage. These results are in
close range with 50.8–58.3% arils and 41.7–49.2% peels re-
ported for other cultivars grown in Oman.31 Furthermore, the
aril proportions in the current study are comparable with the
55.6% in the ‘Ruby’ cultivar grown in Morocco,37 58% in
‘Ruby’,38 and 48.5% in ‘Wonderful’39 cultivars grown in South
Africa.

Generally, there was no signicant increase in the propor-
tion of arils and decrease in the peel fractions during the 42 d of
cold storage (Fig. 3a and b). However, by the end of the
Sustainable Food Technol., 2023, 1, 79–91 | 83
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Fig. 3 Changes in the aril and peel fractions for pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a and b) for 42
d at 7 °C/90% RH, followed by an additional 8 d of shelf storage at 23 °C/58% RH and (c and d) under prolonged immediate shelf storage of 16 d at
23 °C/58% RH. The bars represent mean values (n = 12) and the vertical lines are standard errors of the mean. Bars with different letters are
significantly different (P < 0.05) and numerical values of A and B are p-values.

Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
24

 6
:3

0:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
additional 8 d of shelf life, the proportion of arils signicantly
increased with a decrease in the peel proportion. A quite similar
scenario was observed during the 16 d of direct shelf life
storage, with a higher peel proportion in ‘Herskawitz’ than in
other cultivars (Fig. 3c and d). Secondly, the fruit peel propor-
tion decreased with storage time.

Despite having tough thick rind, pomegranate fruit is re-
ported to be more susceptible to weight loss due to the
numerous micro-pores on the outer peel.40,41 The ndings of the
current study further suggest that moisture loss in pomegranate
fruit is primarily and mainly from the peel fraction. The fruit of
the ‘Herskawitz’ cultivar had the highest percentage of peel
fraction and therefore the highest moisture loss by the end of
each storage regime under the tested conditions. These ndings
are in agreement with previous research12,15,25 and are further
supported by the results from peel thickness and moisture
content analysis reported in the following sections.

Peel thickness

Under cold storage and the additional 8 d of shelf storage, the
peel thickness was signicantly (P < 0.0001) inuenced by the
cultivar difference, storage conditions and their combined
effect (Fig. 4a). Peel thickness measurements initially ranged
from 2.76 to 4.38 mm and these values are in the range (2.68–
4.70 mm) reported by Al-Said et al.31 on four pomegranate
cultivars grown in Oman. Before storage, the peel thickness
84 | Sustainable Food Technol., 2023, 1, 79–91
varied signicantly among cultivars, being greatest in ‘Herska-
witz’ (4.38 mm), followed by ‘Wonderful’ (4.03 mm) and least in
‘Acco’ (2.66 mm). Thereaer, the peel thickness decreased with
the storage duration to 2.13, 1.51 and 1.51 mm, respectively, at
the end of the 42 d of cold storage and the additional 8 d of shelf
storage (Fig. 4a).

Similarly, during the prolonged shelf storage period of 16
d (Fig. 4b), the peel thickness was signicantly (P < 0.0001)
inuenced by the cultivar difference, storage conditions and the
combined effect of both factors (Fig. 4a). The peel thickness
reduced from 4.38, 4.03 and 2.66 mm to 1.93, 1.74 and 1.35 mm
in ‘Herskawitz’, ‘Wonderful’ and ‘Acco’, respectively. Generally,
the peel thickness was greatest in ‘Herskawitz’ and lowest in
‘Acco’. The thinning of the peel in time shows that moisture loss
in pomegranate fruit comes to a great degree from the peel
fraction.

Arils and peel moisture content

Results on aril and peel moisture contents are summarised in
Fig. 5a–d. The aril moisture content of the three cultivars was
similar (81.66 ± 0.99%) across all conditions of storage, while
the peel moisture content decreased with storage time (Fig. 5a
and b). Similar to our results, Arendse et al.15 reported aril
moisture contents in the range of 79.74–85.11% with no
signicant change, for pomegranate fruit (cv. Wonderful) grown
in South Africa and under prolonged storage for 28 d at 21 °C
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Changes in aril and peel moisture contents for pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a and c)
for 42 d at 7 °C/90% RH, followed by an additional 8 d of shelf storage at 23 °C/58% RH and (b and d) under prolonged immediate shelf storage of
16 d at 23 °C/58% RH. The bars representmean values (n= 12) and the vertical lines are standard errors of themean. Bars with different letters are
significantly different (P < 0.05) and numerical values of A and B are p-values.

Fig. 4 Changes in the peel thickness for pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a) for 42 d at 7 °C/90%
RH, followed by an additional 8 d of shelf storage at 23 °C/58% RH and (b) under prolonged immediate shelf storage of 16 d at 23 °C/58% RH. The
bars represent mean values (n= 12) and the vertical lines are standard errors of the mean. Bars with different letters are significantly different (P <
0.05) and numerical values of A and B are p-values.
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and 140 d at 10, 7.5 and 5 °C. However, slightly lower aril
moisture contents (76.01–79.09%) were observed in other
cultivars grown in Oman.31 These differences could be attrib-
uted to cultivar and geographical variation.

On the other hand, the cultivar and storage duration and
their interaction signicantly inuenced the peel moisture
© 2023 The Author(s). Published by the Royal Society of Chemistry
content (Fig. 5c and d). Initially, the peel moisture content was
greatest in ‘Herskawitz’ (74.29%), followed by ‘Wonderful’
(71.46%) and least in ‘Acco’ (63.91%). Furthermore, the peel
moisture content decreased with storage time during cold
storage and shelf storage. By the end of the 42 d of cold storage
plus 8 d of shelf life, the peel moisture content had reduced to
Sustainable Food Technol., 2023, 1, 79–91 | 85
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17.18, 30.65, and 36.36% in ‘Herskawitz’, ‘Wonderful’ and
‘Acco’, respectively. The constant moisture content observed
in the arils as opposed to the decreasing moisture content in
the peels during storage indicates that the peel was the main
contributor to the moisture loss of the fruit in the range of the
tested conditions. Therefore, the level of moisture loss
observed in this study (Fig. 1) was not enough to induct any
change in the aril moisture content and consequently the aril
weight. Furthermore, the observed increase in the proportion
of arils in the fruit is due to the reduction in the proportion of
the peels.
Soluble solids and acidity of fruit juice

The chemical attributes of TSS and TA are important in
describing the sweetness and sourness of fruit juice taste,
respectively.31,42 The changes in the chemical attributes of the
fruit juice with storage time are presented in Tables 2 and 3.
Generally, TSS signicantly varied among cultivars and was
higher in ‘Wonderful’ (16.50 °Brix) than in ‘Acco’ (14.67 °Brix)
Table 2 Chemical attributes of fruit juice from pomegranate cultivars (
followed by an additional 8 d of shelf storage at 23 °C/58% RHa

Storage conditions Cultivar

0 d Acco
Wonderful
Herskawitz

42 d [7 °C] Acco
Wonderful
Herskawitz

42 d [7 °C] + 8 d [23 °C] Acco
Wonderful
Herskawitz

P-Values Cultivar (A)
Storage duration (B)
A × B

a Results are presented as means± standard error of the mean (n= 12). M
and the numerical values of A and B are p-values.

Table 3 Chemical attributes of fruit juice from pomegranate cultivars (‘A
shelf storage of 16 d at 23 °C/58% RHa

Storage conditions Cultivar

0 d Acco
Wonderful
Herskawitz

8 d [23 °C] Acco
Wonderful
Herskawitz

16 d [23 °C] Acco
Wonderful
Herskawitz

P-Values Cultivar (A)
Storage duration (B)
A × B

a Results are presented as means± standard error of the mean (n= 12). M
and the numerical values of A and B are p-values.

86 | Sustainable Food Technol., 2023, 1, 79–91
and ‘Herskawitz’ (14.82 °Brix). A non-signicant increase of TSS
was observed at the end of the 42 d of cold storage and the end
of the additional eight days of shelf storage (Table 2). On the
other hand, the storage duration had a signicant inuence on
the increase in TSS for batch 2 fruit stored immediately under
shelf conditions (Table 3). The results are comparable with the
ndings of Mukama et al.43 who observed a non-signicant
change in TSS for fruit stored under low RH (65%) and
a signicant increase for fruit under high RH (95%) at 20 °C for
30 d. This is oen attributed to the increase in the concentra-
tion of soluble sugars due to moisture loss; however, in the
current study no signicant change in the aril moisture content
was observed. Therefore, we attribute the increase in TSS to the
hydrolysis of starch and polysaccharides into soluble sugar
substrates that are required for supporting the respiration
process.44,45

Titratable acidity (TA) was signicantly inuenced by the
cultivar effect and the interaction between the cultivar and
storage time. Before storage TA was lower in ‘Acco’ (0.25 mg 100
mL−1) than in ‘Herskawitz’ (1.15 mg 100 mL−1) and ‘Wonderful’
‘Acco’, ‘Wonderful’ and ‘Herskawitz’) stored for 42 d at 7 °C/90% RH,

TSS (°Brix) TA (mg 100 mL−1)

14.67 � 0.41b 0.25 � 0.02f

16.50 � 0.21a 1.62 � 0.04b

14.82 � 0.37b 1.16 � 0.04c

14.99 � 0.17b 0.58 � 0.03e

16.75 � 0.23a 1.05 � 0.05c

14.84 � 0.27b 1.81 � 0.10a

15.12 � 0.20b 0.48 � 0.01e

16.49 � 0.15a 0.91 � 0.05d

15.30 � 0.15b 1.56 � 0.05b

<0.0001 <0.0001
0.3021 <0.0001
0.6294 <0.0001

eans with different superscript letters are signicantly different (P < 0.05)

cco’, ‘Wonderful’ and ‘Herskawitz’) stored under prolonged immediate

TSS (°Brix) TA (mg 100 mL−1)

14.67 � 0.41c 0.25 � 0.02e

16.50 � 0.21b 1.62 � 0.04b

14.82 � 0.37c 1.16 � 0.04c

15.89 � 0.21b 0.28 � 0.01e

17.71 � 0.18a 1.91 � 0.17a

15.90 � 0.39b 1.26 � 0.11c

16.26 � 0.12b 0.69 � 0.08d

17.47 � 0.19a 1.25 � 0.10c

16.41 � 0.23b 1.20 � 0.08c

<0.0001 <0.0001
<0.0001 0.1685
0.5465 <0.0001

eans with different superscript letters are signicantly different (P < 0.05)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(1.62 mg 100 mL−1). TA increased at 42 d of cold storage, fol-
lowed by a decline with the additional 8 d of shelf storage,
except in ‘Wonderful’ where a consistent decline was observed
(Table 2). It is important to note that TA was signicantly lower
in ‘Acco’ than in ‘Wonderful’ and ‘Herskawitz’ across all tested
conditions. ‘Acco’ is generally considered as a sweet cultivar as
compared to ‘Wonderful’ and ‘Herskawitz’ in the sweet-sour to
the sour range.46 The TA of 1.16, 1.62 and 0.25 mg 100 mL−1

before batch 2 fruit storage remained stable in ‘Herskawitz’
(1.20 mg, 100 mL−1) compared to a decrease in ‘Wonderful’
(1.25 mg, 100 mL−1) and an increase in ‘Acco’ (0.69 mg, 100
mL−1), at the end of the storage period (Table 3). Therefore, the
different cultivars of the fruit responded differently to the
storage conditions. Comparably, a decrease in TA has been re-
ported in different cultivars of pomegranates including
‘Wonderful’, ‘Hicrannar’ and ‘Hicaznar’15,47,48 under different
storage conditions, attributed to the utilization of organic acids
in metabolic processes.
Pearson correlation

The Pearson correlation test was performed to establish the
relationships among the physical and physio-chemical attri-
butes of pomegranate fruit, across all the tested storage
conditions (Table 4). Signicant (P < 0.05) correlations were
observed among most of the analysed quality attributes of the
pomegranate fruit (Table 4). Fruit moisture loss per unit fruit
mass ML exhibited strong positive correlations with moisture
loss per unit surface area MLA (r = 0.981) as well as strong
negative correlations with peel thickness PT (r = −0.647). This
implies that fruits such as ‘Herskawitz’ with high MLA and with
thicker peels are more susceptible to moisture loss compared to
‘Acco’ with lower MLA and with thinner peels (Fig. 5b). The
negative sign in this case is due to the decreasing peel thickness
with the storage duration, as data across all treatments were
used in the analysis. Furthermore, a highly signicant interac-
tion effect was noticed between cultivar and storage duration
effects.
Table 4 Pearson correlation coefficient matrix between the physical an
and ‘Herskawitz’) stored for 42 d at 7 °C/90% RH, followed by an additiona
shelf storage of 16 da

Variables WL WLA Arils (%) Peel (%)

WL 1
WLA 0.981 1
Arils (%) 0.508 0.418 1
Peel (%) −0.508 −0.418 −1.000 1
MC_Arils −0.066 −0.161 0.574 −0.574
MC_Peel −0.585 −0.494 −0.839 0.839
PT −0.647 −0.596 −0.892 0.892
RR 0.071 0.047 −0.023 0.023
TSS 0.242 0.344 0.264 −0.264
TA −0.003 0.096 −0.408 0.408

a WL and WLA, weight loss per unit mass and unit surface area, respectiv
content (wet basis) of peel; PT, peel thickness; TSS, total soluble solids;
from 0 with a signicance level alpha = 0.95.

© 2023 The Author(s). Published by the Royal Society of Chemistry
A signicant and moderate negative correlation (r = −0.508)
exists between the moisture loss ML and peel proportion across
all tested conditions. However, this relationship is specically
very strong (r = −0.823) for fruit under cold storage and
subsequent shelf storage. The relationship implies that the peel
proportion decreased with time as fruit moisture loss increased.
Furthermore, a signicant and very strong positive correlation
is observed between the peel proportion and peel moisture
content (r = 0.839) and thickness (r = 0.892), as observed in
‘Herskawitz’ fruit. As expected, the peel proportion is depen-
dent on the moisture content and thickness of the peels. Other
attributes that signicantly (P < 0.05) correlated with moisture
loss in pomegranates include the respiration rate and TSS. The
respiration rate was signicantly inuenced by the TSS as
expected.
Moisture loss control

Fig. 6 shows the effect of packaging and waxing treatments on
moisture loss in the ‘Wonderful’ cultivar. All treatments
signicantly (P < 0.0001) minimised moisture loss. Compared
to the control (un-treated, 7.7%), liner packaging, shrink
wrapping and surface waxing reduced the moisture loss by
3.7, 9.6 and 1.9 times, respectively, at the end of cold storage
(Fig. 6a). The added 8 d of shelf storage further increased the
moisture loss by 4.0, 7.0, 2.5 and 2.0 times for the liner
packaged (8.8%), shrink wrapped (7.6%), waxed (10.2%) and
un-treated (17.1%) fruit, respectively (Fig. 6b). The reduced
moisture losses were due to the barrier effect of the packaging
materials against evaporation from the fruit. The lowest
moisture loss was observed for the shrink-wrapped fruit. The
positioning of the plastic (the moisture barrier) directly and
tightly on the fruit surface by shrink wrapping looks more
effective in lowering the moisture loss compared to putting
the fruit in plastic bags. Very steep increases in moisture loss
were observed for liner packaged and shrink-wrapped fruit
during the shelf condition. This is because the plastic liners
and shrink-wrapped lms were removed prior to shelf storage
to avoid moisture condensation, which would initiate fruit
d physio-chemical attributes of pomegranate fruit (‘Acco’, ‘Wonderful’
l 8 d of shelf storage at 23 °C/58% RH and under prolonged immediate

MC_Arils MC_Peel PT RR TSS TA

1
−0.637 1
−0.415 0.862 1
−0.124 0.019 0.056 1
−0.352 −0.123 −0.404 0.204 1
−0.678 0.618 0.486 0.018 0.271 1

ely; MC_Arils, moisture content (wet basis) of arils; MC_peel, moisture
TA, titratable acidity; RR, respiration rate. Values in bold are different
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Fig. 6 Moisture loss profile of pomegranate fruit (cv. Wonderful) under different weight loss control treatments during storage: (a) at 7 °C/90%
RH for 42 d, (b) followed by an additional 8 d of shelf storage at 23 °C/58%. The data points are means (n = 12) and the vertical lines represent
standard errors of the mean. Numerical values of A and B are p-values.
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decay.8 Previous studies also show that liners and shrink
wrapping signicantly minimised water loss in pomegran-
ates.8,9,17,29 The waxing of fruit alone was not sufficient to
minimise moisture loss compared to plastic liners and
shrink-wrapping. These results are supported by ndings
from a previous study where a microperforated liner per-
formed better than using gum Arabic and maize starch
coating alone to minimise the weight loss of pomegranate
fruit (cv. Wonderful).9 However, surface waxing is a potential
sustainable and environmentally friendly moisture loss
control technique that can prot the pomegranate industry.
88 | Sustainable Food Technol., 2023, 1, 79–91
Moisture loss model and transpiration rate

Tables 5 and 6 present results from moisture loss models,
vapour pressure decit and the time to reach 5% moisture loss
(the critical time, Ct) for the three fruit cultivars and for the
control treatments. The models revealed very strong linear
relationships (R2 = 0.96–1.00) between the moisture loss and
storage duration for pomegranate fruit, irrespective of the
cultivar and moisture loss control treatments under all tested
conditions. The Ct under the 42 d cold storage conditions was
22.2, 23.2 and 21.3 d for ‘Acco, ‘Herskawitz’ and ‘Wonderful’,
respectively. Table 5 also provides the time to lose an extra
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Moisture loss model for pomegranate cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) stored for 42 d at 7 °C/90% RH, followed by an
additional 8 d of shelf storage at 23 °C/58% RH, and under prolonged immediate shelf storage of 16 d at 23 °C/58% RHa

Storage conditions VPD (kPa) Cultivar Moisture loss model R2 Ct (d)

42 d (7 °C/90% RH) 0.995 Acco MLR = 0.0235t + 4862.5 0.9843 22.2
Wonderful MLR = 0.0223t + 5383.8 0.9868 23.2
Herskawitz MLR = 0.025t + 4060.7 0.9882 21.3

8 d (23 °C/58% RH) aer 42 d (7 °C/90%
RH)b

1.176 aer 0.995 Acco MLR = 0.1098t + 7473.1 0.9562 4.5
Wonderful MLR = 0.1225t + 6178.9 0.9787 4.1
Herskawitz MLR = 0.1437t + 6178.3 0.9808 3.5

16 d (23 °C/58% RH) 1.176 Acco MLR = 0.1402t + 10 008 0.9896 3.3
Wonderful MLR = 0.1471t + 13 019 0.9812 2.9
Herskawitz MLR = 0.1726t − 3063.5 0.9983 3.6

a VPD is the vapour pressure decit, MLR (mg kg−1) is themoisture loss ratio, t (s) is the storage duration, R2 is the coefficient of determination, and
Ct is the critical time required to achieve a 5% moisture loss. b These values correspond to the time for 5% moisture loss from pomegranates at 42
d (7 °C/90% RH) as the base point.

Table 6 Moisture loss model for pomegranate fruit (cv. Wonderful) stored for 42 d at 7 °C/90% RH, followed by an additional 8 d of shelf storage
at 23 °C/58% RHa

Storage conditions VPD (kPa) Treatment Moisture loss model R2 Ct (d)

42 d (7 °C/90% RH) 0.995 Un-treated MLR = 0.0209t + 2830 0.9951 26.1
Waxed MLR = 0.0109t − 172.65 0.9997 52.9
Liner packaged MLR = 0.0059t − 31.816 1.000 98.0
Shrink wrapped MLR = 0.0023t + 0.5836 1.000 251.6

8 d (23 °C/58% RH) aer 42 d (7 °C/90%
RH)b

1.176 aer 0.995 Un-treated MLR = 0.1435t + 3131.2 0.9960 3.8
Waxed MLR = 0.0928t + 1104.2 0.9982 6.1
Liner packaged MLR = 0.0977t + 982.1 0.9991 5.8
Shrink wrapped MLR = 0.0977t + 983.9 0.9991 5.8

a VPD is the vapour pressure decit, MLR (mg kg−1) is themoisture loss ratio, t (s) is the storage duration, R2 is the coefficient of determination, and
Ct is the critical time required to achieve a 5%moisture loss. b These values correspond to the time for 5%moisture loss using fruit weight at 42 d (7
°C/90% RH) as the base point.
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moisture loss of 5% aer pomegranates were taken out of the 42
d cold storage conditions and placed under shelf conditions.
Under the immediate prolonged shelf storage conditions, ‘Acco,
Fig. 7 Transpiration rate (TR) for pomegranate fruit cultivars during sto
additional 8 d of shelf storage at 23 °C/58% RH after 42 d at 7 °C/90% RH
values on top of the bars are mean values of TR.

© 2023 The Author(s). Published by the Royal Society of Chemistry
‘Herskawitz’ and ‘Wonderful’ have a Ct of 3.3, 2.9 and 3.6 d,
respectively (Table 5). Clearly, shelf conditions exacerbated the
moisture loss of the pomegranates. On the other hand, waxing,
rage under different storage conditions of: 42 d at 7 °C/90% RH, an
, and immediate shelf storage of 16 d at 23 °C/58% RH. The numerical

Sustainable Food Technol., 2023, 1, 79–91 | 89
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Fig. 8 Transpiration rate (TR) for pomegranate fruit (cv. Wonderful) influenced by moisture loss control techniques during storage under
different vapour pressure deficit conditions of: 42 d at 7 °C/90% RH, an additional 8 d of shelf storage at 23 °C/58% RH after 42 d at 7 °C/90% RH,
and immediate shelf storage of 16 d at 23 °C/58% RH. The numerical values on top of the bars are mean values of TR.
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liner packaging and shrink wrapping greatly reduced the rate of
moisture loss and increased the time to reach the critical
condition Ct to 52.9, 98.0 and 251.6 d, respectively, for
‘Wonderful’ (Table 6).

Fig. 7 and 8 show results on TR for the three fruit cultivars
andmoisture loss control treatments, respectively. TR was quite
similar among the three cultivars: 0.0235, 0.0223 and 0.0250 mg
kg−1 s−1 for ‘Acco, ‘Herskawitz’ and ‘Wonderful’, respectively, at
a VPD of 0.995 kPa during cold storage (Fig. 7). Increasing VPD
to 1.176 kPa increased TR to 0.1098, 1.225 and 1.437 mg kg−1

s−1, respectively. Thus, TR was relatively higher for ‘Herskawitz’
followed by ‘Wonderful’ and least in ‘Acco’ as experienced
during the additional 8 d of shelf storage. Similar results were
observed during the prolonged 16 d shelf storage. TR ranged
between 1.402 and 0.1726 mg kg−1 s−1, during the prolonged
shelf storage at VPD 1.726 kPa. Waxing, liner packaging and
shrink wrapping minimised the TR from 0.0209 mg kg−1 s−1 for
the untreated to 0.0109, 0.0059 and 0.0023 mg kg−1 s−1,
respectively, at VPD 0.995 kPa. At VPD of 1.176 kPa, waxing,
liner packaging and shrink wrapping minimised the TR from
0.1435 mg kg−1 s−1 to 0.0928, 0.0927 and 0.0927 mg kg−1 s−1,
respectively (Fig. 8).
Conclusions

The study aimed to characterise the moisture loss suscepti-
bility of pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and
‘Herskawitz’) based on the fundamental physical and physio-
chemical attributes under cold shipping conditions and
open shelf market conditions. Furthermore, moisture loss
control strategies using liner packaging, shrink wrapping and
surface waxing were investigated. Generally, ‘Herskawitz’ and
90 | Sustainable Food Technol., 2023, 1, 79–91
‘Wonderful’ are characterised by a relatively higher moisture
loss than ‘Acco’ during prolonged storage. The study revealed
that moisture loss in pomegranate fruit is primarily and
mainly from the peel proportion. All moisture loss control
treatments using liner packaging, shrink wrapping and
surface waxing minimised moisture loss by 3.7, 9.6 and 1.9
times that of the un-treated (7.7%) fruit aer 42 days of cold
storage. In addition, the moisture-loss-control treatments
prolonged the time to reach the critical moisture loss (5%) by
more than 26.8, 71.9 and 225.5 d compared to the untreated
‘Wonderful’ fruit, respectively. Though surface waxing alone
was not sufficient to minimise fruit moisture loss compared to
microperforated plastic liners and shrink wrapping, it is
a potential sustainable and environmentally friendly moisture
loss control technique that can prot the pomegranate
industry. The ndings of this study on the dynamics of
moisture loss in pomegranate fruit under different storage
conditions are very relevant in aiding strategic planning for
more efficient and sustainable moisture loss control technol-
ogies, including biodegradable packaging lms, surface wax
application, modelling and design studies, and plant breeding
operations.
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