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Abstract 12 

Fruit water loss results in a huge financial loss to the industry due to loss of aesthetic appeal and 13 

direct loss of saleable fruit weight. There is currently a limited knowledge on the mechanism of 14 

water loss in pomegranate fruits, given their complex structure. Therefore, this study aimed to 15 

characterise water loss in the most common export pomegranate cultivars (‘Acco’, ‘Herskawitz’ 16 

and ‘Wonderful’) of South Africa. Fruits were stored for 42 d at 7 ºC and 90 % RH and 17 

thereafter transferred to shelf at 23 ºC and 58 % RH. Another batch of fruit was immediately 18 

stored under prolonged shelf conditions for 16 d. Water loss, respiration rate, arils-peel 19 

proportions and moisture content, peel thickness and colour attributes, puncture resistance 20 

property and chemical quality attributes of fruit juice were measured. The study revealed that 21 

despite the physiological and structural differences among pomegranate cultivars, water loss was 22 

similar during the 42 d of cold storage. However, the medium-sized fruits (‘Herskawitz’ and 23 

‘Wonderful’) had significantly higher water loss (0.32 ± 0.01 g cm-2) than the small-sized fruits 24 
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(‘Acco)’ (0.25 ± 0.01 g cm-2) during the prolonged 16 d of shelf storage. The observed maximum 25 

water loss of 24.2 % is mainly from the peel proportion. Therefore, research should primarily 26 

focus on  the peel fraction in addressing the water loss problems of pomegranate fruits.  27 

Keywords: Punica granatum, Weight loss, Transpiration,  Water relations, Postharvest quality, 28 

Fruit physiology. 29 

1 Introduction 30 

Pomegranate fruit (Punica granatum L.) is a fruit of old, native to the region between Iran and 31 

Himalayans in northern India and has over 500 cultivars 1,2. Current global production is 32 

estimated at three million tons annually 3 with major cultivation carried out in the Northern 33 

Hemisphere and Europe providing the largest global market 4. Though the pomegranate grows 34 

favourably under the Mediterranean climate, it is highly adaptable to various climates and 35 

therefore importantly cultivated in the sub-tropical and tropical regions 5–8. The wide knowledge 36 

and increasing public awareness about the health benefits associated with pomegranates have 37 

tremendously increased consumption 9,10 especially in the western part of the world. Particularly, 38 

there has been a growing demand for high quality, healthy and exotic fruits both for fresh use 39 

and local processing into juices and other products 4,11. This has created an opportunity for 40 

countries in the Southern Hemisphere including South Africa to export their pomegranates to 41 

Europe during the counter off-season in the Northern Hemisphere. Therefore, there is increasing 42 

research interest focusing on maintaining pomegranate fruit quality throughout the supply chain: 43 

harvesting, packaging, transportation, storage and marketing 5,12–14.  44 

Pomegranates are highly perishable fruits despite having a relatively lower respiration rate 15. 45 

Particularly, pomegranate fruits are prone to moisture loss due to the plentiful micro-pores and 46 

slits in the skin, despite having a thick rind 6,16,17. Research showed that cultivars such as 47 
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‘Bhagwa’, ‘Ruby’ and ‘Wonderful’ can lose 20-25 % of the initial fruit weight within 4 weeks at 48 

temperature and relative humidity of 22 ⁰ C and 65 % 13,17. During prolonged cold storage, the 49 

fruits ‘Bhagwa’, ‘Ruby’ and ‘Wonderful’ lose between 10 - 16 % of their weight within 12 50 

weeks at 5 - 7 ⁰ C and 90 - 95 % RH  13,17–19. A weight loss above 5 % causes shrivelling 14,20. 51 

Even in the absence of any visible shrivelling, water loss can undesirably affect the visual 52 

appearance, flavour and textural properties of the fruits 21. Excessive water loss results into 53 

browning of the peel and arils and hardening of the rind 12,22. It is important to note that 54 

pomegranates are luxurious fruits that sell well in the higher market segment 4. Therefore water 55 

loss can easily cause a huge financial loss to the industry through direct loss of marketable fresh 56 

weight and the associated diminished commercial value of affected fruits 22.  57 

Various water loss control techniques have been presented and investigated by many researchers. 58 

Storage temperature and relative humidity are important water loss control parameters 13,23. 59 

Plastic liners and modified atmosphere packaging 18,19,24–28, individual shrink wrapping 6,19,29, 60 

waxing and surface coatings 6,15,30. These techniques have been applied with great success in 61 

minimising the loss of water. However, if not properly used, shrink wrapping and surface 62 

coating/waxing can cause anaerobic respiration which leads to the production of off flavours 31,32 63 

while plastic liners cause moisture condensation within the bags promoting fruit decay 18. 64 

Therefore, there is a need to improve the control techniques which to some extent is hampered 65 

by the limited knowledge on the characteristics of water loss of pomegranate fruits, given their 66 

complex structure. Hence, this study aimed to characterise the water loss of pomegranate fruits 67 

based on the fundamental physical and physio-chemical attributes. Secondly, the susceptibility of 68 

pomegranate fruit cultivars to water loss was assessed and the contribution of the different parts 69 

of the fruit to the water loss was examined. The study was done on the most important export 70 
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pomegranate cultivars (‘Acco’, ‘Herskawitz’ and ‘Wonderful’) of South Africa, under cold 71 

storage and shelf conditions. 72 

2 Materials and methods 73 

2.1 Fruit acquisition 74 

Pomegranate fruit (Punica granatum L.) of cultivars ‘Acco’, ‘Herskawitz’ and ‘Wonderful’ at 75 

commercial maturity (early morning harvest) were obtanined from a commercial orchard located 76 

at Porterville, Wellington (33° 38' S, 19° 00' E), Western Cape Province, South Africa. The fruits 77 

were packed in ventilated plastic trays cushioned with paper pads and transported using an air-78 

conditioned refrigerated truck to the postharvest research laboratory, Stellenbosch University. 79 

Sorting was carried out to ensure size uniformity and that the fruits were free from surface 80 

defects such as cracks. Fruits were packed in dozens inside single layer display type corrugated 81 

fibreboard carton, cushioned with paper trays at the bottom. 82 

2.2 Experimental design 83 

A total of 84 fruits (seven cartons) for each of the three cultivars (‘Acco’, ‘Herskawitz’ and 84 

‘Wonderful’) was used in the study. Twelve fruits (replicates) were used to assess the initial 85 

quality before storage and the remaining 72 fruits were stored in two batches each of 36. Batch 1 86 

fruits were stored at 7 ºC and 90 % RH for 42 d and thereafter transferred to shelf conditions of 87 

23 ºC and 58 % RH for eight days. This was to mimic the maximum sea freight duration of 88 

pomegranate fruits from South Africa to Europe across the Atlantic Ocean, followed by open 89 

shelf marketing before consumption. Twelve fruits (replicates) were selected for quality 90 

assessment after 42 d of cold storage and again after an additional eight days of shelf storage.  91 
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 Batch 2 fruits were immediately stored under shelf conditions of 23 ºC and 58 % RH. Then 92 

twelve fruits (replicates) were sampled for quality assessment at eight days and sixteen days of 93 

shelf storage. This procedure mimics fruits that are placed directly on open shelves for 94 

marketing.  95 

2.3 Measurements 96 

2.3.1 Size, weight and colour monitoring 97 

Twelve fruits were randomly selected from each batch and labelled for weight, size and external 98 

peel colour monitoring. Measurements were taken before storage and at intervals of seven days 99 

throughout the 42 d of cold storage and afterwards at intervals of two days during the additional 100 

shelf period of eight days of Batch 1. For Batch 2, measurements were taken at two days’ 101 

interval.  102 

The three linear dimensions of the fruit were measured using a digital Vernier calliper (Mitutoyo, 103 

Kawasaki, Japan, ± 0.01 mm). Fruit length (L) measures the longitudinal dimension (excluding 104 

the fruit calyx), while the width (W) and thickness (T) measures the dimensions on the equator 105 

(cheeks) of the fruit. Fruit weight was determined using an electronic scientific scale (Mettler 106 

Toledo, model ML3002E, Switzerland, 0.0001 g accuracy). 107 

Fruit peel colour was monitored using a digital colourimeter (Minolta, model CR-400, Tokyo, 108 

Japan) at the same storage time interval as fruit weight and size. Follow up measurements were 109 

carried out at the same marked positions on two opposites sides of each fruit. The lightness (L*), 110 

redness (𝑎*), yellowness (𝑏*), hue angle (h ⁰ ) and chroma (C*) colour properties were 111 

measured according to Commission Internationale de l’Eclairage (CIE), 1976.  112 
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A different set of randomly sampled fruits were cut open by hand with the aid of a sharp knife 113 

and the arils (edible portion) were separated from the peel. Peel thickness was measured using a 114 

pair of digital Vernier callipers (Mitutoyo, model CD-6 CX, Japan) of accuracy 0.01 mm. 115 

Opposite peel segments of the fruit were obtained using sharp blades. Measurements were then 116 

taken at the opposite mid-side positions of each segment, obtaining four readings from each of 117 

the twelve sampled fruits. The weight of the arils and peels from each fruit was measured using 118 

an electronic scientific scale (Mettler Toledo, model ML3002E, Switzerland, 0.0001 g accuracy) 119 

to determine their proportions.  120 

2.3.2  Headspace gas composition  121 

The headspace gas composition (O2 and CO2) was determined using a closed system  33. Two 122 

fruits were enclosed in an equilibrated hermetically sealed glass jar, in triplicates, for each of the 123 

storage conditions. Measurements were taken before and after two hours using a calibrated gas 124 

analyser (CheckPoint, PBI-Dansensor A/S, Denmark), for separate setups at low temperature (7 125 ⁰ C) and high temperature (23 ⁰ C).  126 

2.3.3 Fruit firmness 127 

Fruit firmness was determined as puncture resistance 13,34 with a 5 mm diameter probe (GÜSS-128 

FTA, South Africa). The probe was set to penetrate 8.9 mm into the fruit at 10 mm s-1. The test 129 

was carried out on opposite sides of the fruit cheeks, and the peak force (N) required to puncture 130 

the fruit was reported as puncture resistance of 24 readings (2 × 12 fruits (replicates)).  131 

2.3.4 Moisture content and chemical attributes  132 

Moisture contents of the arils and peel fractions of the fruits were determined by a drying oven 133 

method. The samples were dried at 105 ± 0.5 °C for 24 h in a preheated oven (Model 072160, 134 
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Prolab Instruments, Sep Sci., South Africa) to achieve a constant weight 35. The tests were 135 

carried out in five replications.  136 

Fresh juice was extracted from the arils using a blender (Mellerware, South Africa) with a pre-137 

fitted screen for filtering. Total soluble solids (TSS) of the fruit juice was measured using a 138 

digital refractometer (Atago, Tokyo, Japan). Titratable acidity (TA) was determined 139 

potentiometrically, where 2 ml of pomegranate juice (PJ) in 70 ml of distilled water was titrated 140 

with 0.1N NaOH to an endpoint of pH 8.2 using a compact auto titrosampler (Metrohm 862, 141 

Herisau, Switzerland). Titratable acidity was expressed in milligrams of citric acid (CA) per a 142 

hundred millilitres of juice.  143 

2.4 Calculations 144 

2.4.1 Fruit surface area 145 

Fruit surface area (equation 1) was calculated from the fruit geometric mean diameter (equation 146 

2) according to Dhineshkumar et al. 36. 147 

𝐴 =  𝜋 (𝐷𝑔)2
 (1) 

𝐷𝑔 =   (𝐿 𝑊 𝑇)1 3⁄  (2) 

Where A (cm2) is the surface area and 𝐷𝑔 (cm) is the geometric mean diameter of the fruit, 148 

calculated from the length (L (cm)), width (W (cm)) and thickness (T (cm)) of the fruit.   149 

2.4.2 Water loss  150 

Cumulative water loss was calculated with respect to the unit fruit mass (equation 3) and with 151 

respect to the unit surface area (equation 4) because of the variability in fruit size among 152 

cultivars.   153 
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𝑊𝐿 = (𝑚𝑖  −  𝑚𝑡)𝑚𝑖 × 100 
(3) 

𝑊𝐿𝐴  =  (𝑚𝑖 −  𝑚𝑡)𝐴  
(4) 

Where; 𝑊𝐿 is water loss per unit fruit mass (%), 𝑊𝐿𝐴 is water loss per unit surface area of the 154 

fruit (g cm2), 𝑚𝑖 (g) is the initial fruit mass, 𝑚𝑡 (g) is the mass of the fruit after storage days.  155 

2.4.3 Respiration rate 156 

The respiration rate (RR) was calculated in terms of carbon dioxide production rate (𝑅𝐶𝑂2) in mL 157 

kg-1 h-1 by fitting experimentally obtained data into equation (5) 33.  158 

𝑅𝐶𝑂2  =  10 × 𝑉𝑓𝑚 × (𝐶𝐶𝑂2𝑡 − 𝐶𝐶𝑂2𝑖𝑡 −  𝑡𝑖 ) 
(5) 

Where 𝐶𝐶𝑂2𝑡 and 𝐶𝐶𝑂2𝑖  are concentrations (%) of CO2 at a time t (h) and initial time ti (h), 159 

respectively. In this study (𝑡 −  𝑡𝑖) is constant and equals to 2 h. 𝑉𝑓 is the free volume (mL) in 160 

the jar which is the total volume minus the volume occupied by the fruit and 𝑚 (g) is the mass of 161 

the fruit inside the jar, the constant 10 is a unit conversion factor (g kg -1).  162 

2.4.4 Colour attributes  163 

The colour intensity describing the length of the colour vector in the a*- b* plane was calculated 164 

and expressed as chroma (C*) using equation (6) 22 while the hue angle of the colour vectors and 165 

the total colour difference (TCD) were given by equations (7) and (8), respectively.  166 

𝐶∗  =  √𝑎∗2  +  𝑏∗2 (6) 

ℎ°  = 𝑡𝑎𝑛−1 (𝑏∗ 𝑎∗⁄ ) (7) 

𝑇𝐶𝐷 =  ((𝐿°∗  − 𝐿∗)2  +  (𝑎°∗  −  𝑎∗)2  +  (𝑏°∗  −  𝑏∗)2)1 2⁄  (8) 
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Where 𝐿°∗, 𝑎°∗ and 𝑏°∗are the reference values and 𝐿∗, 𝑎∗ and 𝑏∗ are the respective values of 167 

lightness, redness and yellowness colour parameters at a given time 22. 168 

2.4.5 TSS/TA and BrimA 169 

The balance between sweetness and sourness of the pomegranate juice was estimated inform of 170 

TSS/TA and BrimA which have been reported to influence consumer acceptability 37. BrimA 171 

was calculated using equation (9) 37.  172 

𝐵𝑟𝑖𝑚𝐴 =  °𝐵𝑟𝑖𝑥 − 𝑘 × 𝑇𝐴 (9) 

where k is a constant that ranges from 2 -10, depending on acid and sugar proportions. The k 173 

value of 2 was used to avoid a negative BrimA index 17. 174 

2.5 Statistical analysis 175 

Measured and calculated data on fruit physical and physio-chemical attributes were analysed 176 

using Statistica software (Statistica 14.0, Statsoft, USA). The data was also subjected to analysis 177 

of variance (ANOVA) to assess the main effects of cultivar and storage duration. A Duncan’s 178 

Multiple Range Test was carried to test for statistical significance at p < 0.05. Principal 179 

component analysis (PCA) and Pearson correlation test were carried out using XLSTAT 180 

software (version 2019.1, Addinsoft, France) to assess the variability and to establish 181 

relationships among quality parameters.   182 

Table 1 Size differences in pomegranate fruit cultivars. 𝐷𝑔 is the geometric mean diameter a 183 

function of the length (L), width (W) and thickness (T) of the fruit. Values are means ± standard 184 

deviation of n =12 fruits.  185 

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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 186 

Figure 1 Weight loss profile of pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) expressed per unit fruit mass (WL) 187 

and per unit surface area (𝑊𝐿𝐴) during storage: (a and d) for 42 d at 7 ⁰ C / 90 % RH, (b and e) followed by additional 8 d of shelf 188 

storage at 23 ⁰ C / 58 % RH and (c and f) under immediate prolonged shelf storage of 16 d at 23 ⁰ C / 58 % RH. The data points are 189 

means (n = 12) and the vertical lines represent standard error of the mean. The lines in d, e and f are predictive trend lines fitted on the 190 

experimental data. Numerical values of A and B are p-values.  191 
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3 Results and discussion 192 

3.1 Fruit size and water loss 193 

The three cultivars differed in mass, specific size dimensions along their L, W, T and overall 194 

geometric mean diameter 𝐷𝑔 (Table 1). Generally, ‘Acco’ was the smaller-fruit cultivar 195 

compared to ‘Herskawitz’ and ‘Wonderful’. It is import to note that fruit size influences the 196 

overall surface area to volume ratio and therefore the rate of water loss to the surrounding 197 

environment.  198 

The water loss profiles of the three pomegranate fruit cultivars are presented in Figure 1. 199 

Generally, water loss per unit fruit mass (WL) was not significantly different (P > 0.05) among 200 

the three cultivars during cold storage (Figure 1a) and the additional days of shelf storage (Figure 201 

1b), despite higher water loss in ‘Herskawitz’ than in ‘Acco’ and ‘Wonderful’. On average, 202 

water loss reached to 8.74 % at 42 d of cold storage. The subsequent eight days of shelf storage 203 

subjected the fruits to an extra 9.04 % water loss. Similarly, there was no significant difference 204 

among cultivars during the 10 d shelf storage at which water loss reached an average value of 205 

16.8 %. Afterwards, water loss became significantly higher in ‘Herskawitz’ than in ‘Acco’ 206 

(Figure 1c). Weight loss was also observed to be cultivar indifferent by Al-Mughrabi et al. 38 207 

between ‘Taeifi’, ‘Banati’ and ‘Manfaloti’ cultivars of pomegranate throughout the cold storage 208 

at different temperatures. Furthermore, Fawole and Opara 17 observed that the weight loss in 209 

‘Ruby’ was relatively similar (20-25 %) to that in ‘Bhagwa’ cultivars of pomegranate fruit after 210 

28 d of shelf storage at 22 °C and 65 % RH.   211 

However, the water loss per unit surface area (WLA) showed cultivar dependence during the 212 

additional shelf storage (Figure 1d-f). The WLA was significantly higher in ‘Herskawitz’ than in 213 

‘Acco’ during the additional eight days of shelf storage (Figure 1e). Similarly, WLA was 214 
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significantly lower in fruit cultivar ‘Acco’ than in ‘Herskawitz’ and ‘Wonderful’ during the 16 d 215 

of immediate prolonged shelf storage (Figure 1f).  216 

3.2 Respiration rate (RR) 217 

Figure 2 summarises the results on RR across all tested conditions. RR was significantly (P < 218 

0.05) influenced by cultivar across all storage conditions. The RR was lowest in ‘Wonderful’ 219 

than in other cultivars. At low temperatures (7 ⁰ C), a higher RR was observed in ‘Acco’ (8.268  220 

mL Kg-1 h-1) and ‘Herskawitz’ (6.948 mL Kg-1 h-1) than in ‘Wonderful’ (3.289 mL Kg-1 h-1) fruit 221 

cultivars initially. The change in RR was insignificant after 42 d of cold storage at 7 °C and 90 % 222 

RH and in the subsequent shelf storage period (Figure 2a). On the other hand, the effects of 223 

cultivar, storage duration and their interaction significantly influenced the RR during the 16 d of 224 

shelf life (Figure 2b). In this case, RR at high temperatures (23 ⁰ C) decreased from 18.350, 225 

37.936 and 30.612 mL Kg-1 h-1 before storage to 9.676, 20.300 and 11.740 mL Kg-1 h-1 in 226 

‘Wonderful’, ‘Herskawitz’ and ‘Acco’, respectively, by the end of storage. Other studies have 227 

reported a decrease in RR of pomegranate fruits with storage duration 39 and this could be 228 

attributed to progressive senescence of the fruits. A similar situation was observed in climacteric 229 

fruits (pear) stored at different temperature-relative humidity combinations 40. On the contrary, 230 

an increase of RR with storage duration has been reported in pomegranate arils, uncoated and 231 

coated fruit 30,33.  232 
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 233 

Figure 2 Changes in the respiratory carbon dioxide production rate (𝑅𝐶𝑂2) for pomegranate fruit 234 

cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a) for 42 d at 7 ⁰ C / 90 % RH 235 

followed by additional 8 d of shelf storage at 23 ⁰ C / 58 % RH and (b) under prolonged 236 

immediate shelf storage of 16 d at 23 ⁰ C / 58 % RH. Measurements taken at 7 ⁰ C (a) and 23 237 ⁰ C (b). The bars represent mean values (n=12) and the vertical lines are standard errors of the 238 

mean Bars with different letters are significantly different (P < 0.05) and numerical values of A 239 

and B are p-values.  240 
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3.3 Peel colour of the three cultivars 241 

Fruit peel colour influences visual appeal and acceptance of pomegranate during marketing 14,31. 242 

The three cultivars are different in peel colour. Generally, all colour parameters were 243 

significantly (P < 0.05) influenced by cultivar differences and storage duration. Lightness L* 244 

decreased with storage duration under all tested conditions and was significantly lower in 245 

‘Herskawitz’ than in ‘Acco’ and ‘Wonderful’ at the end of fruit storage (Figure 3a-c). Similarly, 246 

peel redness a* (Figure 3d-f) and chroma C* (Figure 4a-c) decreased with storage duration and 247 

were significantly lower in ‘Wonderful’ than in other cultivars. Furthermore a* and C* were 248 

more stable with only a slight decrease during the cold storage regime as compared to a steep 249 

decline under the shelf life regime. Similar observations were made for the ‘Wonderful’ cultivar 250 

by Mukama et al. 41 who observed a continuous reduction in a* and C* with storage duration for 251 

fruits under low and high relative humidity. The colour change is attributed to the degradation of 252 

colour pigments due to water stress 42. On the other hand, Arendse et al. 13 observed an initial 253 

increase in a* and C* for the first 84 d followed by a decrease to the end of the 140 d of storage 254 

at 5, 7.5 and 10 °C. The difference in observations among these studies could be attributed to 255 

several pre-harvest and harvest factors such as sunlight exposure.  256 

The three cultivars differed in hue angle h ° (Figure 4d-f). Generally, h ° was highest in 257 

‘Wonderful’, followed by ‘Acco’ and least in ‘Herskawitz’. Hue angle decreased with storage 258 

time, except in ‘Wonderful’ where h ° increased after 21 d of cold storage. Total colour 259 

difference (TCD) between the initial reading and at a given time during storage is presented in 260 

Figure 4g-i. TCD significantly and progressively increased with storage duration and was highest 261 

in ‘Herskawitz’, followed by ‘Acco’ and least in ‘Wonderful’. This suggests that TCD could be 262 

used as a good indicator for predicting storage duration for pomegranate fruits under cold and 263 

shelf conditions. 264 
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 265 

Figure 3 Variation of peel colour attributes of lightness (L*) and redness (𝑎*) for pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and 266 

‘Herskawitz’) during storage: (a and d) for 42 d at 7 ⁰ C / 90 % RH, (b and e) followed by additional 8 d of shelf storage at 23 ⁰ C / 58 % 267 

RH and (b and e) under immediate prolonged shelf storage of 16 d at 23 ⁰ C / 58 % RH (c and f). The data points represent mean values (n 268 

= 12) and the vertical lines represent standard error of the mean. Numerical values of A and B are p-values.  269 
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Figure 4 Variation in peel chroma intensity (C*), hue angle (h ⁰ ) and total colour difference (TCD) for pomegranate fruit cultivars 271 

(‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a and d) for 42 d at 7 ⁰ C / 90 % RH, (b and e) followed by additional 8 d of shelf 272 

storage at 23 ⁰ C / 58 % RH and  (c and f) under immediate prolonged shelf storage of 16 d at 23 ⁰ C / 58 % RH (c and f). The data points 273 

represent mean values (n = 12) and the vertical lines represent standard error of the mean. Numerical values of A and B are p-values.  274 



 

3.4 Fruit firmness 275 

Figure 5 shows the results of fruit firmness test. In general, a significant difference was observed 276 

between cultivars. Initially, firmness was significantly lowest in ‘Herskawitz’ (93.04 N) than in 277 

‘Wonderful’ (119. 32 N) and ‘Acco’ (131.21 N). The observed difference correlates negatively 278 

to the fruit size of the cultivars, with small-sized ‘Acco’ (Dg = 7.25 ± 0.27 cm) having higher 279 

firmness than medium-sized ‘Herskawitz’ (Dg = 8.45 ± 4.92 cm) and ‘Wonderful’ (Dg = 9.23 ± 280 

0.40 cm) fruits. These results are buttressed with findings reported by Volz et al. 43 who observed 281 

higher firmness in apple fruits (cv. Royal Gala) from the smallest-size class than fruit from the 282 

largest-size class. This was attributed to smaller cells, less air space and greater cell packing in 283 

smaller fruits than in larger fruits. An increase in fruit firmness was observed at the end of the 42 284 

d of cold storage followed by a decrease by the end of additional eight days of shelf life 285 

especially in ‘Acco’ and ‘Wonderful’ cultivars (Figure 5a). A quite similar situation (an increase 286 

followed by a decrease) is observed for fruits stored immediately at prolonged shelf conditions 287 

for 16 d especially for ‘Wonderful’ cultivar (Figure 5b). Arendse et al. 13 also observed similar 288 

behaviour for pomegranate fruits stored under different temperatures (5 – 21 ⁰ C) attributing the 289 

initial increase in puncture resistance to the decrease in the moisture content of the fruit peel 290 

resulting into toughening of the peel. The subsequent decline in puncture resistance can be 291 

attributed to the observed reduction in peel thickness and senescence of the fruits.  292 



 

 293 

Figure 5 Variation in the puncture resistance force for pomegranate fruit cultivars (‘Acco’, 294 

‘Wonderful’ and ‘Herskawitz’) during storage: (a) for 42 d at 7 ⁰ C / 90 % RH followed by 295 

additional 8 d of shelf storage at 23 ⁰ C / 58 % RH and (b) under prolonged immediate shelf 296 

storage of 16 d at 23 ⁰ C / 58 % RH. The bars represent mean values (n=12) and the vertical 297 

lines are standard errors of the mean. Bars with different letters are significantly different (P < 298 

0.05) and numerical values of A and B are p-values.  299 



 

3.5 Physical and chemical characteristics of fruit fractions 300 

3.5.1 Proportions of fruit fractions 301 

Cultivar, storage duration and their interaction significantly influenced the proportion of fruit 302 

fractions. The three cultivars differed in the proportions of arils and peel as summarized in 303 

Figure 6; 59.0 and 41.0 % in ‘Acco’, 50.1 and 49.9 % in ‘Herskawitz’ and 55.4 and 44.6 % in 304 

‘Wonderful’, respectively before storage. However, our results are in close range with the 50.8 – 305 

58.3 % arils and 41.7 – 49.2 % peels reported for other cultivars grown in Oman 35. Furthermore, 306 

the aril proportions in our study are comparable with the 55.6 % in ‘Ruby’ cultivar grown in 307 

Morocco 44, 58 %  in ‘Ruby’ 45, and 48.5 % in ‘Wonderful’ 46 cultivars grown in South Africa.  308 

Generally, there was no significant increase in the proportion of arils and a decrease in the 309 

proportion of peel fractions during the 42 d of cold storage (Figure 6a-b). However, by the end of 310 

the additional eight days of shelf life the proportion of arils fraction significantly increased with 311 

the decrease in peel proportion. A more similar scenario was observed during the 16 d of direct 312 

shelf life storage, with a higher peel proportion in ‘Herskawitz’ than in other cultivars (Figure 313 

6c-d). Secondly, the fruit peel proportion decreased with storage time.  314 

Despite having tough thick rind, pomegranate fruit is reported to be more susceptible to weight 315 

loss due to the numerous micro-pores on the outer peel 14,16. The findings of the current study 316 

further suggest that water loss in pomegranate fruits is primarily and majorly from the peel 317 

fraction. Fruits of the ‘Herskawitz’ cultivar had the highest percentage of peel fraction and 318 

therefore the highest water loss by the end of each storage regime within the tested conditions. 319 

These findings are in agreement with previous research 6,13,17 and are further supported by the 320 

results on peel thickness and moisture content analysis reported in the following sections. 321 



 

 322 

Figure 6 Changes in the aril and peel fractions for pomegranate fruit cultivars (‘Acco’, 323 

‘Wonderful’ and ‘Herskawitz’) during storage: (a and b) for 42 d at 7 ⁰ C / 90 % RH followed by 324 

additional 8 d of shelf storage at 23 ⁰ C / 58 % RH and (c and d) under prolonged immediate 325 

shelf storage of 16 d at 23 ⁰ C / 58 % RH. The bars represent mean values (n=12) and the 326 

vertical lines are standard errors of the mean. Bars with different letters are significantly different 327 

(P < 0.05) and numerical values of A and B are p-values.  328 

3.5.2 Peel thickness 329 

Peel thickness measurements initially ranged from 2.66 to 4.38 mm as shown in Figure 7a-b. 330 

These values are in the range (2.68 – 4.70 mm) reported by Al-Said et al. 35 on four pomegranate 331 

cultivars grown in Oman. Peel thickness varied significantly among cultivars, greatest in 332 

‘Herskawitz’ (4.38 mm), followed by ‘Wonderful’ (4.03 mm) and least in ‘Acco’ (2.66 mm) 333 

initially. Then it decreased with storage duration to 2.13, 1.51 and 1.51 mm, respectively, at the 334 



 

end of the 42 d of cold storage and the additional eight days of shelf storage. Similarly, peel 335 

thickness reduced to 1.93, 1.74 and 1.35 mm in ‘Herskawitz’, ‘Wonderful’ and ‘Acco’, 336 

respectively after 16 d of absolute shelf storage. The thinning of the peel in time shows that 337 

water loss in pomegranate fruits comes to a great degree from the peel fraction as compared to 338 

the aril fraction.  339 

3.5.3 Moisture content 340 

The aril moisture content of the three cultivars was similar (81.66 ± 0.99 %) across all conditions 341 

of storage while the peel moisture content decreased with storage time (Figure 7c-f). This 342 

indicated that the peel was the main contributor to the water loss of the fruits. Interestingly, the 343 

level of water loss observed was not enough to induct any change in the aril moisture content and 344 

consequently aril weight. The total water loss of the fruits, in the range of the tested conditions, 345 

reached up to 24 %. The observed increase in the proportion of arils in the fruit is due to the 346 

reduction in the proportion of the peels. Similar to our results, Arendse et al. 13 reported aril 347 

moisture content in the range of 79.74 – 85.11 % with no significant change, for pomegranate 348 

fruits (cv. Wonderful grown in South Africa) under prolonged storage for 28 d at 21 °C and 140 349 

d at 10, 7.5 and 5 °C.  However, slightly lower aril moisture content (76.01 – 79.09 %) were 350 

observed in other cultivars grown in Oman 35.  These differences could be attributed to cultivar 351 

and geographical variation.  352 

On the other hand, cultivar and storage duration and their interaction significantly influenced 353 

peel moisture content (Figure 7e-f). Initially, the peel moisture content was greatest in 354 

‘Herskawitz’ (74.29 %), followed by ‘Wonderful’ (71.46 %) and least in ‘Acco’ (63.91 %). 355 

Furthermore, peel moisture content decreased with storage time during cold storage and shelf 356 

storage. By the end of the 42 d of cold storage plus additional eight days of shelf life, peel 357 



 

moisture content had reduced to 17.18, 30.65, and 36.36 % in ‘Herskawitz’, ‘Wonderful’ and 358 

‘Acco’, respectively.  359 

 360 

Figure 7 Changes in the peel thickness, aril and peel moisture content for pomegranate fruit 361 

cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a, c and e) for 42 d at 7 ⁰ C / 362 

90 % RH followed by additional 8 d of shelf storage at 23 ⁰ C / 58 % RH and (b, d and f) under 363 

prolonged immediate shelf storage of 16 d at 23 ⁰ C / 58 % RH. The bars represent mean values 364 



 

(n=12) and the vertical lines are standard errors of the mean. Bars with different letters are 365 

significantly different (P < 0.05) and numerical values of A and B are p-values.  366 

3.5.4 TSS, TA, TSS/TA and BrimA 367 

Chemical attributes of TSS and TA are important in describing the sweetness and sourness of 368 

fruit juice taste, respectively 35,47. The changes in the chemical attributes of the fruit juice with 369 

storage time are presented in Tables 2 and 3. Generally, TSS significantly varied among 370 

cultivars and was highest in ‘Wonderful’ (16.50 ⁰ Brix)  than in ‘Acco’ (14.67 ⁰ Brix) and 371 

‘Herskawitz’ (14.82 ⁰ Brix). A non-significant increase of TSS was observed at the end of the 42 372 

d of cold storage and the end of the additional eight days of shelf storage (Table 2). On the other 373 

hand, storage duration had a significant influence on the increase in TSS for batch 2 fruits stored 374 

immediately under shelf conditions (Table 3). Our results are comparable with the findings of 375 

Mukama et al. 41 who observed a non-significant change in TSS for fruits stored under low RH 376 

(65 %) and a significant increase for fruits under high RH (95 %) at 20 °C for 30 d. The authors 377 

attributed the increase to the concentration of soluble sugars due to moisture, however, in our 378 

particular study we observed no significant change in aril moisture content. Therefore, we 379 

attribute the increase in TSS to the hydrolysis of starch and polysaccharides into soluble sugar 380 

substrates that are required for utilization in the respiration process 48,49. 381 

Titratable acidity (TA) was significantly influenced by cultivar effect and the interaction between 382 

cultivar and storage time. Before storage TA was lowest in ‘Acco’ (0.25 mg 100 mL-1) than in 383 

‘Heskawitz’ (1.15 mg 100 mL-1) and ‘Wonderful’ (1.62 mg 100 mL-1). TA increased at 42 d of 384 

cold storage followed by a decline at an additional eight days of shelf storage, except in 385 

‘Wonderful’ where a consistent decline was observed (Table 2). It is important to note that TA 386 

was significantly lower in ‘Acco’ than in ‘Wonderful’ and ‘Herskawitz’ across all tested 387 



 

conditions. Acco is generally considered as a sweet cultivar as compared to ‘Wonderful’ and 388 

‘Herskawitz’ in the sweet-sour to the sour range 50. TA remained stable in ‘Herskawitz’ during 389 

the 16 d of shelf storage of Batch 2 fruits as compared to a decrease in ‘Wonderful’ and an 390 

increase in ‘Acco’ at the end of the storage period. Therefore, the different cultivars of the fruits 391 

responded differently to the storage conditions. Comparably, a decrease in TA has been reported 392 

in different cultivars of pomegranates including ‘Wonderful’, ‘Hicrannar’ and ‘Hicaznar’ 13,24,25 393 

under different storage conditions, attributing it to the utilization of organic acids in metabolic 394 

process. On the contrary Mukama et al. 41 observed an increase in TA for the ‘Wonderful’ 395 

cultivar under shelf conditions, attributing it to moisture loss from the fruits.  396 

The effects of cultivar, storage time and their interaction significantly influenced the TSS/TA 397 

ratio which was highest in ‘Acco’ than in other cultivars across all tested conditions of storage. 398 

TSS/TA decreased at 42 d followed by an increase at additional shelf life storage for ‘Acco’ 399 

cultivar as compared to the no-significant change in ‘Herskawitz’  and a persistent increase in 400 

‘Wonderful’. On the other hand, TSS /TA decreased in ‘Acco’ cultivar, however, remained 401 

stable in ‘Wonderful’ and ‘Herskawitz’ during the 16 d of shelf storage. Generally, fruits with a 402 

higher TSS/TA ratio are more prefered by consumers 51. 403 

BrimA index is a variant of TSS/TA ratio that incorporates the tongue’s taste sensitivity 17 and is 404 

important in assessing the effect of chemical changes on the flavour 37. BrimA was significantly 405 

lower in ‘Acco’ than in other cultivars, however, it was not significantly influenced by storage 406 

duration (Table 2). On the other hand, both cultivar and storage effects significantly influenced 407 

BrimA during the 16 d of shelf storage (Table 3). In this case, BrimA increased with storage time 408 

and was generally lower in ‘Herskawitz’ cultivar. Similar results are reported by Arendse et al. 13 409 

for fruits stored under different temperatures.  410 



 

Table 2 Chemical attributes of fruit juice from pomegranate cultivars (‘Acco’, ‘Wonderful’ and 411 

‘Herskawitz’) stored for 42 d at 7 ⁰ C/90 % RH followed by additional 8 d of shelf storage at 23 412 ⁰ C/58 % RH 413 

Storage 

conditions 

Cultivar TSS 

(°Brix) 

TA  

(mg 100 mL
-1

) 

TSS/TA BrimA 

0 d Acco 14.67 ± 0.41
b
 0.25 ± 0.02

f
 59.67 ± 4.25

a
 14.17 ± 0.41

ab
 

Wonderful 16.50 ± 0.21
a
 1.62 ± 0.04

b
 10.24 ± 0.28

f
 13.26 ± 0.22

c
 

Herskawitz 14.82  ± 0.37
b
 1.16 ± 0.04

c
 12.89 ± 0.51

ef
 12.51 ± 0.37

d
 

42 d [7 ⁰C] Acco 14.99  ± 0.17
b
 0.58 ± 0.03

e
 26.60 ± 1.29

c
 13.84 ± 0.18

bc
 

Wonderful 16.75 ± 0.23
a
 1.05 ± 0.05

c
 16.16 ± 0.72

de
 14.64 ± 0.25

a
 

Herskawitz 14.84 ± 0.27
b
 1.81 ± 0.10

a
 8.32 ± 0.46

f
 11.23 ± 0.29

e
 

42 d [7 ⁰C] + 8 d  
[23 ⁰C] 

Acco 15.12 ± 0.20
b
 0.48 ± 0.01

e
 31.89 ± 1.08

b
 14.16 ± 0.21

ab
 

Wonderful 16.49 ± 0.15
a
 0.91 ± 0.05

d
 18.75 ± 1.13

d
 14.68 ± 0.19

a
 

Herskawitz 15.30 ± 0.15
b
 1.56 ± 0.05

b
 9.91 ± 0.36

f
 12.19 ± 0.19

d
 

P-values Cultivar (A) < 0.0001 < 0.0001 < 0.0001 < 0.0001 

 Storage duration (B) 0.3021 < 0.0001 < 0.0001  0.0739 

 A × B  0.6294 < 0.0001 < 0.0001 < 0.0001 

 414 

Table 3 Chemical attributes of fruit juice from pomegranate cultivars (‘Acco’, ‘Wonderful’ and 415 

‘Herskawitz’) stored under prolonged immediate shelf storage of 16 d at 23 ⁰ C/58 % RH  416 

Storage 

conditions 

Cultivar TSS 

(⁰Brix) 
TA 

(mg 100 mL
-1

) 

TSS/TA BrimA 

0 d Acco 14.67 ± 0.41
c
 0.25 ± 0.02

e
 59.67 ± 4.25

a
 14.17 ± 0.41

bcd
 

Wonderful 16.50 ± 0.21
b
 1.62 ± 0.04

b
 10.24 ± 0.28

c
 13.26 ± 0.22

de
 

Herskawitz 14.82  ± 0.37
c
 1.16 ± 0.04

c
 12.89 ± 0.51

c
 12.51 ± 0.37

e
 

8 d [23 °C] Acco 15.89 ± 0.21
b
 0.28 ± 0.01

e
 57.23 ± 2.61

a
 15.32 ± 0.19

a
 

Wonderful 17.71 ± 0.18
a
 1.91 ± 0.17

a
 9.82 ± 0.76

c
 13.89 ± 0.41

d
 

Herskawitz 15.90 ± 0.39
b
 1.26 ± 0.11

c
 13.16 ± 0.93

c
 13.38 ± 0.30

de
 

16 d [23 °C] Acco 16.26 ± 0.12
b
 0.69 ± 0.08

d
 24.02 ± 0.98

b
 14.89 ± 0.15

abc
 

Wonderful 17.47 ± 0.19
a
 1.25 ± 0.10

c
 14.77 ± 1.13

c
 15.02 ± 0.29

ab
 

Herskawitz 16.41 ± 0.23
b
 1.20 ± 0.08

c
 14.14 ± 1.00

c
 14.00 ± 0.22

cd
 

P-values Cultivar (A) < 0.0001 < 0.0001 < 0.0001 < 0.0001 

 Storage duration (B) < 0.0001 0.1685 < 0.0001 < 0.0001 

 A × B 0.5465 < 0.0001 < 0.0001 0.0983 



 

3.6 Multivariate analysis 417 

3.6.1 Principal component analysis (PCA)  418 

The variability of physical and physio-chemical attributes of fruits from the three cultivars was 419 

summarised in a PCA. Figure 8a-b shows that fruit cultivars exhibited both similar and distinct 420 

variability in characteristics at different storage periods. The total variability at the different 421 

storage conditions was explained by 11 principal factors (F1 to F11) and the first two factors 422 

were considered . The first two factors explained 63.3 % of the total variability, with F1 & F2 423 

characterising 39.7 and 23.6 %, respectively. Along F1 of Figure 8a, postharvest characteristics 424 

of ‘Herskawitz’ and ‘Wonderful’ fruits at 42 d of cold storage was to a great extent similar to 425 

their characteristics at eight days of shelf storage. This could be attributed to the comparable 426 

average water loss of 8.80 % observed in each case. On the other hand, fruits at 42 d of cold 427 

storage and an additional eight days of shelf storage are comparable in characteristics with fruits 428 

kept for 16 d under immediate shelf conditions. Therefore, pomegranate fruits subjected under 429 

enhanced water loss conditions of shelf life, can to a substantial extent be used to make 430 

inferences on fruits under prolonged cold storage. Along F2, the characteristics of ‘Acco’ and 431 

‘Herskawitz’ were more on the opposite ends while ‘Wonderful’ was intermediate with a greater 432 

leaning towards ‘Acco’ than ‘Herskawitz’.  433 

Along F1, Figure 8b reveals that of all the tested quality characteristics, fruits at 42 d of cold 434 

storage and eight days of immediate shelf life were more characterised by peel proportion, 435 

moisture content and thickness, colour redness (a*) and chroma intensity (C*) and fruit puncture 436 

resistance. On the other hand, fruit water loss, water loss per unit surface area and aril proportion 437 

can be used to characterise pomegranate fruits at the end of cold storage and additional days of 438 

shelf life or fruit under prolonged shelf storage. Along F2, ‘Acco’ fruits (especially at eight days 439 



 

of shelf storage) are characterised by aril moisture content, peel colour lightness (L*) and hue 440 

angle (h °), TSS/TA and BrimA. On the other hand, the total colour difference (TCD) and 441 

titratable acidity (TA) characterise ‘Herskawitz’ fruits especially at the end of both shelf storage 442 

regimes.  443 

3.6.2 Pearson correlation  444 

The Pearson correlation test was performed to establish the relationships among the physical 445 

physio-chemical attributes of pomegranate fruits, across all the tested storage conditions (Table 446 

4). Significant (P < 0.05) correlations were observed among most of the analysed quality 447 

attributes of the pomegranate fruits (Table 4). Fruit water loss per unit fruit mass WL exhibited 448 

strong positive correlations with water loss per unit surface area WLA (r = 0.981) and total colour 449 

difference TCD (r = 0.774) as well as strong negative correlations with peel thickness PT (r = -450 

0.647), peel colour lightness L* (-0.751), redness (r = -0.648) and chroma intensity C* (r = -451 

0.793). This implies that fruits such as ‘Herskawitz’ with high water loss per unit surface area 452 

and total colour difference are more susceptible to water loss while fruits with high peel 453 

lightness, redness and chroma intensity such as ‘Acco’, are less susceptible to water loss (Figure 454 

8b).  455 

A significant and moderate negative correlation (r = -0.508) exists between water loss WL and 456 

peel proportion across all tested conditions. However, this relationship is specifically very strong 457 

(r = -0.823) for fruits under cold storage and subsequent shelf storage. Furthermore, a significant 458 

and very strong positive correlation is observed between peel proportion with peel moisture 459 

content (r = 0.839) and thickness (r = 0.892), as observed in ‘Herskawitz’ fruits.  460 



 

Peel chroma intensity is strongly influenced by fruit water loss (r = -0.793) and very strongly 461 

influenced by redness colour (r = 0.950) and positively correlated with fruit puncture resistance 462 

(0.531), peel thickness (0.597) and moisture content (0.566).   463 

Other attributes that significantly (P < 0.05) correlated with water loss in pomegranates include 464 

respiration rate, fruit puncture resistance, peel hue angle, TSS, TSS/TA and BrimA. Respiration 465 

rate was significantly and positively correlated with peel redness (0.555). As observed, fruits 466 

with higher peel redness (‘Acco’ and ‘Herskawitz’) also had significantly higher respiration rate 467 

compared to fruits (‘Wonderful’) with lower peel redness value. Furthermore, the respiration rate 468 

was significantly influenced by the TSS as expected while TSS/TA was strongly and negatively 469 

influenced by TA (r = -0.848) as opposed to TSS (r = -0.217). The puncture resistance of the 470 

fruits was significantly influenced by the peel moisture content and thickness as expected.  471 



 

 472 



 

Figure 8 Principal component analysis of the first two components (F1 and F2) showing 473 

observations (a) and variables (b) based on the physical, mechanical and physio-chemical 474 

attributes of pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) stored for 42 d 475 

at 7 ⁰ C / 90 % RH followed by additional 8 d of shelf storage at 23 ⁰ C / 58 % RH and under 476 

prolonged immediate shelf storage of 16 d. WL and WLA, weight loss per unit mass and unit 477 

surface area, respectively; TCD, total colour difference; MC_Arils, moisture content (wet basis) 478 

of arils; MC_peel, moisture content (wet basis) of peel; PFR, puncture force resistance; PT, peel 479 

thickness; L*, lightness; a*, redness; C*, chroma; h ⁰ , hue angle; TSS, total soluble solids; TA, 480 

titratable acidity; RR, respiration rate.   481 

 482 



 

Table 4 Pearson correlation coefficient matrix between the physical and physio-chemical attributes of pomegranate fruit (‘Acco’, 483 

‘Wonderful’ and ‘Herskawitz’) stored for 42 d at 7 °C/90 % RH followed by additional 8 d of shelf storage at 23 °C/58 % RH and 484 

under prolonged immediate shelf storage of 16 d 485 

Variables WL 𝑊𝐿𝐴 

Arils 

(%) 

Peel 

(%) MC_Arils MC_Peel PT PFR L* a* C* h ⁰ TCD RR TSS TA TSS:TA BrimA 

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 1 

 

            

MC_Peel -0.585 -0.494 -0.839 0.839 -0.637 1             

PT -0.647 -0.596 -0.892 0.892 -0.415 0.862 1            

PFR -0.510 -0.394 -0.437 0.437 -0.253 0.505 0.270 1           

L* -0.751 -0.773 -0.076 0.076 0.413 0.039 0.126 0.254 1          

a* -0.648 -0.668 -0.499 0.499 -0.172 0.508 0.629 0.412 0.237 1         

C* -0.793 -0.793 -0.462 0.462 -0.161 0.566 0.597 0.531 0.416 0.950 1        

h ⁰ -0.160 -0.105 0.311 -0.311 0.175 -0.067 -0.339 0.148 0.439 -0.540 -0.254 1       

TCD 0.774 0.715 0.311 -0.311 0.035 -0.331 -0.342 -0.606 -0.655 -0.636 -0.791 -0.158 1      

RR 0.071 0.047 -0.023 0.023 -0.124 0.019 0.056 -0.003 -0.183 0.555 0.437 -0.565 -0.238 1     

TSS 0.242 0.344 0.264 -0.264 -0.352 -0.123 -0.404 0.283 -0.102 -0.192 -0.059 0.374 -0.320 0.204 1    

TA -0.003 0.096 -0.408 0.408 -0.678 0.618 0.486 0.118 -0.330 0.063 0.085 -0.014 0.017 0.018 0.271 1   

TSS:TA -0.146 -0.253 0.476 -0.476 0.720 -0.497 -0.374 -0.056 0.307 0.184 0.166 -0.072 -0.165 0.189 -0.217 -0.848 1  

BrimA 0.193 0.188 0.561 -0.561 0.310 -0.632 -0.739 0.121 0.205 -0.206 -0.120 0.307 -0.267 0.145 0.553 -0.652 0.563 1 

WL and WLA, weight loss per unit mass and unit surface area, respectively; TCD, total colour difference; MC_Arils, moisture content 486 

(wet basis) of arils; MC_peel, moisture content (wet basis) of peel; PFR, puncture force resistance; PT, peel thickness; L*, lightness; 487 

a*, redness; C*, chroma; h ⁰ , hue angle; TSS, total soluble solids; TA, titratable acidity; RR, respiration rate. Values in bold are 488 

different from 0 with a significance level alpha=0.95. 489 

 490 



 

4 Conclusion  491 

The study aimed to characterise the water loss susceptibility of pomegranate fruit cultivars 492 

(‘Acco’, ‘Wonderful’ and ‘Herskawitz’) based on the fundamental physical and physio-chemical 493 

attributes during cold shipping conditions and open shelf market conditions. Generally, the major 494 

effect factors: cultivar, storage conditions, and their interaction significantly influenced water 495 

loss, respiration rate, peel thickness, peel colour redness and chroma, total colour difference, peel 496 

moisture content, fruit firmness, and titratable acid. The study reveals that despite physiological 497 

and structural differences among pomegranate cultivars, water loss characteristics are similar 498 

during the 42 d of cold storage. However, medium-sized fruits (‘Herskawitz’ and ‘Wonderful’) 499 

are characterised by a relatively higher water loss than small-sized fruits (‘Acco)’ during 500 

prolonged storage.  501 

The study revealed that water loss in pomegranate fruits is primarily and majorly from the peel 502 

proportion and that peel related properties such as thickness, moisture content and puncture 503 

resistance were significantly influenced by the storage duration. Despite the fact that water loss 504 

resulted into deterioration of external aesthetic appeal of the fruits, the edible portion of the fruits 505 

(the arils) remained unaffected even at total water loss of 24.2 %. Hence, juice yield was 506 

minimally affected by the tested storage duration. Therefore, research should primarily focus on  507 

the peel fraction in addressing the water loss problems of pomegranate fruits. This information is 508 

helpful to plant breeders in selecting against water loss susceptible cultivars.  509 
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Figures

Figure 1

Weight loss pro�le of pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) expressed per unit
fruit mass (WL) and per unit surface area (WL_A) during storage: (a and d) for 42 d at 7 ⁰C / 90 % RH,
(b and e) followed by additional 8 d of shelf storage at 23 ⁰C / 58 % RH and (c and f) under immediate
prolonged shelf storage of 16 d at 23 ⁰C / 58 % RH. The data points are means (n = 12) and the vertical
lines represent standard error of the mean. The lines in d, e and f are predictive trend lines �tted on the
experimental data. Numerical values of A and B are p-values.



Figure 2

Changes in the respiratory carbon dioxide production rate (R_(CO_2 )) for pomegranate fruit cultivars
(‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a) for 42 d at 7 ⁰C / 90 % RH followed by additional
8 d of shelf storage at 23 ⁰C / 58 % RH and (b) under prolonged immediate shelf storage of 16 d at 23 ⁰C
/ 58 % RH. Measurements taken at 7 ⁰C (a) and 23 ⁰C (b). The bars represent mean values (n=12) and the
vertical lines are standard errors of the mean Bars with different letters are signi�cantly different (P <
0.05) and numerical values of A and B are p-values.



Figure 3

Variation of peel colour attributes of lightness (L*) and redness (*) for pomegranate fruit cultivars (‘Acco’,
‘Wonderful’ and ‘Herskawitz’) during storage: (a and d) for 42 d at 7 ⁰C / 90 % RH, (b and e) followed by
additional 8 d of shelf storage at 23 ⁰C / 58 % RH and (b and e) under immediate prolonged shelf storage
of 16 d at 23 ⁰C / 58 % RH (c and f). The data points represent mean values (n = 12) and the vertical lines
represent standard error of the mean. Numerical values of A and B are p-values.



Figure 4

Variation in peel chroma intensity (C*), hue angle (h ⁰) and total colour difference (TCD) for pomegranate
fruit cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) during storage: (a and d) for 42 d at 7 ⁰C / 90 % RH, (b
and e) followed by additional 8 d of shelf storage at 23 ⁰C / 58 % RH and (c and f) under immediate
prolonged shelf storage of 16 d at 23 ⁰C / 58 % RH (c and f). The data points represent mean values (n =
12) and the vertical lines represent standard error of the mean. Numerical values of A and B are p-values.



Figure 5

Variation in the puncture resistance force for pomegranate fruit cultivars (‘Acco’, ‘Wonderful’ and
‘Herskawitz’) during storage: (a) for 42 d at 7 ⁰C / 90 % RH followed by additional 8 d of shelf storage at
23 ⁰C / 58 % RH and (b) under prolonged immediate shelf storage of 16 d at 23 ⁰C / 58 % RH. The bars
represent mean values (n=12) and the vertical lines are standard errors of the mean. Bars with different
letters are signi�cantly different (P < 0.05) and numerical values of A and B are p-values.



Figure 6

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 ⁰C / 90 % RH followed by additional 8 d of shelf storage at 23 ⁰C /
58 % RH and (c and d) under prolonged immediate shelf storage of 16 d at 23 ⁰C / 58 % RH. The bars
represent mean values (n=12) and the vertical lines are standard errors of the mean. Bars with different
letters are signi�cantly different (P < 0.05) and numerical values of A and B are p-values.



Figure 7

Changes in the peel thickness, aril and peel moisture content for pomegranate fruit cultivars (‘Acco’,
‘Wonderful’ and ‘Herskawitz’) during storage: (a, c and e) for 42 d at 7 ⁰C / 90 % RH followed by additional
8 d of shelf storage at 23 ⁰C / 58 % RH and (b, d and f) under prolonged immediate shelf storage of 16 d
at 23 ⁰C / 58 % RH. The bars represent mean values (n=12) and the vertical lines are standard errors of
the mean. Bars with different letters are signi�cantly different (P < 0.05) and numerical values of A and B
are p-values.



Figure 8

Principal component analysis of the �rst two components (F1 and F2) showing observations (a) and
variables (b) based on the physical, mechanical and physio-chemical attributes of pomegranate fruit
cultivars (‘Acco’, ‘Wonderful’ and ‘Herskawitz’) stored for 42 d at 7 ⁰C / 90 % RH followed by additional 8 d
of shelf storage at 23 ⁰C / 58 % RH and under prolonged immediate shelf storage of 16 d. WL and WLA,
weight loss per unit mass and unit surface area, respectively; TCD, total colour difference; MC_Arils,



moisture content (wet basis) of arils; MC_peel, moisture content (wet basis) of peel; PFR, puncture force
resistance; PT, peel thickness; L*, lightness; a*, redness; C*, chroma; h ⁰, hue angle; TSS, total soluble
solids; TA, titratable acidity; RR, respiration rate.


