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Abstract 

Fresh-cut fruit products value-add convenience for consumers. This research 

was to identify significant factors that impact the quality maintenance of fresh-cut 

watermelon and suggest processes that can be implemented by the industry to 

address them. The effects of both processing and storage factors on fresh-cut 

watermelon quality and shelf-life were therefore investigated in both laboratory and 

industrial conditions in collaboration with industrial partners. Experiments were 

conducted on harvest factors that determine whole watermelon fitness for fresh-cuts, 

effects of commercial operating cutting conditions on quality maintenance responses 

and impacts of ethylene from harvest through to storage.  

The significance of processing factors on fresh-cut watermelon quality 

maintenance was evaluated with two screening trials with four processing factors in 

each. Trial 1 utilised Plackett-Burman Screening Design and Trial 2 used a Definitive 

Screening Design. Better fresh-cut quality over storage was associated with 0.5 hr 

holding time, 200 µL/L free chlorine pre-cut sanitation of whole watermelons, 0 µL/L 

free chlorine post-cut sanitation (no sanitiser application), 3 cm cut size, 0.3 M calcium 

ascorbate and misting of both post-cut sanitiser and antioxidants. Further trials 

indicated the importance of pre- and post-cut storage temperatures and methods of 

sanitiser application. 

The exposure of watermelons to ethylene was examined by assessing the 

concentration of ambient ethylene at various points along the supply chain. These 

were from the air at the farm, processing area, distribution centres, and supermarket 

stores as well as from the headspaces above packaged fresh-cut product. Ethylene 

concentrations in distribution centres and in the fresh-cut headspace were at levels 
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(4 µL/L to 10 µL/L) associated with accelerated degradation of whole watermelon 

quality such as firmness, appearance, and development of watersoaking symptoms.   

The exposure of fresh-cut watermelon to ethylene was investigated in the 

laboratory. The effects of four ethylene concentrations (<0.001 µL/L, 0.01 µL/L, 

0.1 µL/L, 1 µL/L) on fresh-cut watermelon were examined utilising a continuous flow 

gas flushing system with premixed ethylene. Analysis of data from six independent 

batches of watermelons showed strong batch dependent effects. The differences for 

appearance, aroma and colour changes between the ethylene concentrations were 

marginally significant (p < 0.05) in only two batches. Similarly, respiration, ethylene 

production rates, ion leakage and watersoaking were significantly affected by ethylene 

concentration in two of the six batches. There was no evidence for firmness, and 

soluble solid content being affected by ethylene concentration. In contrast, combined 

data from the six batches identified undesirable changes in hue angle and lightness in 

fresh-cut watermelons flushed with the lowest ethylene concentration (<0.001 µL/L) 

(p = 0.025 for hue and p = 0.032 for lightness).  

The potential effects of controlling ethylene exposure from the point of 

watermelon harvest were tested. Treatment with ethylene removal sachets was 

applied at harvest into the bulk packs of commercially grown whole watermelons along 

with a no-treatment control. The watermelons were then transported 3,200 kilometres 

by a chain of different transport companies from Ali Curung, Northern Territory to 

Western Junction, Tasmania, Australia via Adelaide to Melbourne. In the journey from 

Adelaide to Melbourne Markets, involving 700 km and 8 hours, two transport 

temperature treatments (refrigerated and non-refrigerated) were used. Ethylene 

removal sachets did not significantly affect appearance, aroma, and development of 

watersoaking of whole watermelons. However, the mean values for watersoaking 



Page | 14  
 

index were lower for whole watermelons with the sachets than untreated controls after 

being stored for 6 days in the distribution centre (13 °C, ethylene ~4 µL/L). Lowering 

transport temperatures earlier in the supply chain better maintained whole 

watermelons appearance and slowed watersoaking development. 

New post processing means to preserve watermelon quality were trialled. The 

potential of four novel gas treatments (carbon dioxide, hydrogen, potassium 

permanganate-based ethylene removal sachets, hydrogen sulfide) were evaluated on 

fresh-cut watermelon commercial quality parameters under different treatment times 

(5-hour shock and continuous) and concentrations (varied to be appropriate to gas 

type). The 5-hour shock treatments of permanganate-based ethylene removal sachets 

enabled better maintenance of fresh-cut watermelon appearance and reduced 

watersoaking symptoms. The 4.2 µL/L hydrogen gas substantially improved 

maintenance of firmness, appearance, watersoaking symptoms, SSC and respiration 

rates but not juice leakage. With oxygen kept above 13 % v/v over storage, modified 

atmosphere with 7 % v/v CO2 improved maintenance of juice leakage, appearance, 

aroma, ion leakage, respiration rates. Firmness, pH, SSC, and conductivity were 

unaffected by 7 % v/v CO2.  

The research has therefore indicated that development of better fresh-cut 

watermelon quality systems will rely on managing multiple factors along the supply 

chain. This includes managing ethylene exposure and temperature from harvest, as 

well as improvement of processing and storage factors. Novel gas treatments, beyond 

existing MAP, also showed potential for enabling better fresh-cut watermelon quality 

maintenance.  
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Chapter 1: Introduction 

1.1 Background  

The Australian Research Council Training Centre of Innovative Horticultural 

Products (ARC-IHP) was co-funded by the Australian Government and Australia’s 

largest supermarket retailer Woolworths Ltd. The aim of the Training Centre was to 

train industry ready food scientists emphasising on developing solutions that can be 

implemented into existing industry with minimal risk and costs. To achieve this goal, 

this PhD project involved 1.2-years off campus to facilitate industrial training and 

research exposure at the premises of our industrial and research partners. The 

industrial partners were a fresh fruit and vegetable products supplier that is involved 

in fresh-cut production and a major supermarket retailer that markets the fresh-cut 

products across Australia 

In Australia, fresh-cut fruits are generally processed centrally and distributed to 

retailers. The seasonal fruit supply chain extends from the tropical north to the 

temperate south resulting in road transport to the processing centres that can be 

thousands of kilometres and up to 3 days travel. With distribution taking up to three 

additional days, better quality maintenance is needed to enable consumers to access 

fresher cut produce and to reduce waste from degraded product. Consultation with 

industrial partners, and observation of commercial product performance, resulted in 

watermelon being selected as a good research development case study example for 

other fruit types. Watermelons have a unique fragile inner mesocarp with very large 

cell sizes (100-200 µm) and numerous intercellular spaces. Watermelon sensitivity to 

degradation makes it a robust model to trial interventions that can be applied to other 

fresh-cut fruits. Technologies to better maintain quality fresh-cut watermelons have to 

aim for shelf-life past the current 6 days.  
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1.2 Research Context 

1.2.1 Reducing biochemical and physiological changes 

While it is known that various factors contribute towards fresh-cut quality 

(Ansah et al., 2018; Spadafora et al., 2019; Soliva-Fortuny & Martıń-Belloso, 2003), it 

is not well established which factors have the most effect on fresh-cut quality and how 

they can be industrially manipulated to improve outcomes. The study in Chapter 3 

evaluates eight pre-cut and processing factors using screening designs to determine 

the most significant factors that the industry can prioritise on for better fresh-cut 

watermelon quality maintenance. The factors included in the trials were chosen based 

on their potential to reduce the extent of wounding and hence lower biochemical and 

physiological changes. For example, bigger cube sizes make the fresh-cut 

watermelons less prone to juice leakage and quality loss (Fonseca et al., 1999). Novel 

treatments such as misting of sanitisers and antioxidants were evaluated, alongside 

more conventional factors such as storage temperatures. The interaction between 

whole fruit and fresh-cut product storage temperatures on extending product quality 

had also not been explored in the literature. 

1.2.2 Exposure to exogenous ethylene 

Exogenous ethylene is commonly regarded as non-vital to shelf-life of non-

climacteric produce. However, ethylene concentrations found in ambient air 

commercial environments (0.017 µL/L to 0.035 µL/L) have been associated with 10 % 

to 30 % shelf-life loss in non-climacteric ethylene sensitive produce (Warton, Wills & 

Ku, 2000). Although whole watermelons have been shown to be sensitive to ethylene, 

most studies administered ethylene at high concentrations (1 µL/L to 50 µL/L). There 

has been a single commercial simulation trial with 0.040 µL/L to 0.050 µL/L 
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accumulated during storage (Mao et al., 2004). There were no known quality and shelf-

life studies that administered exogenous ethylene to fresh-cut watermelons.  

Studies on reducing exogenous ethylene to ultra-low levels (<0.001 µL/L) in 

Chapter 4 aimed to improve understanding of its effects on fresh-cut watermelons 

shelf-life and quality. Additionally, Chapter 5 sought to provide insights into ethylene 

control measures, along the supply chain from harvest, on the quality of whole 

watermelons used as the raw material for fresh-cuts.  

1.2.3 Innovative treatments that potentially manipulate wound signal 

molecules 

Recent studies have shown that novel gas compounds, some previously known 

to be toxic to organisms, can prolong quality maintenance of whole or fresh-cut 

produce (Gong et al., 2018; Hancock, 2017). It has also emerged that postharvest 

quality retention relies on maintenance of cellular energy status (Jiang et al., 2007), 

preserving antioxidative capabilities and lowering the senescence accelerating effect 

of ethylene (Signorelli et al., 2019). Novel compounds such as hydrogen gas and 

hydrogen-rich water have shown to be effective on whole kiwifruits, through 

mechanisms related to reducing ethylene (Hu et al., 2018) and increasing antioxidative 

systems (H. L. Hu et al., 2014). However, their effects on fresh-cut fruits have not been 

evaluated.  

Additionally, it is not known whether disrupting the wounding response could 

lead to better storage quality and shelf-life extension. Along with the evaluation of 

novel gas treatment dosage, studies in Chapter 6 of this thesis aimed to provide 

insights into any benefits from shock treatments that target the initial wound response 

after cutting.  



Page | 21  
 

1.3 Objectives of the Thesis 

The research in this thesis has investigated factors and treatments across pre-

cut, processing and storage stages based on their potential benefits on shelf-life and 

quality of fresh-cut watermelon.  

The nature of our industry partners, as a major retailer and a major fresh-cut 

processor, provided the mechanism and case study for postharvest factors to be 

researched. Implementation risks and costs were taken into consideration when 

selecting factors for evaluation studies. There was an industry preference to research 

new technologies that could also utilise existing equipment. This study examined the 

effects of supply chain and processing variables on fresh-cut watermelons using 

commercial quality assessment approaches. Further studies evaluated the effects of 

technologies using more laboratory-based measurements of physiological changes 

related to understanding of the underlying quality deterioration mechanisms. Effects 

of technologies on microbiological safety, aroma profiling and enzymatic changes 

were not the focus of this study.  

The objectives of this PhD thesis were therefore: 

1. Identify the important pre-cut and processing factors that impact on fresh-cut 

watermelon quality and shelf-life (Chapter 3) 

2. Determine the effects of exogenous ethylene at ultra-low levels on the quality 

of fresh-cut watermelons (Chapter 4) 

3. Examine the effects of ethylene control from harvest of whole watermelons to 

processing (Chapter 5) 
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4. Assess the potential for using innovative approaches such as new MAP, 

hydrogen gas, and ethylene removal sachets just after cutting of watermelons 

(Chapter 6).  
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Chapter 2: Review of the Literature 

2.1 Introduction 

Fresh-cut fruit sales have increased in recent years as demand grows for ready-

to-eat, healthy, and convenient products for busy consumers, with almost 20 % volume 

growth between 2009 and 2014 in the Asia Pacific region (Kocheri, 2015). 

Fresh-cutting or minimal processing involves injuring fruit cells and exposing them to 

a very contrasting environment compared to that experienced by an intact fruit. 

Enzymes and nutrients, normally compartmentalised, are mixed on cutting and wound 

response reactions can then be initiated. For watermelons, major common issues 

related to fresh-cut quality and shelf-life include excessive softening of the tissue, 

discolouration and watersoaking appearance, juice leakage, and off odours (Cartaxo 

et al., 1998; Mao et al., 2004; Perkins-Veazie & Collins, 2004). However, with its 

natural skin barriers removed, cut fruits are also highly susceptible to microbial 

spoilage (Qadri et al., 2015). 

Watermelon (Citrullus lanatus) is the second most produced fruit in the world, 

with 103.9 million tonnes being produced in 2018 (FAO, 2019). Fresh-cut watermelon 

forms one of the most popular fresh-cut fruit types in the USA (Cook, 2014). 

Watermelon comes from the Cucurbitaceae family that also includes honeydew 

(Cucumis melo cv. Inodorus), rockmelon (Cucumis melo), cucumber (Citrullus sativus 

L), and butternut squash (Cucurbita moschata Duch.). Watermelon production peaks 

in summer in temperate regions, while cultivation spans throughout the year in tropical 

regions. Year-round commercialisation is feasible for fresh-cut processors by altering 

their source of supplies. In Australia these could be as far as thousands of kilometres 

away with horticultural production in the tropical Northern Territory and major sales in 

the temperate and populous south. It is important to have control steps starting from 



Page | 24  
 

the harvest stage through to processing to ensure that the raw material, is maintained 

in an optimum condition.  

To improve quality maintenance of fresh-cut produce, Hodges and Toivonen 

(2008) indicated the need to derive strategies that consider the mechanisms behind 

wound responses. In a recent review, Kyriacou et al. (2018) discussed the effects of 

genotypic and agro-environmental factors on watermelon and melon fruit quality. 

Other reviews have provided insights into the biochemical changes related to fresh-

cut produce (Lamikanra & Watson, 2002; Toivonen & Brummell, 2008), and modified 

atmosphere and packaging solutions (Ghidelli & Perez-Gago, 2018; Wilson et al., 

2017). Perkins-Veazie et al. (2012) provided an overview on handling of watermelon, 

rockmelon, and honeydew from harvest to the end products, including a short section 

for fresh-cuts. Therefore, the potential factors across the supply chain that affect 

quality and shelf-life of fresh-cut watermelons, can be examined to enable the 

identification of new research priorities for fresh-cut watermelon research.  

2.2 Effects of raw material on quality of fresh-cut watermelons 

Adverse quality at harvest, and any suboptimal handling conditions, can 

accelerate senescence and deterioration (Wills & Golding, 2016). Consideration is 

needed on selection and management of whole watermelons that could lead to 

increases in shelf-life and quality of fresh-cut watermelons. Informal industrial 

feedback also indicated that it is a common misconception that raw material for fresh-

cut fruits could be of inferior quality than those that are sold whole. This is presumably 

because it is perceived that fresh-cut can be used to mask or remove whole fruit 

defects. This section summarises why high-quality whole fruits should be 

recommended for longer shelf-life.  
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2.2.1 Cultivars 

Cultivar is a determinant of watermelon taste and flavour and therefore an 

important quality consideration for fresh-cut watermelon. The sugar-to-acid ratios 

between two mini watermelon cultivars were significantly different (Vinson et al., 

2010). Variations in reducing sugar ratios, and sucrose accumulation ranged between 

20-50 % of total sugars in watermelon cultivars (Yativ et al., 2010). High sucrose 

accumulation in watermelons correlated with a high total sugar content (Yoo et al., 

2012). However, there also exist watermelon cultivars that do not conform to this. An 

example cultivar is “Dixie Lee” that has low sucrose while having a high total sugar 

content (Yoo et al., 2012). Recently, there have been attempts to breed watermelon 

cultivars that are exotic in taste. “SW” cultivar has a sweet and sour flavour due to its 

higher malic acid content (Gao et al., 2018).  In the future, cultivars particularly high in 

different sugar types could be preferred from a health perspective, as consumption of 

high levels of glucose or fructose may lead to adverse health outcomes for consumers 

(Stanhope & Havel, 2008). Additionally, cultivars particularly high in certain reducing 

sugar types or organic acids could be selected according to the flavour preference of 

consumers. 

Another influence of cultivar on fresh-cut fruit quality is on the volatile aroma 

compounds. Five different seedless watermelon cultivars were found to have different 

percentages of the most abundant aroma compounds in analysis by Beaulieu and Lea 

(2006). Depending on cultivar, the number of volatiles in watermelon juice ranged from 

36 to 45 (Liu et al., 2018). A cultivar specifically developed for fresh-cut, due to its firm 

flesh (RML8219), had the highest (Z)-6-nonenal and lowest hexanal in terms of 

proportion of total aroma compared to four other varieties (Beaulieu & Lea, 2006).  
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Similar coloured watermelon cultivars were assessed to have comparable 

compositions of carotenoids and this correlated well with their specific aroma profiles. 

This is due to oxidation of specific carotenoids which leads to specific aromatic 

precursors (Lewinsohn et al., 2005). An example is the emission of geranial from 

lycopene derivatives. Interestingly, from the same research, this trend was observed 

for tomatoes as well. From the perspective of colour differences between cultivars, 

those cultivars with high lycopene content had lower hue angles and higher chroma 

and vice versa (Nagal et al., 2012). Cultivar is also a factor in determining aroma 

profiles of mangoes (Pandit et al., 2009), strawberries (Forney et al., 2000), pineapple 

(Zheng et al., 2012) and fresh-cut cantaloupe melons (Beaulieu, 2005).  

Cultivars that lead to less juice leakage over storage are beneficial and 

desirable. Juice leakage creates a soaked region that promotes undesirable anaerobic 

metabolism such as fermentation and anaerobic bacterial growth. A cultivar 

“RML8219” was described as having a firm flesh (Beaulieu & Lea, 2006). Several 

newer seedless cultivars were also noted by Perkins-Veazie et al. (2012) to have 

tougher texture and less juice release. The seeded cultivar “Summer Flavor 800” 

leaked juice equivalent to 13 % of its weight, while lower juice leakage equivalent to 

10 % of fruit weight was measured for seedless “Sugar Shack” watermelon cubes over 

a 10-day storage period at 2 °C, with juice leakage not increasing significantly after 

2 days storage (Perkins-Veazie & Collins, 2004).  

From the perspective of tolerating stress, the stress response potential of whole 

fruit is a major factor in determining the quality of fresh-cut products (Hodges & 

Toivonen, 2008). Small-molecule antioxidants such as ascorbic acid, tocopherol, 

carotenoids, and glutathione, together with enzymatic antioxidants such as superoxide 

dismutase (SOD), catalase (CAT) and ascorbate peroxidases (APX) form a defence 



Page | 27  
 

against oxidative stress caused by ROS (Nimse & Pal, 2015). Ascorbic acid is one of 

the antioxidative buffers in fruit cells during oxidative stress. It counters oxidation of 

hydrogen peroxide in a reaction catalysed by ascorbate peroxidase (Smirnoff & 

Wheeler, 2000). Among 11 cultivars of watermelon, ascorbic acid ranged from 0 mg/kg 

to 28 mg/kg and 14 mg/kg to 44 mg/kg at the beginning and end of the harvest season 

respectively (Yoo et al., 2012). Artés-Hernández et al. (2010) reported levels of 

ascorbic acid between 116 mg/kg and 122 mg/kg for the watermelon cv. “Fashion”, 

with a mean loss of 6 % ascorbic acid after 11 days of fresh-cut storage at 5 °C. These 

results suggest ascorbic acid in watermelon is cultivar and season dependent. Yoo et 

al. (2012) also noted that ascorbic acid concentrations can even be vastly different 

among individual watermelons of the same cultivar. Carotenoids, especially lycopene, 

are the main antioxidative compounds in watermelon, and as mentioned above, levels 

differ among cultivars (Lewinsohn et al., 2005; Perkins-Veazie & Collins, 2006), with 

a range from 0.2 µg/g to 27.8 µg/g (Yoo et al., 2012). Non-enzymatic antioxidative 

capacities of watermelons also differed among cultivars as observed by Nagal et al. 

(2012). They ranged from 41 µmol/100g to 78 µmol/100g Trolox equivalent 

antioxidative capacity.  

Selecting cultivars that have higher oxidative stress tolerance could lead to 

better fresh-cut quality and shelf-life. Although not on fruits or vegetables, a study by 

Kaur et al. (2016) on rice, depicted the role of cultivars in determining plant stress 

tolerance. Rice cultivars tolerant to salt stress expressed higher amounts of 

antioxidative enzymes (SOD, APX, guaiacol peroxidase, glutathione reductase) than 

cultivars that are not tolerant. It is also one of the first studies to indicate crosstalk 

between ROS generating and scavenging systems, where plants tolerant to salt stress 

also have higher NADPH oxidase and hydrogen peroxide levels. Enzymes such as 
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dehydroascorbate reductase (DHAR) and monodehydroascorbate reductase 

(MDHAR) responsible for catalysing ascorbate acid back to its reduced form were also 

higher in salt tolerant cultivars (Kaur et al., 2016). Additionally, higher free proline and 

less malondialdehyde (product of lipid peroxidation) were found for the salt tolerant 

cultivars of rice. Proline has been suggested to be part of the antioxidative system, 

where Rejeb et al. (2014) reviewed the metabolism of proline in relation to reactive 

oxygen species. Potentially watermelon cultivars showing similar high antioxidant 

responses to stress could be identified and given priority consideration for cultivation 

as fresh-cut melons.   

Ethylene is a gaseous phytohormone that triggers transcriptional cascades 

that, among other effects, leads to accelerated maturation and senescence in many 

horticultural crops (Binder, 2020; Saltveit, 1999; Theologis, 1992; Wills et al., 1999). 

Regulating ethylene production and signal transduction to maintain quality in fruits is 

a goal of agricultural research and may be applicable to maintaining extended quality 

in fresh-cut watermelons.  In other fruit, notable cultivar related differences include the 

ethylene production profile of different apple cultivars (Watkins et al., 1989). However, 

unlike apples, watermelons are low ethylene emitters. The effectiveness of 

interventions such as 1-MCP to block ethylene receptors was found to be varied 

among cultivars of apple (Rupasinghe et al., 2005) and zucchini (Megías et al., 2016). 

Therefore, watermelons could have different responses to ethylene control among 

different cultivars. Picchioni and Watada (1998) also suggested the role cultivars play 

in determining the ability for synthesising phospholipids in membranes following injury 

and long-term storage in carrots. Cultivar differences in repair mechanisms may also 

be applicable to improving the responses of watermelons to cutting.   
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2.2.2 Growing conditions  

For optimal watermelon fruit development, continuous light and warm 

temperature is required (Buttrose & Sedgley, 1978). Cell division in the flesh region of 

watermelons occur mostly within 4 days after pollination, while subsequent fruit growth 

is due to enlargement of the fruit cells (Kano, 1993). Cells in the rind enlarge very little, 

and thus the rind increases in size by cell division (Kano, 1993). Kano (1993) 

suggested the need for balanced growth of the flesh and rind to prevent hollows 

forming in watermelons, which detracts from quality and their suitability for fresh-cut 

melon production.  

Environmental temperature during watermelon development can be critical to 

better fresh-cut quality. It has been recommended to avoid exposing watermelons to 

high temperatures towards the later stages of fruit development. A growing 

temperature of 37.5 °C to 40.0 °C during summer for 10 days at mid and later stages 

of fruit development (20-30 days and 30-40 days after anthesis) promoted large cells 

and less sugar accumulation across the whole watermelon (Fukuoka et al., 2008). On 

the other hand, the same treatment during early development of watermelon fruits 

promoted fruit enlargement with large cells and sugar accumulation in the centre of 

the fruit. Higher firmness, beneficial to fresh-cut quality, has been associated with 

smaller cell sizes in watermelons (Soteriou et al., 2017).  

Shading fruits for 10 days towards the end of fruit development (30 days after 

anthesis) enabled higher lycopene production and thinner watermelon fruit rinds, while 

increasing overall sugar content of the watermelons but not affecting fruit weight 

(Kano, 2004). An increase of air temperature by 5° C to 15 °C, achieved with plastic 

covering for the same period 30 days after anthesis, was shown to reduce sucrose 

content of whole watermelons (Kano, 2004). However, growing watermelons in 



Page | 30  
 

temperate regions and cooler growing conditions required higher night temperatures. 

A temperature of 18°C (in comparison to 12°C) allowed cells to enlarge faster, 

especially those at the outer portion of the flesh region, and accumulate higher sucrose 

(Kano et al., 2008). As sweeter and firmer whole watermelons would potentially benefit 

fresh-cut quality, fruits for fresh-cutting purposes would require high temperatures but 

not to the extent of increasing cell sizes.    

Fruits for fresh-cut processing also benefit from growing on grafted watermelon 

plants.  Pulp flesh firmness and citrulline increased by 46.5 % and 12.5 % respectively 

when grafting on squash rootstock but delayed pulp lycopene and chroma 

development (Kyriacou et al., 2015).    

2.2.3 Harvest maturity  

Quality at harvest is another important factor that could affect fresh-cut quality 

before the cutting process. Watermelons are non-climacteric and usually do not 

develop additional compounds, such as sugars, after harvest (Perkins-Veazie et al., 

2012). According to Perkins-Veazie et al. (2012), they need to be near full-ripeness to 

have the desirable sugar content (10 % to 12 % SSC), colour and aroma profile. 

Formation of pigmentation in chromoplasts signifies the onset of maturity for 

watermelons (Bangalore et al., 2008). Carotenoids, mainly lycopene, contribute to the 

red pigmentation of watermelons and content peaks at optimal commercial maturity 

(Akashi et al., 2017). Although red pigments from the flesh have been shown to 

continue accumulating after harvest (Perkins-Veazie et al., 2012), overripening has 

been associated with a change from red to orange-red. The orange-red is most 

probably linked with higher levels of β-carotene that can develop after postharvest 

storage, especially at 21 °C in comparison with storage at 5 and 13 °C (Perkins-Veazie 
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& Collins, 2006). On a cellular level, the shape of the chromoplasts become 

symmetrical when watermelons mature, while a less organised globular form indicates 

immaturity and an asymmetrical form indicates overripening (Bangalore et al., 2008). 

Firmer flesh and lower drip loss are associated with better fresh-cut quality. 

Harvesting 4-days before full-ripeness has been recommended to maximise the 

subsequent shelf-life of fresh-cut watermelon (Perkins-Veazie et al., 2012). However, 

by harvesting slightly unripe, a muted orange colour and “green” taste can form after 

longer storage (Perkins-Veazie et al., 2012). This decreases quality from a flavour and 

appearance perspective. Therefore, a balance between shelf-life and quality will be 

needed when deciding harvesting dates.  

To determine watermelon maturity, manual assessment by experienced 

personnel at harvest is still common. This is done by examining the watermelon fruit 

characteristics such as a shrivelled tendril, change of colour from white to creamy 

yellow on the portion in contact with the ground, and a dull hollow sound when tapped 

(Karakurt & Huber, 2002).  Internal qualities such as a pH of 5.5-5.8 and soluble solid 

content of 10 % to 12 % have been used as indicators for mature watermelon, although 

these could be dependent upon the cultivar and growing environment (Perkins-Veazie 

et al., 2012; Perkins-Veazie et al., 2006). At peak maturity for watermelons, total 

soluble solids and sucrose also tend to be at their maximum (Zhu et al., 2017).  

Non-destructive selection of watermelon for quality could allow grading to 

separate fruits that would be best for fresh-cut processing. Systems based on acoustic 

impulse responses have been developed and installed in commercial packing facilities 

in Japan to detect both ripeness and hollowness in the fruit (Kouno, Mizuno, Maeda, 

& Akinaga, 1993). A review on non-destructive methods of determining watermelon 
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maturity by Sun et al. (2010) suggested near infrared (NIR) technology to be of high 

potential. An on-line system based on NIR spectroscopy had identified a good 

correlation between a proposed modelling with lycopene, β-carotene, and total soluble 

solids (TSS) (Tamburini et al., 2017). Laser-induced backscattering imaging also had 

high success in assessing watermelon quality through correlating with firmness, SSC, 

pH, and moisture content (Mohd Ali et al., 2017). Furthermore, regression modelling 

had been able to predict internal maturity of two mini watermelon cultivars through the 

number of shrivelled tendrils, circumference, weight and CIELAB b* (blue/green) 

(Vinson et al., 2010).  

2.2.4 Exposure to ethylene  

 Whole watermelons are extremely sensitive to ethylene which has a role in fruit 

development (Wechter et al., 2008) but they are non-climacteric in response (Elkashif 

et al., 1989). Whole watermelons exposed to exogenous ethylene ranging from 5 µL/L 

to 50 µL/L had been associated with phenotypic changes such as softening and 

watersoaking of fruit mesocarp (Elkashif & Huber, 1988b; Mao et al., 2004; Risse & 

Hatton, 1982), loss of eating quality (Suslow, 1997), and development of unacceptable 

taste (Risse & Hatton, 1982). Therefore, it is important to understand the role of 

ethylene exposure on fresh-cut quality.  

The effects of ethylene at concentrations of 50 µL/L on whole watermelons had 

been investigated extensively by many researchers (Elkashif & Huber, 1988a, 1988b; 

Karakurt & Huber, 2002, 2004; Karakurt & Huber, 2008; Karakurt et al., 2008; Mao et 

al., 2004).  Ethylene at 50 µL/L was found to induce lipid and cell wall catabolism within 

12-hours of exposure in whole watermelons (Karakurt & Huber, 2004). Separation of 

thin-walled watermelon parenchyma cells, observed through transmission electron 

micrographs, initiated after 1-day of exposure to 50 µL/L exogenous ethylene (Elkashif 
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& Huber, 1988b). Observable phenotypes such as watersoaking and softening 

initiated after 2-3 days exposure to ethylene (Elkashif & Huber, 1988b).  

Although studies demonstrated the detrimental effects of exogenous ethylene 

at high concentrations (5 µL/L to 50 µL/L) on watermelon, little or no research has 

been done to assess ethylene control measures from point of harvest. This is 

particularly important as whole watermelons are commonly transported from warm to 

hot ambient conditions with no pre-cooling or air-conditioning. Field heat metabolic 

heat accumulated in lidded transport bins could cause heightened ethylene production 

in whole watermelons. Additionally, whole watermelons are commonly stored with, and 

fresh-cut watermelons packaged with, high ethylene producing climacteric fruits such 

as apples and honeydew melon. Ethylene levels were measured to be at a minimum 

of 0.017 µL/L to 0.035 µL/L in a supermarket receival, storage and display areas 

(Warton et al., 2000), and as high as 0.040 µL/L to 0.050 µL/L in a storage room 

containing only watermelons to simulate commercial storage conditions (3 weeks at 

13 °C) (Mao et al., 2004). This range of ethylene has been associated with 10% to 

30 % shelf-life loss in non-climacteric ethylene sensitive produce (Warton et al., 2000). 

Along the supply chain, higher concentrations of ethylene can occur in the presence 

of fruit. For example, storage rooms adjacent to an avocado ripening room in a 

distribution centre had an average 0.28 µL/L ethylene (Warton et al., 2000). In 

commercial practice, watermelons stored in areas near banana ripening rooms could 

potentially be exposed to high ethylene concentrations as banana rooms utilise 

ethylene at concentrations up to 150 µL/L (Saltveit, 1999).  

Ethylene inhibitors such as 1-MCP can be used to irreversibly bind to the 

ethylene receptors on the fruit and block the activity (Watkins, 2015) and available in 

gaseous or aqeous application forms (Izumi et al., 2016). In the storage trial to simulate 
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commercial storage conditions, administration of 1-MCP countered 0.040 µL/L to 

0.050 µL/L ethylene and maintained firmness in intact watermelons with only 4.2 % 

firmness reduction after 21-day storage, compared to 40 % firmness reduction in 

control watermelon (Mao et al., 2004). In another report, microbial intrusion up to 10 

cm into the mesocarp was observed in fruits exposed to ethylene at 10 µL/L for 5 days 

(20 °C), which was also mitigated with the application of 1-MCP (Zhou et al., 2006). 

However, fresh-cut watermelons processed from 1-MCP treated whole watermelons 

did not improve quality parameters such as firmness, electrolyte leakage, respiration 

rates (Mao et al., 2006). This could be due to the whole watermelons utilised being 

obtained from a wholesaler, hence prior history was not fully known. For fresh-cut 

watermelons, there is no known study that has applied exogenous ethylene to cut fruit 

and examined its effects on subsequent quality and shelf-life, as opposed to its effects 

on whole-watermelons. This was despite ethylene having been reported to reduce 

shelf-life of non-climacteric produce, with detrimental effects potentially from trace 

levels of ethylene down beyond 0.005 µL/L (Wills et al., 1999). Therefore, new studies 

are needed to determine effects of ethylene down to ultra-low levels on fresh-cut fruits 

especially watermelons that had been shown to be ethylene sensitive and non-

climacteric.  

2.2.5 Temperature control 

The optimal storage temperature for whole watermelons has been suggested 

to be 7 °C to 10 °C by Suslow (1997), while Rushing et al. (2001) suggested it to be 

10 °C to 15 °C. Both were noted to achieve storage life of up to 2-3 weeks. Storage 

temperatures of 5 °C, 13 °C and 21 °C did not change whole watermelon SSC, 

although pH dropped from 5.4 to 5.2 for fruits stored at 5 °C and was raised from 5.4 

to 5.6 for those stored at 21 °C (Perkins-Veazie, 2007). Watermelons are particularly 
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susceptible to chilling injury with temperatures below 7 °C associated with flavour loss, 

pitting, decline in flesh colour, off-flavours and increased decay can occur once 

watermelons return to room temperatures (Suslow, 1997). Storage at 21 °C increased 

lycopene production by almost 40 % for whole watermelons in comparison with 

storage at 5 °C and 13 °C (Perkins-Veazie, 2007). All 5 °C, 13 °C and 21 °C did not 

change whole watermelon SSC, although pH dropped from 5.4 to 5.2 for fruits stored 

at 5 °C and raising from 5.4 to 5.6 for those stored at 21 °C (Perkins-Veazie, 2007). 

The effects of whole watermelon storage temperatures on subsequent fresh-cut 

quality remains to be studied.  

 
2.3 Effects of cutting on quality of fresh-cut watermelons 

2.3.1 Cutting conditions 

Cutting is the action that inflicts mechanical damage and any characteristics 

related to cutting will influence subsequent wound responses and potential quality 

maintenance of fresh-cut produce. Cutting aspects such as tool sharpness, shape, 

size have been reported to affect shelf-life of fresh-cut watermelons. Waterjet cutting, 

in place of knives, allowed better firmness retention of the fresh-cut watermelon, but 

had no improvement on colour, pH, soluble solids or microbial counts (McGlynn et al., 

2003). The presence of rind on triangular fresh-cut watermelon slices reduced juice 

leakage and enabled better retention of total soluble solids (Petrou et al., 2013).  

Cutting size also influences the quality of fresh-cut watermelons, with cubes of smaller 

size (1.9 cm to 2.5 cm) more prone to transport damage and thus higher juice leakage, 

darkening and lower overall quality than cubes that were categorised as medium (2.5 

cm to 3.8 cm) and large (3.8 cm to 5.0 cm) (Fonseca et al., 1999). The change in 

antioxidative capacities (DPPH and FRAP) have been shown to be linked to extend of 
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injury (Dovene et al., 2019). At a moderate level of injury, the antioxidative systems 

was shown to be elevated for fresh-cut sweet potato in a biphasic manner (Dovene et 

al., 2019). Therefore, cutting that inflicts an optimal amount of wound response may 

allow fresh-cut produce to respond with higher levels of antioxidative compounds and 

thus improve quality retention.  

 The storage quality of fresh-cut watermelon depends on where cubes are cut 

from. For example, fresh-cut watermelon cubes from the placenta has higher firmness 

than cubes from the heart (Saftner et al., 2007). This can be partly rationalised by the 

solute gradient increasing from the rind towards the heart (Ikeda et al., 2011). Flesh 

deterioration is also more pronounced on the bottom side of a watermelon cubes and 

for the larger cubes. It was suggested that this was due to greater compression forces 

(Fonseca et al., 1999). Cubes surrounded by other watermelon cubes, rather than 

container walls, lead to more damage including more juice leakage. Watermelon 

surface-to-surface friction and subsequent damage was suggested to be the main 

factor. By applying compartments between the watermelon cubes less juice leakage 

occurs in samples vibrated for 30 minutes (Fonseca et al., 1999). In consideration of 

these cutting and location factors, processing needs to be planned well to maximise 

shelf-life of fresh-cut watermelons. Other factors that could influence fresh-cut quality 

maintenance but poorly studied, include the cutting environment temperature.   

2.3.2 Sanitisation  

Sanitisation to reduce microbial load is crucial for safety of fresh-cut 

watermelons, as minimally processed watermelons are eaten in raw form and have 

been related to several food poisoning outbreaks (Byrne et al., 2014; Walsh et al., 

2014). Pre-cut sanitation of the whole watermelons with hypochlorite solution 

(1000 µL/L) for 1-minute reduced aerobic bacteria and coliforms by approximately 
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1.0 to 2.5 log colony forming units (CFU) and 0.5 to 1.5 log CFU respectively when 

compared with deionised water alone (McGlynn et al., 2003). After 10 days, the gap 

between hypochlorite and control solutions narrowed to 1 log CFU of aerobic bacteria. 

Nonetheless, McGlynn et al. (2003) showed that pre-cut sanitation can reduce 

microbial counts and they suggested it to be part of a multi hurdle program to control 

microorganisms in fresh-cut watermelons. In recent years, the industrial trend has 

been towards sanitisers that do not create toxic or carcinogenic compounds (Artés-

Hernández et al., 2017; Ogunniyi et al., 2019), and do not affect the taste of produce 

(Alvaro et al., 2009). Candidates for low by-product sanitisers include neutral pH 

electrolysed oxidising water (NEW) and peroxyacetic acid (PAA) based sanitisers. 

NEW was shown to be the most effective sanitiser for fresh-cut spinach leaves 

compared to peroxyacetic acid, citric acid, sodium hypochlorite, bromo-chloro-

dimethyl hydrantoin (Nylate) (Premier, 2013) but there are no similar studies for fresh-

cut watermelon. 

Testing of microbiological control technologies for watermelon post-processing 

have included low UV-C illumination (Artés-Hernández et al., 2010), pulsed light with 

different wavelength spectrum (Ramos-Villarroel et al., 2012), pulsed light followed by 

malic acid (Ramos-Villarroel et al., 2015), and low-dose electron beam (Smith et al., 

2017). Pulsed light (120 kJ/m2, 180 nm to 1100 nm) enabled approximately 3 log 

reductions of E. coli and L. innocua CFU per gram in comparison with non-treated 

samples, from time of cutting and treatment up to 15 days of storage at 5 °C (Ramos-

Villarroel et al., 2012). Light in the 180 nm to 305 nm range, which includes UV-C and 

UV-B, was shown to be the most effective in controlling both E. coli and L. innocua 

bacterial species, although UV-A and the light spectrum covering visible and infrared 

(400-1100nm) can also reduce the levels of the two bacterial species. Pulsed light with 
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UV (UV-A, UV-B and UV-C; 180 nm to 400 nm) also reduced the ethylene produced 

by fresh-cut watermelons over a 15-day storage. However, pulsed light with UV 

increased consumption of oxygen, production of CO2 and ethanol, while negatively 

affecting firmness (Ramos-Villarroel et al., 2012). The addition of malic acid to the 

pulsed light treatment enabled synergistic effects on controlling E. coli and L. innocua 

growth. More than 5 log CFU/g reductions for both bacterial species were observed 

for fresh-cut watermelons from Day 9 onwards of the storage at 5 °C, compared with 

control with no treatments, making it highly effective in controlling bacterial growth 

(Ramos-Villarroel et al., 2015).  Low-dose electron beam or irradiation could also be 

a promising technology, where benefits include preserving functional properties 

(Pinela et al., 2016). However, irradiation at a level of ~1 kGy did not show a conclusive 

reduction of microbiological load on fresh-cut watermelons (Smith et al., 2017). These 

physical methods could be used in conjunction with water-based sanitation and 

modified atmospheric packaging, to serve as multiple hurdles for microbiological 

control (Izumi et al., 2016).  

2.3.3 Cell wall and membrane strengthening 

Cutting releases an array of enzymes into the intracellular space, including cell 

wall catalytic enzyme pectin methylesterases (PME, EC 3.1.1.11) that 

demethylesterifies homogalacturonan (HGA) and creates negatively charged 

carboxylate groups (Moustacas et al., 1991). The demethylesterified HGA can either 

be hydrolysed by pectin-degrading enzymes such as polygalacturonases, or have 

calcium ions interacting with the exposed carboxylate groups, with the former causing 

softening while the latter strengthening the cell wall structure by formation of calcium 

pectates (Braccini & Pérez, 2001; Pelloux et al., 2007). The wall strengthening 

potential of calcium has led to various research involving calcium dips for fresh-cut 
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fruits (Huynh et al., 2016). For “Amarillo” cv melons, calcium chloride, lactate and 

propionate enabled 50 % more bound calcium and maintained firmness for 8 days of 

storage at 5 °C (Aguayo et al., 2008). For fresh-cut watermelons, mildly heated (45 °C) 

calcium chloride dips at 1.0 % concentration retained firmness near freshly cut control 

levels, lowered respiration, and controlled yeast and psychrotrophic bacteria (Aguayo 

et al., 2013). The higher temperature could have activated PME allowing more calcium 

to bind to carboxylate groups (Ni et al., 2005), while also allowing higher retention of 

the solution inside the fresh-cut products (Aguayo et al., 2013). A 2 % (w/w) calcium 

chloride treatment with no heating also maintained higher fresh-cut watermelon 

firmness over 7 days of storage 10°C (Mao et al., 2006).  

Fresh-cut watermelons dipped into calcium ascorbate of varying concentration 

(1-20 % w/w) for 2 minutes and subsequently stored at 10°C in a packaged tray with 

plastic polyethylene film showed little beneficial effects (Lichanporn et al., 2014). 

Increasing concentration of calcium ascorbate elevated weight loss and juice leakage 

for fresh-cut watermelons (Lichanporn et al., 2014), in contrast to fresh-cut Braeburn 

apples, where higher calcium ascorbate increased shelf-life (Aguayo et al., 2010).  

However, the study by Lichanporn et al. (2014) did not provide information on the gas 

composition of the sealed environment and these detrimental effects could be due to 

the cut watermelon being held under anaerobic conditions. Further optimisation 

studies on the effects of calcium cell wall strengthening on other quality parameters 

such as taste and aroma retention for fresh-cut watermelons are needed. 

2.3.4 Fresh-cut storage conditions 

Storage temperatures for fresh-cut watermelons need to be low to reduce 

metabolism, balancing between avoiding chilling injury and minimising respiratory 
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rates. Chilling injury was only observed in fresh-cut watermelons stored below 2 °C 

(Perkins-Veazie & Collins, 2004), defined as increased juice leakage or cube surface 

lesions. In another study, storage of fresh-cut watermelon cubes at 1 °C resulted in 

50 % more juice leakage than those stored at 3 °C (Sargent, 1998). However, chilling 

injury was not observed for fresh-cut watermelon stored at 1 °C and 3 °C, and shelf-

life could be up to 10 days as determined by visual quality and aroma. Decreased 

shelf-life (<6 days) was reported from a fresh-cut storage temperature of 7 °C and 

above with the presence of unpleasant off odours (Fonseca et al., 2004). More 

recently, it was suggested red and green lighting delayed watersoaking and 

maintained firmness of fresh-cut watermelon (Shi et al., 2020). Commercial retailers 

could evaluate lighting conditions during transport and storage to improve fresh-cut 

watermelon quality maintenance. 

2.3.5 Modified atmosphere   

Modified atmosphere requires specific packaging atmospheres to be used for 

different produce to enable beneficial effects such as reduced metabolism, prevention 

of colour and textural changes, retention of bioactive compounds and reduced 

occurrence of fermentative metabolism (Izumi et al., 2016, Belay et al., 2019). Edible 

coatings are a potential active packaging solution as they can form a physical barrier 

to moisture, oxygen and carbon dioxide (Olivas and Barbosa-Cánovas 2005) and 

reduce metabolic rates as shown in Cucumis melo (Carvalho et al., 2016). Edible 

coatings can also encapsulate antimicrobials and antioxidants (Petkoska et al., 2021). 

However edible coatings would not be recommended for fresh-cut watermelons due 

to the fragile nature of watermelon placental tissue.   

Contrasting recommendations have been made in the literature for MAP of 

fresh-cut watermelons. An atmosphere mixture of 3 kPa to 5 kPa O2 with 10 kPa CO2 
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had been recommended for fresh-cut watermelon by Gorny (2001), but it did not result 

in satisfactory quality maintenance and increased juice leakage. Carbon dioxide was 

shown to be a good agent to control microbial growth over storage and firmness was 

maintained better than control samples (Cartaxo et al., 1998). High carbon dioxide 

combined with low oxygen conditions (10-20 kPa CO2, 3 kPa O2) induced a darker 

and watersoaked appearance at the end of 14 days of storage at 3 °C, although hue 

angle did not change statistically (Cartaxo et al., 1998). These observations could 

indicate occurrence of physiological injury in fresh-cut watermelon due to either low 

oxygen or high carbon dioxide or the combination of both low oxygen and high carbon 

dioxide. Furthermore, fresh-cut watermelon respired more when stored in an 

environment at 7-9 °C with O2 levels 14 % or lower, compared with those exposed to 

air (Fonseca et al., 2004). A high anaerobic compensatory point for watermelon was 

suggested by Fonseca et al. (2004), indicating the need for further investigations into 

optimal modified atmospheres for fresh-cut watermelon.  

An approach to determining optimal modified atmosphere conditions for fresh-

cut could be through consideration of mimicking the internal atmosphere of the whole 

produce. However, this tactic has received little research. The internal carbon dioxide 

and oxygen levels inside fruit have been reported to vary in accordance with species, 

cultivar, and storage temperatures (Magness, 1920; Paul & Pandey, 2014). Cutting, 

from a physical perspective, removes any gas pressure gradient between the inside 

and outside of the fruit. Normally the internal atmosphere is controlled by the 

permeability of gas in the fruit. This is very relevant to watermelons where large size, 

and a thick protective rind, will regulate internal atmosphere composition. Rapidly 

reintroducing the internal atmosphere of whole produce, into fresh-cut produce 
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packaging as MAP, might suppress processes that were initiated due to the increases 

in exposure to oxidative gas pressures on cutting.  

The atmosphere of the produce also impacts on the aromas formed in fresh-

cut produce. A three-minute real time monitoring of volatiles from macerated tomatoes 

was carried out by Boukobza et al. (2001) utilising Atmospheric Pressure Ionisation 

Mass Spectrometry. Two types of volatiles were observed after wounding was 

inflicted: those that were preformed, and others generated by enzymes upon 

wounding. For tomatoes, wound activated enzyme activity generated C6 aldehyde and 

alcohol - hexanal, hexenal and hexenol. These C6 compounds were shown to be 

products of lipid peroxidation as addition of linoleic and linolenic acid increased their 

concentrations. Additionally, there are many other endogenous volatiles that diffused 

from the internal tissue matrix of cut fruits including ethylene, alcohols, aldehydes, and 

jasmonates as reviewed by Paul and Pandey (2014). These volatiles from the wound 

response can impact the healing of the cut surfaces and the maintenance of quality in 

fresh-cut fruits.  

2.3.6 Novel gas treatments 

Several studies have suggested that the wound response is initiated by ATP, 

released from cytoplasm of damaged cells (Jacobo-Velazquez et al., 2011; Jewell et 

al., 2019), attaching to an extracellular receptor that regulates downstream pathways 

such as the production of ROS. Respiratory burst oxidase enzymes, which produce 

the reactive oxygen species superoxide, have been shown to be activated after cutting 

of muskmelons, Cucumis melo (Wu et al., 2019). Overproduction of ROS will 

eventually overwhelm the antioxidative protective system of fresh-cut tissue, causing 

acceleration in senescence or programmed cell death (Dovene et al., 2019; Iakimova 

& Woltering, 2018; Wu et al., 2019).  
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Furthermore, it is now known that certain small compounds, originally perceived 

to be toxic or having no effects on organisms, such as hydrogen sulfide and hydrogen, 

can be beneficial for postharvest applications (Gong et al., 2018; Hancock, 2017). 

These compounds also include nitric oxide, carbon monoxide, carbon dioxide, 

hydrogen peroxide and chlorine dioxide. An important factor in the applicability of 

these small compounds to quality preservation relies on finding the optimal dosage for 

different plant materials (Gong et al., 2018; Hancock, 2017; Signorelli et al., 2019). If 

the level of exposure governs a biphasic dose-response relationship then low doses 

could enhance and high doses inhibit beneficial effects (Agathokleous et al., 2020). 

Recent research on some of the small compounds that have been shown to have 

success for postharvest quality maintenance as shown in Table 2.1. A shared 

characteristic of the technologies trialled is their potential to delay postharvest 

senescence through maintaining energy status (Jiang et al., 2007), increasing 

antioxidative capabilities or lowering the senescence accelerating effect of ethylene 

(Signorelli et al., 2019). It is anticipated that fresh-cut watermelon quality maintenance 

would benefit from application of these novel compounds at the optimal dosage. 

Among these compounds, hydrogen is a particular focus for new research in 

postharvest quality maintenance. With its small size, hydrogen molecules can diffuse 

through cellular membranes, and it is also selective as an antioxidant towards the 

highly reactive hydroxyl radical (Ohsawa et al., 2007). The capability of hydrogen to 

cross-talk with phytochemicals (ethylene, abscisic acid, jasmonic acid, nitric oxide) (Li 

et al., 2018) also makes it a great research candidate to improve fresh-cut watermelon 

quality maintenance.   
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Table 2.1: Gas treatments investigated for effects on fresh produce quality maintenance. 

Gas 
treatment  

Produce 
type 

Whole or 
fresh-cut 

Treatment 
time 

Potential against wound 
response 

Reference 

CO2  Strawberry W 3-hours 30 
kPa CO2 
 

Reduced decay and 
softening   

(Choi et 
al., 2016) 

  W Continuous 
20 kPa CO2 

Reduced weight loss, 
decay, MDA and ROS 
levels; Firmness retention  
 

(Yang et 
al., 2020) 

 Grape W 3-days 20 
kPa CO2 

Reduced decay, water loss 
and oxidation; increased 
protective metabolites 
proline and glycine betaine 
Preserve cellular and 
energetic organelles 

(Vazquez-
Hernande
z et al., 
2020; 
Vazquez-
Hernande
z et al., 
2018) 
 

   3-days 20 
kPa CO2  

Improved energy 
maintenance 
 
 

(Rosales 
et al., 
2016) 

 Burdock F 4/6/8-hours 
99.9 % CO2,  

Retained appearance 
quality  
Lowered PPO activity and 
lipid peroxidation 
Enhanced antioxidative 
enzymes 
 

(Dong et 
al., 2015) 

 Artichoke F 48-hours 10 
– 40 % CO2  

Decreased browning 
Increased antioxidant 
activity and total phenols   

(Capotorto 
et al., 
2020) 

H2 Kiwifruit W 2x 12-
hours/24-
hours, 
0 - 45 μL/L 
gas 
 

Decreased ethylene 
production through ACS and 
ACO 
Retained firmness and 
endogenous H2 production 
Maintained membrane 
integrity  
 

(Hu et al., 
2018) 

  W 5-minutes 
30%, 80%, 
100% 
hydrogen-
rich water  

Reduced membrane 
degradative enzyme 
activities and lipid 
peroxidation. Increased 
antioxidative capacities 
 

(H. L. Hu 
et al., 
2014) 

 Tomato W 20-minutes 
0.195 -0.780 
mM 
hydrogen-
rich water  
 

Delayed senescence 
through maintenance of 
ascorbic acid.  

(Zhang et 
al., 2019) 

 Lily and 
rose 

F Continuous 
0-5%, 0-
100% 
 

Maintained water levels, 
membrane integrity through 
higher antioxidants 

(Ren et 
al., 2017) 
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Gas 
treatment  

Produce 
type 

Whole or 
fresh-cut 

Treatment 
time 

Potential against wound 
response 

Reference 

Continued      

H2 Lisianthus F Continuous 
0.078-
0.78 mmol/L 
H2 up to 11 
days 

Delayed petal senescence 
through antioxidative 
systems 
Maintained membrane 
integrity 

(Su et al., 
2019) 

      

      

H2S Pear F Continuous 
2.0 mM 
NaHS 

Increased antioxidant 
activities, reduced ROS 
accumulation and inhibited 
fungal growth in dose 
dependent manner  
 

(K. Hu et 
al., 2014) 

 Banana F 24-hours, 
0.1 – 1.2 mM 
NaHS 

Reduced chilling injury 
through enhancing ATP and 
overall energy charge, less 
lipid peroxidation 
 

(Li et al., 
2016) 

 Kiwifruit F Continuous 
0 – 1.75 
mmol/L 
NaHS  
 

Prolonged shelf-life through 
reduced lipid peroxidation 
and increased antioxidative 
enzymes 

(Gao et 
al., 2013) 

 Daylily W Continuous 
0 – 5.6 
mmol/L  

Maintained membrane 
integrity, through higher 
energy levels and 
antioxidants 
 

(Liu et al., 
2017) 

 Broccoli W Continuous 
0 – 3.2 mM 
NaHS  

Maintained higher 
antioxidants and reduced 
membrane lipid peroxidation 
and browning related 
enzymes 
 

(Li et al., 
2014) 

Ethylene 
oxidation 
with 
KMnO4 

Kiwifruit F Continuous Slowed softening (Agar et 
al., 1999) 

 Maxixe 
(cucurbit..) 

W Continuous Slowed lowering of ascorbic 
acid and chlorophyll content 
 

(Silva et 
al., 2015) 

F: fresh-cut, W: whole; In general, “continuous” treatment time depicts treatment samples were not 

ventilation after initial modified atmosphere application, while treatment time in hours indicate time-point 

where samples were unlidded before resealing until assessment.  
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2.4 Review conclusions  

 Many factors influence fresh-cut watermelon shelf-life and quality. They must 

be controlled along the supply chain for optimal fresh-cut quality maintenance. Solving 

the knowledge gaps and challenges could advance current understanding around 

fresh-cut watermelons and other fruits that has been based on established, but dated 

studies. Even though extensive research has shown whole watermelons as extremely 

sensitive to ethylene, it is still not known if fresh-cut watermelon responds similarly. 

There is also uncertainty around the concentration of ethylene that would be 

associated with increased incidences of watersoaking and firmness loss for fresh-cut 

watermelons. Trials that control ethylene from harvest are needed to allow for 

observing the efficacy of ethylene control measures on whole watermelons with full 

fruit history. 

As fresh-cut processing involves multiple processing steps, identifying critical 

factors would allow the industry to focus its efforts to improve fresh-cut quality. Due to 

its fragile structure, fresh-cut watermelon could benefit from processing and storage 

treatments that are gentler such as misting of antioxidants and sanitisers. Additionally, 

MAP conditions and storage temperatures that are optimal for fresh-cut watermelons 

are still not well established.  

Novel technologies for fresh-cut quality maintenance beyond standard MAP 

could involve small gaseous compounds that act on energy, antioxidative, and 

ethylene-related systems. It will be necessary to evaluate their optimal dosage and 

then their efficacy on quality maintenance of fresh-cut watermelons.  

  



Page | 47  
 

2.5 Structure of the Thesis  

The overall structure of the research takes the form of four experimental chapters and 

a general discussion on the research findings. 

Chapter 3: Effects of Processing Factors on Quality of Fresh-cut Watermelon  

This Chapter aims to identify the most significant pre-cut and processing 

factors, through two screening trials, on fresh-cut watermelon quality and shelf-life. 

The first trial screened whole fruit storage temperature with less studied factors such 

as post-cut sanitiser application methods (mist or dip), post-cut sanitiser concentration 

required, and holding time. The second trial aimed to identify optimal pre-cut sanitiser 

concentration, post-cut antioxidant application method (mist or dip) and concentration 

and cut size of the watermelon cubes. Whole fruit storage temperature was selected 

for further analysis as it was identified as one of the more significant factors for fresh-

cut quality. An industry-based trial was used to compare the quality impacts of the 

existing peroxyacetic acid sanitiser with those of electrolysed water, as well as the 

application method of spray or dip on the shelf-life and quality of fresh-cut watermelon.   

Chapter 4: Effects of Ethylene on Fresh-cut Watermelons  

This Chapter aims to determine the effects of continuous ethylene flush of ultra-

low concentrations (1 µL/L, 0.1 µL/L, 0.01 µL/L, <0.001 µL/L) applied on fresh-cut 

watermelon, in contrast to previous studies applying ethylene on whole watermelons, 

on the quality maintenance of fresh-cut watermelons. In collaboration with the 

University of Newcastle Postharvest Laboratory, six individual experiments were run 

over a five-month period. Endogenous ethylene and carbon dioxide production were 

assessed, together with sensory (appearance, aroma, watersoaking index) and 

physicochemical (colour, soluble solids, pH, ion leakage) indicators of shelf-life and 
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quality. The outcome was to inform industry of potential ethylene control measures 

required when processing and designing of the packaging for fresh-cut watermelons.  

Chapter 5: Effects of ethylene control from harvest on fresh-cut watermelon 
quality 

This Chapter aims to provide insights into ethylene control from harvest on 

quality of whole watermelons. It reports on a comparative trial of whole watermelons 

where freshly harvested watermelons had ethylene scavenging sachets applied inside 

transport bins from harvest versus whole fruits stored without the sachets. A fluctuation 

in transport temperature was also investigated with two temperature settings from 

Adelaide to Melbourne, which formed part of the transport of whole watermelons 

across Australia from the Northern Territory to Tasmania. Whole watermelon 

assessments included sensory (appearance, aroma, watersoaking index) and 

physicochemical (soluble solids, pH, ion leakage) indicators of quality. This research 

was to benefit not only fresh-cuts but also whole watermelon quality, potentially 

reducing waste due to ethylene associated senescence acceleration.  

Chapter 6: Novel post-cut treatments to improve fresh-cut watermelons  

This Chapter aims to determine innovative storage approaches to improve 

quality maintenance by evaluating potential new treatments aimed at reducing the 

wounding response. Part A of the Chapter trialled shock treatments of CO2, H2S, and 

ethylene removal sachets after cutting of watermelon, targeting the initial wound 

response. Part B of the Chapter evaluated the reintroduction of whole watermelons 

internal atmospheres as MAP for fresh-cut watermelons. The headspace volume to 

fruit mass was also put into consideration for MAP. Part C of the Chapter evaluated 

the effects of hydrogen gas on fresh-cut watermelon quality maintenance, based on 

its reported capabilities to act as a novel antioxidative and ethylene-antagonising 
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compound. Assessments included subjective (appearance, aroma, watersoaking 

index) and objective (colour, soluble solids, pH, ion leakage, respiration rates) 

indicators of shelf-life and quality. The outcomes would  

 

Chapter 7: Applicability and Recommendations for the Industry  

The general discussion analyses the strength and applicability of the 

experimental findings and recommendations for the industry to improve fresh-cut 

watermelon quality maintenance. 
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Chapter 3: Effects of Processing Factors on Quality of Fresh-cut 

Watermelon  

This research aimed to identify the most significant pre-cut and processing 

factors for the industry to prioritise their efforts on to improve fresh-cut watermelon 

quality maintenance. Two screening trials were utilised to evaluate conventional 

factors such as storage temperatures and cut sizes, along with novel factors such as 

misting as application methods for sanitisers and antioxidants post-cutting. A 

conference paper is also included, in which pre- and post-cut storage temperatures 

were evaluated for their interaction. Being part of the industrial placement, sanitiser 

trials examined two types of sanitisers - hypochlorous acid-based neutral pH 

electrolysed water (NEW) and peroxyacetic acid-based Bioxysan, and the application 

method (mist / dip) for their effect on fresh-cut watermelon quality maintenance.  

3.1 Introduction 

While fresh-cut fruits are highly valued as a convenience product, significant 

industrial challenges exist in preserving fresh-cut quality. This is due largely to wound 

responses that follow cutting. These can be categorised into physical changes (loss 

of protective layer), biochemical reactions (mixing of enzymes and their substrates) 

and physiological changes (signalling cascades) (Saltveit, 2016). Research into 

technologies to better maintain fresh-cut quality has emphasised pre-cut factors such 

as cultivar and maturity, and post-cut factors such as storage temperature, 

atmosphere, and humidity (Watada & Qi, 1999). On the other hand, recent research 

has mostly focused on edible coatings (Olivas & Barbosa-Canovas, 2005), modified 

atmospheres (Wilson et al., 2017), and sanitising methods (Ali et al., 2018). The trend 

is now moving towards a combination of technologies for better efficacy (De Corato, 

2019; Ghidelli & Perez-Gago, 2018; Wilson et al., 2017). New techniques being 
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investigated, but not applied industrially, include using ultrasound, pulsed electric 

fields, cold plasma, and high hydrostatic pressure (De Corato, 2019; Knorr et al., 

2011).  

Albeit advances in fresh-cut quality improvement technology, the effects of 

traditional processing factors on quality and shelf-life of fresh-cut fruits have still not 

been fully optimised for industrial use. This study sets out to investigate the importance 

and potential for improvement of these processing factors in an industrial setting.  The 

variables to be examined were selected by considering the crucial factors surrounding 

fresh-cut processing and those that can be applied with low cost barrier by the industry. 

They included pre-cut whole fruit storage temperature, pre-cut sanitation type and 

concentration, holding time prior to storage, and post-cut application method of 

sanitiser/calcium. The study also included cut size (Fonseca et al., 1999) and calcium 

application (Mao et al., 2006) as variables that had been previously associated with 

improved fresh-cut watermelon quality. A Plackett Burman and Definitive screening 

design has therefore been used to investigate the effects of these eight processing 

factors (four in each screening) on the quality of fresh-cut watermelons produced in a 

commercial setting.  

3.1.1 Effects of pre- and post-cut storage temperatures 

Fresh-cut produce quality and shelf-life are highly dependent upon the initial 

quality of the raw material (i.e. the whole produce). One major postharvest factor for 

whole fruit quality is storage temperature, as it is related to rates of respiration, 

ethylene production, water loss, and pathogen growth (Beaulieu & Gorny, 2002). 

Whole watermelons respire less at lower temperatures, ranging from 17 to 

25 mL CO2/kg/hr at 20 °C, 6 to 9 mL CO2/kg/hr at 10 °C, to 3-4 mL CO2/kg/hr at 5 °C 

(Suslow, 1997). However, lower temperatures can cause chilling injury, developing as 
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brown spots on the rind, and fading of colour of the flesh for watermelons (Perkins-

Veazie et al., 2012). In commercial practice, whole watermelons can be exposed to a 

wide range of temperatures prior to cutting, depending upon availability of refrigerated 

transports as well as storage space in the desired temperature rooms.  

Fresh-cut fruits can also be subjected to varying temperatures, as maintenance 

of the cool chain can be affected by logistic practices and consumer habits. Lower 

post-cut storage temperatures, as determined by visual quality, were associated with 

longer shelf-life of fresh-cut watermelons (Fonseca et al., 2004). However little 

information is available on the effect of pre-cut whole produce holding temperatures 

or its interaction with post-cut storage temperatures on fresh-cut shelf-life. 

3.1.2 Effects of pre- and post-cut sanitation  

As fresh-cut watermelons are consumed raw, sanitation of whole and fresh-cut 

watermelons acts as a critical control point against potential microbial contamination. 

This study aimed to evaluate two types of sanitisers, namely neutral pH electrolysed 

water (NEW) and the existing, industrially used, peroxyacetic acid (PAA)-based 

sanitiser. PAA showing similar decontamination efficacy as sodium hypochlorite of 

similar concentration while not affecting the taste of whole produce (Alvaro et al., 

2009). However, it has a pH of 2.8 and is toxic at concentrations above 10 % 

(Gawande et al., 2013). Additionally, it is unknown whether the acidic nature of PAA 

can accelerate the degradation of quality of fresh-cut watermelons. A pH neutral 

sanitiser produced in situ such as NEW, can benefit industry health and safety 

protocols as concentrated acidic or alkaline chemicals do not need to be stored on 

site. NEW has also been shown to be on par or better than sodium hypochlorite and 
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chlorine dioxide in controlling bacterial populations, including in the presence of high 

organic matter (Ogunniyi et al., 2019).  

Sanitiser concentration and application method could also influence both 

efficacy and fresh-cut watermelon quality. Studies usually involve dipping the produce 

into the sanitisers (Rico et al., 2008). Misting, with its smaller droplet sizes, could 

alleviate physical damage and osmotic stress that can be caused by dipping the fragile 

cell wall structure of cut watermelons into dilute liquids. Furthermore, the balance of 

sanitiser concentration, between high levels for optimal microbial control and lower 

levels for maintenance of quality parameters (appearance, texture, aroma), will need 

to be determined for fresh-cut watermelons. To our knowledge, no publications have 

reported the application of NEW on both whole and fresh-cut watermelons as a pre- 

and post-cut solution respectively or investigated the effects of misting on shelf-life of 

fresh-cut watermelons.  

3.1.3 Objective 

 The objective was to screen for the most significant processing factors that 

affect fresh-cut watermelon quality maintenance. Two screening trials evaluated 

significance of pre-processing and processing factors, followed by further 

investigations on some of the most significant factors.  

3.2 Materials and methods 

3.2.1 Sample preparation and treatment  

Whole watermelons of similar size (6 kg to 8 kg) were sourced each time from 

a local supermarket and transported to the laboratory within 1 hour for all trials unless 

noted otherwise.  
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The Plackett-Burman screening design (Part A) is given in Table 3.1. To 

evaluate effects of pre-cut storage temperature, whole watermelons were separated 

into two groups and treated with two pre-cut storage temperatures – cold in a 

refrigerator (4.5 °C to 5.5 °C), or on the laboratory bench (20 °C, air conditioned) for 

48 hours. Fruits, cutting utensils and equipment were sanitised with electrolysed water 

(200 µL/L free chlorine) for 5 minutes, prior to processing of whole watermelons into 

cubes with 3.5 cm to 4.5 cm sides at 20 °C. Cubes from the placenta tissue were 

utilised, with bruised cubes discarded.  

Fresh-cut watermelon were then dipped or misted for 2 minutes with prepared 

solutions of either reverse osmosis water or diluted NEW (pH 7, ORP +800mV, 

200 µL/L free chlorine) (Figure 3.1). After post-cut sanitising treatments, a holding 

procedure was administered with half of the cut watermelons stored cold on a 

refrigerator (4.5 °C to 5.5 °C) for 0.5-hours after cutting and the other half for 2-hours 

after cutting. Six fresh-cut watermelon cubes were then selected randomly from each 

treatment and heat-sealed in 1-L polypropylene (PP) trays with lidding films (Vanguard 

GLS, 22 µm thickness, Alto Packaging Limited, South Granville, Australia). A total of 

six trays for each treatment group were prepared and stored at 4.5 °C to 5.5 °C until 

assessed.  

For the Definitive Screening (Part A), whole fruits were sanitised for 5 minutes 

with either deionised water, NEW with 100 µL/L free chlorine, or NEW with 200 µL/L 

free chlorine, while utensils and equipment were sanitised with 200 µL/L free chlorine 

NEW. Whole fruits were then cut into different cube sizes (2.0 cm, 2.5 cm, and 3.0 cm). 

No sanitisers were applied post-cut, but instead calcium ascorbate of different 
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concentrations (0 M, 0.3 M, 0.6 M) was applied either as a mist or a dip (2 minutes). 

Storage conditions were the same as the Plackett Burman screening trial. 

Figure 3.1: Experimental setup for misting of sanitiser and antioxidant 

Atomising Mister (Jinjiale Air-Technology Co. Shanghai, China) was run at 0.2 MPa for 2-minutes, with 
droplet sizes below 10 µm created by mixing compressed air and the NEW solution.  

 

For the pre- and post-cut storage temperature trial (Part B), six watermelons of 

comparable size (4.6 kg to 5.2 kg, diameter 25 cm to 30 cm) were purchased from a 

supermarket in Mowbray, Tasmania 5 days after harvest and pre-incubated at various 

temperatures (3.7 °C ± 0.8 °C, 21.3 °C ± 1.0 °C and 30.5 °C ± 0.9 °C) for 21 hr, with 

two fruits in each treatment. Whole fruits and equipment were sanitised for 5 min in 

NEW (200 µL/L free chlorine, pH 7, ORP +830 mV). Cubes approximately 3 cm on 

each side were produced by manual cutting with removal of rind and damaged pieces. 

After cutting, six cubes with a total average weight of 200 g were heat-sealed in 1-L 

polypropylene (PP) trays with lidding films (Vanguard GLS, 22 µm thickness, Alto 

Packaging Limited, South Granville, Australia). Three replicates for each treatment 
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were then stored for up to 5 days at 4 °C or 7 °C until assessment. A second 

experiment involved honeydew melon, rockmelon, pineapple, and apple (Royal Gala) 

purchased from a local supermarket. In addition to watermelon only trays, fruit mix 

trays of all fruits together were heat sealed similar to the first experiment with an added 

fruit ratio of 1:1:1:1 to watermelon 1.4. Fruits were chilled at 4 °C or incubated at 30 

°C and sanitised prior to cutting.Duplicate samples were prepared and stored.  

For the full factorial sanitiser trial at our industrial partner (Part C), whole 

watermelons were sourced from the same bin on the day they were received at 

Homebush, New South Wales. Whole fruits (7 kg to 9 kg) and cutting utensils were 

sanitised with 500 µL/L PAA solution (Bioxysan 20, IH2OM Integrated Water 

Management, QLD, Australia) for 5 minutes. Cutting was done by the factory 

processing workers in the high care processing area (4.0 °C to 4.5 °C), with whole 

watermelon cut into 2 cm to 3 cm sided cubes. All cut watermelon was put onto the 

sprayer tunnel conveyor belt used for commercial sanitisation (Figure 3.2). Only 

Figure 3.2: Sprayer tunnel at industrial partner for sanitation of fresh-cut products 

Yellow arrows: 1/4HH-10W nozzles. Sanitisers were sprayed at 3 L min-1 flowrate with ~3000 µm 
droplet size; fruits are on conveyor belt moving at 1.2 m/min. 

 

Spray nozzles  
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commercial production samples were sprayed with PAA through the sprayer tunnel 

(spray rate 3 L/min). For the other treatments, the watermelon cubes were randomly 

divided, then sanitisers were applied according to settings in Table 3.3 and Figure 3.3.  

Figure 3.3: Sanitiser application setup for fresh-cut watermelon  

Misting setup for fresh-cut watermelon with ultrasonic humidifier (0.2 - 1.3 µm droplet size) (Hung et al., 
2013). 

NEW was generated electrochemically by electrolysis of concentrated sodium 

chloride solution, mixing acidic anolyte with alkaline catholyte to form NEW. 

Electrolysed water (NEW) for all trials was produced using an ELA-400 pilot production 

machine (Envirolyte Industries International Ltd, Talinn, Estonia) at 500 mg/L free 

available chlorine (FAC). The NEW was diluted with reverse osmosis water before use 

to obtain a final FAC content of 50 and 200 mg/L, a pH of 7.3 and an oxidation-

reduction potential (ORP) of 800-830 mV. Treatment solutions were used within 3 hr 

of preparation. The pH and ORP content were measured by portable pH meter 

(LAQUAtwin pH22, Horiba, Kyoto, Japan), and a portable redox meter (MW500, 

Milwaukee Instruments, Rocky Mount, USA). The FAC was measured using a digital 

Ultrasonic humidifier  
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photometer with the DPD method (DPD1 tablets with Dulcotest DT1, ProMinent, 

Heidelberg, Germany). 

3.2.2 Quality assessment 

 Aroma and appearance for the screening trials in Part A and B were evaluated 

by a trained panellist on a 5-point Hedonic scale, with 5 being “excellent, extremely 

fresh”; 3 as “good, limit of marketability”; and 1 being “poor, unusable”. This was 

expanded to 5 industrially experienced panellists for the sanitiser trials in Part C.  

Juice leakage was determined at each assessment day using a 5 mL syringe 

to collect juice from bottom of containers and expressed as “mL per 100 g of fruit”.  pH 

and conductivity of juice were measured using calibrated portable meters (EC33 and 

pH22, Horiba, Kyoto, Japan). Juice soluble solid content was determined using a 

handheld refractometer (Lichen, Shanghai, China). Firmness of cubes was assessed 

using a penetrometer (TR Turoni, Forli, Italy) with 11 mm diameter round tip with 

conical face and by averaging values from all six sides of two cubes in each tray.  

Headspace gas compositions were measured using a Dansensor CheckMate 

II (Ringsted, Denmark) for laboratory trials, or a Felix F950 (Camas, WA, USA) for 

industry trials. Respiration rates were determined from carbon dioxide in the 

headspace after incubation periods of 1-hour at 20 °C. 

Ethylene levels were measured using a gas chromatograph (Varian 450-GC, 

Middleburg, the Netherlands) equipped with a flame ionisation detector as described 

in Lee et al. (2018). A sample of up to 3 mL of the headspace gas was passed through 

a liquid nitrogen cryogenic trap to condense ethylene (Kolb, 1999) prior to release into 

the analytical column (J&W Scientific, Folsom, US; 30 m x 0.53 mm, GSQ solid phase).  
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Ethylene was quantified against standards (injector and oven temperature 70 °C; 

detector 120 °C; hydrogen carrier flowrate of 12 mL/min).  

3.2.3 Experimental designs 

3.2.3.1 Part A - Screening factors 

Two separate screening experiments were designed and performed to 

determine the most significant and active main effects for fresh-cut watermelon quality 

change during storage (Table 3.1 and 3.2). Table 3.1 and Figure 3.4 shows the 

Plackett-Burman design with the independent factors in columns - three continuous 

factors and one categorical factor, and the run settings in rows. The factors assessed 

included pre-cut fruit temperature (5 °C, 20 °C), holding time (0.5 hrs, 2 hrs), post-cut 

sanitation method (dipping, misting), post-cut sanitation concentration (0 µL/L, 50 µL/L  

free chlorine).  

Table 3.1: Plackett-Burman screening design for significant factors  

Columns indicate the independent factors screened, while rows specify settings for the independent 
factors.  

 

Pre-cut storage 
temperature (°C) 

Post-cut holding 
time (hours) 

Post-cut sanitation 
method 

Post-cut sanitation 
concentration  

(free chlorine, µL/L) 

5 0.5 Dip 0 

5 2 Mist 0 

5 2 Dip 0 

5 0.5 Dip 50 

5 2 Mist 50 

5 0.5 Mist 50 

20 0.5 Mist 0 

20 2 Dip 0 

20 0.5 Mist 0 

20 0.5 Dip 50 

20 2 Mist 50 

20 2 Dip 50 
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Figure 3.4: Flow diagram for Plackett-Burman screening trial 
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 This was followed by a Definitive Screening design with three continuous 

factors and one categorical factor (Figure 3.5 and Table 3.2). The factors evaluated 

were pre-cut sanitation (0 µL/L, 100 µL/L, 200 µL/L free chlorine), cut size (2.0 cm, 

2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 0.3 M, 0.6 M calcium 

ascorbate), and post-cut antioxidant method (dip, mist).  

 

Table 3.2: Definitive Screening design for significant factors  

Pre-cut sanitation 
concentration 

(µL/L free chlorine) 

Cube sides 

(cm) 

Post-cut antioxidant 
concentration 

(M CaAsc) 

Post-cut antioxidant 
application method 

0 2 0 dip 

0 2 0.6 mist 

0 2.5 0.6 dip 

0 3 0 mist 

0 3 0.3 dip 

100 2 0 dip 

100 2.5 0.3 dip 

100 2.5 0.3 mist 

100 3 0.6 mist 

200 2 0.3 mist 

200 2 0.6 dip 

200 2.5 0 mist 

200 3 0 dip 

200 3 0.6 mist 

Columns indicate the independent factors screened, while rows specify settings for the independent 
factors. µL/L: parts per million; CaAsc: calcium ascorbate 
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Figure 3.5: Flow diagram for Definitive Screening trial 
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3.2.3.2 Part B - Pre-cut and post-cut storage temperatures 

The effects of pre-cut storage temperatures (4 °C, 21 °C and 30 °C) were 

evaluated in a full factorial design in combination with post-cut storage temperatures 

(4 °C and 7 °C) on shelf-life and quality of fresh-cut watermelons (Figure 3.6A). A 

second experiment assessed pre-cut storage temperatures (4 °C and 30 °C) and the 

presence of high ethylene emitters in a fresh-cut fruit mix (mix vs watermelon only) 

(Figure 3.6B). 

   

Figure 3.6: Flow diagram for pre- and post-cut storage temperature trials.  

Trial A: Pre- and post-cut storage temperature as independent variables; Trial B: Pre-cut storage 
temperature and fruit mix as independent variables 
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3.2.3.3 Part C - Sanitiser types and application methods 

Sanitisers were further evaluated on the premises of our industry partner. 

Table 3.3 and Figure 3.7 shows the experimental design for the sanitiser evaluation 

trial with sanitiser types (peroxyacetic acid-based sanitiser with pH 3 and hypochlorous 

acid-based NEW with pH 7) and sanitiser concentrations (50 µL/L or 250 µL/L free 

chlorine for NEW; 50 µL/L or 150 µL/L PAA for Bioxysan). Control groups were 

samples given no treatment, water treatment (misted/dipped) and commercial 

production samples. 

   

Figure 3.7: Flow diagram for sanitiser method and type trial 



Page | 65  
 

Table 3.3: Experimental design for sanitiser trial at industry 

Sanitiser type Application method Post-cut sanitiser 

concentration  

(µL/L free chlorine) 

Nontreatment - - 

Water mist - 

Water dip - 

Electrolysed water mist 50 

Electrolysed water dip 50 
Electrolysed water mist 250 

Electrolysed water  dip 250 

Bioxysan mist 50 

Bioxysan dip 50 

Bioxysan mist 150 

Bioxysan dip 150 

Commercial  spray 200 

Columns indicate the independent factors screened, while rows specify settings for the independent 
factors. Bioxysan is the commercial name of the peroxyacetic acid-based sanitiser. Electrolysed water 
was pH 7.0 and ORP +800mV. Misting or dipping were applied on fresh-cut watermelon cubes just after 
cutting for 2-minutes in a 3 °C environment.  

 

3.2.4 Statistical Analysis 

For Plackett-Burman screening, values of significance were evaluated using Fit 

Two-Level Screening in JMP 14 (SAS Institute, US). The p-values from the Fit Two-

Level Screening were obtained using Monte-Carlo simulation (10,000 Lenth-t’s) with 

α level of 0.05. Contrast of effects were also obtained from the Fit Two-Level 

Screening, signifying effect sizes of the factors on the dependent variables. 

Definitive Screening was analysed with Fit Definitive Screening in JMP 14. 

Results from Fit Definitive Screening include p-values for factors against its shelf-life 

parameter t-ratios (estimates over standard errors), factors’ parameter estimates, and 

main effect plots. Each “sample run” in both screenings was done with duplicates.  
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Further trials in Part B and C were analysed statistically using SPSS version 23 

(IBM Corp, US). Significant differences (p-values and effect sizes in ηp2) among mean 

values were tested by Analysis of Variance (ANOVA) and Tukey's Honest Significant 

Difference (HSD) post-hoc test between treatments. Dunnett’s T3 post-hoc test was 

used in place of Tukey’s HSD when variances were unequal. 

 

3.3 Results  

3.3.1 Part A – Screening Trials 

Plackett-Burman screening on quality of fresh-cut watermelon   

The significance of independent factors on quality of fresh-cut watermelon was 

screened using Plackett-Burman and Definitive screening designs. The results, as 

shown in Table 3.4, indicate that all four independent factors assessed (pre-cut 

storage temperature, post-cut holding time, post-cut sanitation method, and post-cut 

sanitation concentration) in the Plackett-Burman screening were active for fresh-cut 

watermelon quality over storage. However, each independent factor affecting different 

quality parameters (appearance, aroma, juice leakage, firmness, respiration rates) 

and to different extents (early/mid/late/all stages - Days), as shown by the p-values 

(Table 3.4).  

Appearance and aroma, which form two of the major commercial quality 

parameters, were assessed subjectively and were significantly affected by pre-cut 

storage temperature, post-cut holding time, post-cut sanitation method and post-cut 

sanitation concentration (Table 3.4). Appearance was significantly influenced by pre-

cut storage temperatures and post-cut holding time up to day 7 post-cut, while post-

cut sanitation method and concentration affected appearance up to day 12. On the 
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other hand, aroma was affected up to day 12 by post-cut holding time, day 7 for pre-

cut storage temperature and post-cut sanitation method, and day 3 for post-cut 

sanitation concentration.  

 

Table 3.4: Plackett-Burman main effect significance screening  

Attribute Pre-cut 
storage 
temperature 

Post-cut 
holding 
time 

Post-cut 
sanitation 
method 

Post-cut 
sanitation 
concentration 

Appearance Day 3 0.013* 0.020* 0.001* 0.020* 
Appearance Day 7 0.007* 0.018* 0.692 0.073 
Appearance Day 12 1.000 0.294 0.020* 0.005* 
     
Aroma Day 3 <0.0001* 0.001* 0.001* 0.001* 
Aroma Day 7 0.008* 0.024* 0.004* 1.000 
Aroma Day 12 1.000 0.012* 1.000 1.000 
     
Juice leakage Day 3 1.000 0.970 1.000 0.163 
Juice leakage Day 7 0.060 0.919 0.947 1.000 
Juice leakage Day 12 0.994 0.999 1.000 0.932 
     
Firmness Day 3 0.008* 1.000 1.000 0.907 
Firmness Day 7 0.033* 1.000 0.014* 1.000 
Firmness Day 12 1.000 0.431 1.000 0.999 
     
CO2 production. Day 3 0.562 1.000 0.990 0.330 
CO2 production Day 7 1.000 1.000 0.261 0.966 
CO2 production Day 12 0.538 0.994 0.261 0.538 
     
O2 consumption Day 3 1.000 0.944 1.000 0.995 
O2 consumption Day 7 1.000 0.994 0.709 1.000 
O2 consumption Day 12 1.000 1.000 0.964 1.000 

Values are simultaneous p-values from simulation of 10,000 Lenth-t ratios for the factors against its 
shelf-life indicating parameter, processed with JMP Fit Two-Level Screening. Only main effects included 
as interactions confound due to non-orthogonality in a Plackett-Burman design. The independent 
factors included in this trial were pre-cut fruit temperature (5 °C, 20 °C), holding time (0.5, 2hrs), post-
cut sanitation method (dip, mist), post-cut sanitation concentration (0, 50 µL/L free chlorine). Respiration 
rates indicated by CO2 production (CO2 prod.) and O2 consumption (O2 cons.). * depicts significant p-
values (<0.05). 
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Additionally, pre-cut storage temperature and post-cut sanitation method 

affected the firmness of the cubes up to day 7. However, there was no evidence that 

indicated similarities between levels of the independent factors assessed. Pre-cut 

storage temperatures and post-cut sanitation concentration showed a trend in 

influencing juice leakage volumes while post-cut sanitation methods influenced 

respiration rates. There were no significant differences on respiration of fresh-cut 

watermelon for different pre-cut fruit temperature (5 °C, 20 °C); holding time (0.5 hr, 

2hrs), post-cut sanitation method (dip, mist), or post-cut sanitation concentration 

(0 µL/L, 50 µL/L free chlorine) (Table 3.4).  

From parameter estimates (also known as contrast) (see Table 3.9 in 

Appendix), whole fruits stored at 20 °C before cutting had better appearance and 

firmness but lower aroma scores than those stored at 4 °C. Holding cut watermelon 

cubes for 1.5 hours at 20 °C resulted in lower appearance (day 3, day 7, day 12) and 

aroma (day 7), but better aroma scores at day 3 and 12. Misting of the sanitiser, 

instead of dipping, led to better appearance (day 3 and day 12) and aroma (day 3). 

However, cut watermelon at day 7 had better aroma scores and firmness when 

sanitisers were dipped. For post-cut sanitiser concentration, 50 µL/L free chlorine 

NEW resulted in lower appearance scores than 0 µL/L free chlorine control although 

50 µL/L free chlorine NEW benefited day 3 aroma.  
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Definitive Screening of significant factors on quality of fresh-cut watermelon 

Similar to Plackett-Burman screening, Table 3.5 shows that the four 

independent factors investigated in the Definitive Screening (pre-cut sanitation 

concentration, cut size, post-cut antioxidant concentration and application method) 

were active and significant on quality parameters of fresh-cut watermelons.  

Table 3.5: Definitive Screening main effect significance screening 

Values are p-values > |t| for the factors against its shelf-life parameter t-ratios (estimates over standard 
errors), from JMP Fit Definitive Design. ns: not significant (p-value > 0.05). D3, D6, D10 represents day 
3, day 6, day 10, respectively. Independent factors: Pre-cut sanitation (0 µL/L, 100 µL/L, 200 µL/L free 
chlorine), cut size (2.0 cm, 2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 0.3 M, 0.6 M calcium 
ascorbate), post-cut antioxidant method (dip, mist). * depicts significant p-values (<0.05). 

  

 Pre-cut 

sanitation 

concentration 

Cut size Post-cut 

antioxidant 

concentration 

Post-cut 

antioxidant 

application 

method 

Appearance on D3 0.816 0.463 0.294 0.602 

Appearance on D6 0.766 0.056 0.736 0.063 
Appearance on D10 0.053 0.958 0.113 0.199 

Aroma on D3 0.659 0.008* 0.336 0.866 

Aroma on D6 0.234 0.234 0.454 0.012* 

Aroma on D10 0.002* 0.001* 0.424 0.006* 

Juice leakage on D3 0.284 0.448 0.044* 0.222 

Firmness on D3 0.032* 0.013* 0.112 0.864 

Firmness on D6 <0.0001* 0.062 0.644 0.613 
Firmness on D10 0.613 0.492 0.792 0.251 

CO2 production on D3 0.365 0.785 0.861 0.185 

CO2 production on D6 0.742 0.330 0.833 0.003* 

CO2 production on D10 <0.0001* 0.0001* 0.397 <0.0001* 

O2 consumption on D3 0.728 0.172 0.004* <0.0001* 

O2 consumption on D6 0.566 0.020* 0.012* <0.0001* 

O2 consumption on D10 <0.0001* <0.0001* 0.027* <0.0001* 
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Pre-cut sanitation concentration was a significant factor for fresh-cut quality 

attributes into later stages of storage (Table 3.5), in which higher sanitiser 

concentration (200 µL/L free chlorine) maintained better aroma and appearance and 

lowered respiration rates (carbon dioxide production and oxygen consumption rates) 

than those treated with 100 µL/L and 0 µL/L free chlorine (Figure 3.8).  

 

Figure 3.8: Main effects plot of appearance, aroma and carbon dioxide production 

Fresh-cut watermelon were stored for 10 days by independent factors - pre-cut sanitation (0 µL/L, 100 
µL/L, 200 µL/L free chlorine), cut size (2.0 cm, 2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 
0.3 M, 0.6 M calcium ascorbate), post-cut antioxidant method (dip, mist). Appearance and aroma 
Hedonic scores best of 5. 
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When assessed at day 3 and 6, pre-cut sanitising with 200 µL/L free chlorine in 

NEW maintained better firmness than those with 100 µL/L or 0 µL/L free chlorine 

(Figure 3.9). However, effects of this factor need to be interpreted carefully as each 

sanitiser concentration treatment (0 µL/L, 100 µL/L, 200 µL/L free chlorine) involved 

individual fruits that may have varied in their maturity and firmness. 

 

 

Figure 3.9: Main effect plot on firmness of fresh-cut watermelon 

Units in kg. Fresh-cut watermelon stored for 3, 6 and 10 days (D3, D6, D10). Pre-cut sanitation (0 µL/L, 
100 µL/L, 200 µL/L free chlorine), cut size (2.0 cm, 2.5 cm, 3 cm), post-cut antioxidant concentration (0 
M, 0.3 M, 0.6 M calcium ascorbate), post-cut antioxidant method (dip, mist).  
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Cut size affected the aroma of watermelon cubes with higher aroma scores for 

cubes with larger sides (Figure 3.8). The larger cubes also remained firmer during 

early stages of storage (assessed day 3 and 6) and respired less towards the end of 

storage (day 10) (Figure 3.8 and 3.9). Appearance differed for cubes with size 

differences only when assessed at day 10 (Figure 3.8). Juice leakage was not affected 

by cut sizes (Figure 3.10). 

Post-cut antioxidant concentration (calcium ascorbate 0 M, 0.3 M, 0.6 M) did 

not have significant effects on appearance, aroma, firmness of fresh-cut watermelons, 

up to day 10 of storage (Table 3.5). Oxygen consumption was affected but carbon 

dioxide production was not. Respiration was higher in cubes treated with higher 

concentrations of calcium ascorbate. Additionally, post-cut antioxidant concentration 

was the only factor, among the four assessed, that affected juice leakage of cut 

watermelons on day 3 of fresh-cut storage (Figure 3.10). More juice was associated 

with higher calcium ascorbate concentration. 

 

Figure 3.10: Main effect plot on juice volume of cut watermelon 

Units in mL/100g fresh-cut watermelon. Storage of fresh-cut watermelons was done for 3, 6, and 10 
days (D3, D6, D10). Pre-cut sanitation (0 µL/L, 100 µL/L, 200 µL/L free chlorine), cut size (2.0 cm, 
2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 0.3 M, 0.6 M calcium ascorbate), post-cut 
antioxidant method (dip, mist). 
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Effects of the post-cut antioxidant application method included lower carbon 

dioxide production and oxygen consumption for cubes misted with calcium ascorbate 

instead of dipped, across the whole storage period (assessed day 3, 6, 10) 

(Figure 3.12 and 3.13 in Appendix). Cut watermelon cubes had better appearance and 

aroma when misted than dipped, especially when assessed on day 6 of storage 

(Figure 3.14 and 3.15 in Appendix). Firmness and juice leakage were not significantly 

affected by post-cut antioxidant application method (Figure 3.9 and 3.10).  

3.3.2 Part B - Effects of pre- and post-cut storage temperature  

From the full factorial experiments on pre- and post-cut storage temperature, 

different pre-cut storage temperatures led to significantly different fresh-cut 

watermelon firmness and aroma on day 5 of storage. Fresh-cuts from whole fruits 

incubated at 30 °C pre-cut had lower firmness (M = 11.43 N, SD = 1.69) in comparison 

with whole fruits stored at 4°C (M = 14.90N, SD = 2.43, p = 0.029) and 21 °C 

(M = 14.31 N, SD = 1.78, p = 0.082). Whole fruit temperature treatment was the only 

significant factor with F (2, 13) = 4.569, p = 0.031, ηp2 = 0.413.  

From the assessments, whole fruits stored at 21°C before cutting had 

significantly better aroma (M = 3.5, SD = 0) than fruits stored at 4 °C (M = 3.14, 

SD = 0.24, p = 0.022) and 30 °C (M = 2.92, SD = 0.20, p < 0.002). Pre-cut temperature 

treatment was the only main effect, F (2, 13) = 16.398, p < 0.001, ηp2 = 0.716. Storage 

temperature of fresh-cut watermelons show similar aroma quality on day 5 storage at 

both 4 °C (M = 3.25, SD = 0.26) and 7°C (M = 3.11, SD = 0.33). All aroma scores were 

still within marketable levels, with 30 °C treated fruits marginally below the minimum 

marketable score of 3. There was also the presence of an off-odour across all samples 

tested that dissipated after a few seconds when opening the sealed containers. 
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All temperature treatments showed no significant difference in visual quality at 

day 3 (scores 3.3-3.6) and day 5 (scores 2.9-3.1). Slight watersoaking was observed 

for samples starting on day 3. Cubes with seed cavities showed enlargement of the 

cavities starting on day 3 of storage and this was even more prevalent on day 5.  

 Cut watermelons stored with a sealed headspace had high levels of ethylene 

when assessed on day 8 of post-cut storage. Ethylene levels in the headspace of 

samples with higher pre-cut temperature treatment resulted in higher ethylene 

concentrations in the watermelon sample headspace (Table 3.6). However, the 

opposite occurred in fruit mixes where chilling induced a very large increase in 

headspace ethylene concentration.  

Table 3.6: Ethylene in headspace of fruit trays 

Treatment Ethylene (µL/L) 

Watermelon only, 4°C for 1.5 hours 0.016 ± 0.002  

Watermelon only, 30°C for 1.5 hours 0.295 ± 0.372 

Fruit mix, 4°C for 1.5 hours 82.5 ± 17.6 

Fruit mix, 30°C for 1.5 hours 29.6 ± 11.6 

  

All fruit types stored at 4°C before cutting were more vibrant in colour on day 5 

than those incubated at 30°C. Cut watermelon cubes in fruit mix trays had a lower 

appearance score (M = 2.75, SD = 0.35), with a higher extent of watersoaking than in 

watermelon only trays (M = 3.75, SD = 0.29), although on storage day 11 this 

difference diminished. 
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3.3.3 Part C - Effects of sanitiser types and application method  

On both day 2 and 7, misted watermelon cubes had better structure, colour and 

less watersoaking development than dipped samples, although the differences were 

not statistically significantly (Table 3.7). When assessed at day 2, cut watermelon with 

nontreatment had the highest sensory scores, in particularly higher scores for 

watersoaking (M = 4.6 vs 3.8 for misting and 3.4 for dipping, p = 0.03, Table 3.7). At 

day 7, watersoaking was significantly less in fresh-cut watermelon sanitised with NEW 

than Bioxysan and water treated samples as indicated by the higher Hedonic score 

(M = 3.4 vs 2.4-2.5 for Bioxysan and water). Fresh-cut watermelon dipped in 150 µL/L 

PAA-based Bioxysan was associated with significantly lower watersoaking and overall 

visual quality (OVQ) scores than misting or dipping of NEW with 50 µL/L free chlorine 

(M = 1.6 vs 3.4-3.5 for watersoaking; M = 1.8 vs 3.2-3.8 for OVQ) (Table 3.7 and 

Figure 3.11). Sanitiser methods and types were not associated with significant 

differences in overall aroma quality (OAQ; Figure 3.11) or off-odour (Table 3.7). 

Juice leakage was significantly lower for non-treated fresh-cut watermelon 

samples when assessed on both day 2 and 7 of storage (Table 3.8; n = 25 for 

treatment groups, n = 5 for non-treated samples). Fresh-cut watermelon dipped into 

Bioxysan 150 µL/L solution for 2-minutes had the highest juice leakage, while misting 

of NEW (both 50 and 250 µL/L) had juice leakage nearest to non-treated samples 

(Table 3.8).  

Respiration rates of fresh-cut watermelon were not significantly affected by 

sanitiser types and methods applied (Table 3.12 in Appendix). Cut watermelon SSC 

was higher in control samples (10 °Brix; nontreatment), while cut watermelon given 

mist or dip had 8.2 °Brix to 8.6 °Brix. 
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Values are mean and standard deviation error bars. Red line depicts limit of commercial quality. 
Different letters depict significantly different Hedonic scores (p<0.05). Fresh-cut watermelon were either 
dipped or misted for 2-minutes in NEW or Bioxysan or water or not treated. Numbers behind sanitiser 
indicate concentration. NEW: neutral pH electrolysed water; Bioxysan: PAA-based sanitiser. OVQ: 
overall visual quality, OAQ: overall aroma quality  

Figure 3.11: Effects of sanitiser type and method on fresh-cut watermelon. 
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Table 3.7: Effects of sanitiser treatments on fresh-cut watermelon sensory attributes.  

Values are mean Hedonic scores (best of 5). Assessments were done on day 2 and 7 of fresh-cut 
storage. Different letters depict significantly different Hedonic scores (p<0.05). SE: standard error; 
WS: watersoaking, NEW: neutral pH electrolysed water; Bioxysan: PAA-based sanitiser.  

  

Type Structure Colour WS  Off-odour 
 D2 D7 D2 D7 D2 D7 D2 D7 
Method         
Dip 3.4 2.9b 2.9 2.6 3.4b 2.7 3.4 3.2 
Mist 3.8 3.4a 3.3 2.9 3.8ab 3.0 3.4 3.1 
Nontreatment 3.8 3.2ab 3.6 2.4 4.6a 2.8 3.4 3.0 
SE 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.4 
p-value 0.32 0.11 0.21 0.38 0.03 0.33 0.96 0.91 
Sanitiser type         
NEW 3.6 3.4 3.1 2.8 3.8 3.4a 3.3 3.2 
Bioxysan 3.4 2.9 3.0 2.6 3.6 2.4b 3.3 3.0 
Water 4.0 3.1 3.4 2.8 3.6 2.5b 3.9 3.2 
Nontreatment 3.8 3.2 3.6 2.4 4.6 2.8ab 3.4 3.0 
SE 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.4 
p-value 0.38 0.32 0.42 0.82 0.20 0.05 0.29 0.87 
Treatment group         
Water dip 3.8 2.8ab 3.2 2.4 3.4 2.4ab 3.8 3.2 
Water mist 4.2 3.4ab 3.6 3.2 3.8 2.6ab 4.0 3.2 
EW 50 dip 3.2 3.8ab 2.6 3.0 3.2 3.5a 3.4 3.5 
EW 50 mist 3.6 3.6ab 3.4 3.0 4.2 3.4a 4.0 3.4 
EW 250 dip 3.4 2.6b 2.8 2.4 3.6 3.0ab 3.0 3.0 
EW 250 mist 4.0 3.8a 3.0 2.8 4.0 3.6a 2.8 3.0 
Bioxysan 50 dip 3.2 2.6b 2.8 2.6 3.4 2.4ab 3.6 3.0 
Bioxysan 50 mist 3.6 3.2ab 3.2 3.0 3.8 3.2a 2.8 2.8 
Bioxysan 150 dip 3.2 2.6b 3.2 2.4 3.6 1.6b 3.4 3.2 
Bioxysan 150 mist 3.4 3.0ab 3.2 2.4 3.4 2.4ab 3.2 3.0 
Nontreatment 3.8 3.2ab 3.6 2.4 4.6 2.8ab 3.4 3.0 
SE 0.5 0.5 0.4 0.5 0.4 0.6 0.4 0.4 
p-value 0.68* 0.33* 0.84 0.90 0.59 0.20 0.36 0.99 
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Table 3.8: Effects of sanitiser treatments on fresh-cut watermelon juice leakage 

Type Juice leakage (mL juice/100g) 
 D2 D7 
Method    
Dip 2.6c 2.1b 
Mist 1.9b 2.1b 
Nontreatment 0.9a 0.9a 
SE 0.4 0.5 
p-value 0.0003* 0.05* 
Sanitiser type    
NEW 1.9a 1.7a 
Bioxysan 2.6b 2.4b 
Water 2.2ab 1.9ab 
SE 0.4 0.4 
p-value 0.003 0.01* 
Commercial  6.7 
Treatment groups (n=5)   
Bioxysan 150 dip 3.6d 3.4c 
Bioxysan 50 dip 2.8cd 2.0ab 
EW 50 dip 2.4c 1.6ab 
EW 250 dip 2.2bc 2.0ab 
Water dip 2.2bc 1.3a 
Bioxysan 150 mist 2.1bc 2.5bc 
Bioxysan 50 mist 2.0bc 1.9ab 
EW 50 mist 1.9ab 1.6ab 
EW 250 mist 1.3ab 1.7ab 
Water mist 2.1bc 2.6bc 
Nontreatment 0.9a 0.9a 
   
SE 0.4 0.6 
p-value 0.002 0.009* 

Treatments were 2-minutes with n = 5 for each treatment groups. n=5 for Nontreatment samples, n = 
20 for Bioxysan and NEW, n = 10 for water; n = 25 for dip or mist. * indicates Kruskal-Wallis test on 
non-equal variance parameters. Assessments were done on day 2 and 7 of fresh-cut storage. NEW: 
neutral pH electrolysed water; Bioxysan: PAA-based sanitiser.   
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3.4 Discussion 

3.4.1 Part A – Screening Trials 

The screening trials indicated that all eight independent factors assessed were 

active on fresh-cut watermelon quality, although each independent factor influenced 

different quality parameters and to different extents (Table 3.4 and 3.5). This shows 

the complexity involved in optimising the processing of whole fruits into fresh-cuts. 

Albeit screening designs show only main effects and not interactions, this study still 

provides insight that careful control of multiple independent factors during processing 

is required to achieve optimal quality and shelf-life of the fresh-cut product.  

Effects of pre-cut sanitation on fresh-cut watermelon quality 

 Pre-cut sanitation with an adequately effective concentration of free chlorine is 

crucial for longer maintenance of fresh-cut watermelon quality. When assessed after 

10 days of storage, fresh-cut watermelon processed from whole watermelons treated 

with NEW containing 200 µL/L free chlorine had higher appearance and aroma scores, 

and lower respiration rates, in comparison to those from whole-fruits treated with 

reverse osmosis water (0 µL/L free chlorine) and 100 µL/L free chlorine NEW 

(Table 3.5, Figure 3.8). Additionally, 200 µL/L free chlorine NEW enabled better 

firmness maintenance of cut watermelon cubes when assessed on day 3 and 6 of 

storage (Figure 3.9). More effective decontamination by the 200 µL/L free chlorine 

NEW might be the reason for better maintenance of appearance, aroma and having 

lower respiration rates towards later stages of fresh-cut storage. NEW has been shown 

to be effective against a wide spectrum of microorganisms (Abadias et al., 2008). This 

is also supported by McGlynn et al. (2003) where whole watermelons sanitised with 

1000 µL/L sodium hypochlorite had a 2-log reduction in initial aerobic plate counts and 

1-log reduction in initial coliforms, but no significant effects on fresh-cut watermelon 
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colour, texture, pH and SSC stored up to 10 days at 4 °C. Therefore, pre-cut sanitation 

of whole watermelons should be the priority. It not only decontaminates the rind, but 

also has the potential to improve quality maintenance of fresh-cut watermelons.   

Effects of pre-cut storage temperature on fresh-cut watermelon quality 

 In contrast to pre-cut sanitation, pre-cut storage temperatures were important 

for initial fresh-cut product quality as it affected the early storage quality of fresh-cut 

watermelons. Assessment up to day 7 show that fresh-cut watermelon processed from 

whole watermelons stored at 20 °C had better appearance and firmness, while those 

from whole watermelons stored at 5 °C before cutting had better aroma. Juice leakage 

was lower from fruits stored at 20 °C, although differences were only marginally 

significant (p = 0.06). Contrary to data from whole watermelons, where cooler 

conditions reduce respiration (Suslow, 1997), no evidence was found for effects of 

pre-cut storage temperatures on respiration of cut watermelons. As indicated by 

appearance and firmness, 20 °C is therefore a better storage temperature than 5 °C 

for whole watermelon. This may be due to its tropical origin and susceptibility to chilling 

injury. However further experiments would be needed to address potential bias due to 

unknown temperature exposure conditions during prior transport for the whole 

watermelons utilised in the study. Cutting at 20°C could have increased risk of spoilage 

or pathogenic bacterial growth (Ukuku & Sapers, 2007) and future studies might 

evaluate samples cut at different temperatures reflecting industrial practice. The 

current findings show that differences in whole fruit storage temperature, even for a 

short 21-hours, in comparison to up to 5 days in the supply chain before processing, 

can have significant effects on fresh-cut watermelon quality maintenance.   
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Effects of post-cut sanitation on fresh-cut watermelon quality 

 Post-cut sanitation applied in the form of a mist has potential to be optimised 

and adopted. Misting of NEW allowed better appearance of fresh-cut watermelon 

cubes than dipping at early and late stages of fresh-cut storage (day 3 and 12) 

(Table 3.9 in Appendix). This may have been due to smaller droplet sizes and the 

delicate nature of the watermelon tissues or potentially the greater exposure of the 

cells to osmotic stress when dipped.  

There was also better fresh-cut aroma at early stages of storage (day 3). Not 

having any sanitiser treatments was the best in maintaining fresh-cut watermelon 

aroma. However, it is a regulatory requirement to have sanitation against any potential 

pathogenic contamination. For the free chlorine concentration of NEW, 50 µL/L free 

chlorine was not beneficial towards appearance maintenance although it allowed 

better aroma when cubes were assessed on day 3 of storage (Table 3.4). Post-cut 

sanitation with 50 µL/L free chlorine, either misted or dipped for 2 minutes, was 

associated with lower appearance at day 3 and 12, and lower aroma at day 3. This 

could be due to 50 µL/L free chlorine being above the optimal concentration required 

for fresh-cut watermelons and causing excessive oxidative stress to the exposed cells.  

In previous studies, post-cut application of 60 µL/L and 120 µL/L free chlorine 

EW correlated with fresher appearance, less vascular browning, and better 

acceptance by panellists for fresh-cut lettuce, albeit bigger gaps were observed 

between lettuce cells (Abadias et al., 2008). Izumi (1999) found no surface colour 

changes for fresh-cut carrot and cucumber, and trimmed spinach leaves rinsed for 

4 minutes with NEW containing up to 50 µL/L free chlorine. Martínez-Hernández et al. 

(2013) applied 100 µL/L free chlorine NEW (pH 7, ORP 900mV) applied post-cut to 

broccoli after cutting, which was able to better maintain flavour and fend off off-odours 
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up to 19 days. For whole produce, NEW has been shown to be effective as a safe 

alternative to sodium hypochlorite while not causing sensorial changes in carrots 

(Workneh et al., 2003), tomatoes (Deza et al., 2003), spinach (Nguyen et al., 2019) 

and dates (Bessi et al., 2014).  

Effects of process holding time on fresh-cut watermelon quality 

 Generally, process holding times (the window between processing and 

packaging/storage of the fresh-cut produce), would be recommended to be kept at a 

minimal if the cutting environment allows quick packaging of the cut produce. 

However, it was common for cut produce to be held on the processing floor for hours 

until being packaged. To simulate possible industrial fresh-cut processor practice cut 

watermelon was held for 1.5 hour longer in a 20 °C room prior to refrigerated storage 

(4.5 °C to 5.5 °C). This lowered appearance scores across the whole storage period 

and aroma was significantly different to post-cut produce (Table 3.4). Scores for held 

produce were below the commercial acceptable limit (scoring 3 out of 5) when 

assessed day 7 onwards. Interestingly, important fresh-cut watermelon quality 

parameters juice leakage, firmness and respiration rates were not significantly affected 

by holding 1.5 hour more at 20 °C prior to chilled storage. These findings suggested 

different mechanisms behind the significant and non-significantly affected quality 

attributes presented in this study.  

Scarce information is available on process holding time as a factor for 

subsequent fresh-cut produce sensory quality. Most research has investigated its 

effects on microbiological growth in the food and catering industry where there is a 

chance for pathogen growth when cut produce to be kept for hours before 

consumption (Ukuku et al., 2017; Ukuku & Sapers, 2007). As mentioned by Klein 

(1987), research on nutrient changes over process waiting periods were done in the 
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1940-1950s with most reporting on ascorbic content of cut produce (Van Duyne et al., 

1944; Van Duyne et al., 1945). An hypothesis, to be further tested, is whether holding 

cut produce for a few hours to dissipate the early wound related volatile compounds, 

which includes enzymatic generated C6 aldehydes and alcohols (Boukobza et al., 

2001), would be beneficial towards quality maintenance and prolong shelf-life of fresh-

cut produce. Running the experiment at low temperatures (3 °C to 4 °C) would remove 

the influence of high temperature on acceleration of senescence during the holding 

time.   

Effects of calcium ascorbate on fresh-cut watermelon quality 

In this current study, 0.3 M calcium ascorbate (CaAsc) could be the optimal 

concentration for fresh-cut watermelons. This concentration resulted in better overall 

scores of appearance, aroma, less carbon dioxide production (Figure 3.8) and better 

firmness at later stage of fresh-cut storage (Figure 3.9). Due to the linear output 

limitations of Definitive Screening designs, a closer investigation on the data points of 

0 M, 0.3 M and 0.6 M presented in Figure 3.8 - 3.9 revealed 0.3 M to be beneficial to 

fresh-cut watermelon quality maintenance. The advantage of 0.3 M calcium ascorbate 

was on firmness, carbon dioxide production rates, appearance, and aroma of fresh-

cut watermelon. This was despite no evidence (p>0.05) supporting significant 

differential effects between 0 M, 0.3 M, and 0.6 M (0 %, 11.7 %, 23.4 % w/w) calcium 

ascorbate (Table 3.5).  

Misting of calcium ascorbate, in comparison to dipping, resulted in better 

appearance, aroma, and lower respiration rates of fresh-cut watermelons (Figure 3.12 

– 3.15 in Appendix). This could be the effect of calcium at the optimal amount being 

deposited onto the fresh-cut watermelons, without the osmotic stress that dipping 

could have induced. No previous known studies have trialled misting calcium 
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ascorbate on fresh-cut fruits, and the effects of calcium ascorbate treatment on carbon 

dioxide production in this current study was better than the 2 % calcium chloride dips 

investigated by Mao et al. (2006). They reported respiration rates of cut watermelon 

were not affected by the calcium dips. The effect on firmness by calcium ascorbate in 

this study, especially of 0.3 M (11.7 %) concentration, was similar to that of Mao et al. 

(2006) and Aguayo et al. (2013), in which 2 % calcium chloride (dipped for several 

seconds) and 0.5 - 1 % calcium chloride (dipped at 45 °C for 2 minutes) were shown 

respectively to maintain firmness of fresh-cut watermelons. 

Juice leakage was affected by calcium ascorbate treatment (Figure 3.10). 

Increased juice leakage was observed when fresh-cut watermelon, treated with higher 

calcium ascorbate concentrations (0.6 M / 23.4 % w/w) was assessed on day 3. Similar 

findings were reported by Lichanporn et al. (2014) where juice leakage increased early 

in storage for fresh-cut watermelons dipped in 10 % and 20 % calcium ascorbate for 

2-minutes, compared with 0 - 5 % calcium ascorbate. This was considering 0.6 M (10.8 

% w/w) glucose having been determined, in preliminary experiments of the current 

study, to be near isotonic for fresh-cut watermelons. 

The results presented indicate that an aspect of calcium application is a 

biphasic nature of the effect of concentration on the senescence of fresh produce. This 

is often not described in the literature. Lester (1996) suggested the existence of a 

range of concentration where calcium application is beneficial in hindering 

senescence, with calcium chloride in the range of 0.02 M to 0.08 M retaining the most 

chlorophyll, while 0.04 M calcium chloride retained the highest phospholipids and 

H+ - ATPase. Wills and Rigney (1980), from their experiments on isolated tomato 

mitochondria, reported calcium in concentrations <0.001 M and > 0.01 M to be 
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suppressive of oxygen consumption rates, malic dehydrogenase and pectinesterase 

activity. From current findings, 0.3 M calcium ascorbate could be the optimal 

concentration for fresh-cut watermelon quality maintenance.  

Effects of cut sizes on fresh-cut watermelon quality 

Bigger cube sizes are preferred for fresh-cut watermelons. Larger cubes had 

higher aroma scores across the whole storage period (Figure 3.8), remained firmer for 

early stages of storage (assessed day 3 and 6) (Figure 3.9) and respired less towards 

the end of storage (day 10) (Figure 3.8). Appearance differed for cubes with size 

differences only when assessed at day 6 (Figure 3.8). Juice leakage was not affected 

by cut sizes (Table 3.4). This may have been due to no vibrational forces being applied 

to the stored fruits. This would be needed to simulate real handling under industrial 

conditions. Fonseca et al. (1999) found that smaller cubes were more prone to colour 

changes, juice leakage and off-odour occurrences in the event of vibrations during 

transport. Smaller cut sizes had been associated with higher respiration rates for 

lettuce (Martinez et al., 2005), and distinctive aroma profiles were reported for fresh-

cut melons of different cut sizes (Spadafora et al., 2019). Thus, it is recommended that 

the fruit processors cut their watermelons into bigger cubes to improve quality of fresh-

cut watermelons. 

3.4.2 Part B – Effect of pre- and post-cut storage temperatures on fresh-cut 

watermelon quality 

A relatively short 21-hour storage period of whole fruit at different temperatures 

prior to cutting had differential effects on fresh-cut watermelon quality. This was 

despite not knowing the important prior fruit history from harvest and transport (Lee et 

al., 2018). This was the first study to report the interactive effects of pre- and post-cut 

storage temperature on fresh-cut watermelons quality maintenance. It was determined 
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that high pre-cut temperatures (30 °C) led to lower firmness of fresh-cut watermelons 

(p = 0.03). Aroma of fresh-cut watermelon benefited from pre-cut storage at 21 °C 

(M = 3.5 vs 2.9-3.1 for 4 °C and 30 °C). Post-cut storage temperatures (4 and 7 °C) 

did not affect fresh-cut watermelon quality parameters significantly. Results suggest 

that chilling injury did not develop at post-cut storage temperature of 4 °C, most 

probably due to temperatures being above those associated with chilling injury 

symptoms such as increased juice leakage (Perkins-Veazie & Collins, 2004). 

However, it was found that fresh-cut watermelon ethylene production increased if 

processed from 20 °C stored whole watermelons and then stored at 7 °C post-cut. 

Nevertheless, it is recognised that care should be taken when interpreting these 

results. Experimental limitations included a small sample size of 2 whole watermelons 

each pre-cut storage temperature and potential bias from using individual watermelons 

for each experiment. Despite these limitations, this current study builds upon the 

recommendations by Rushing et al. (2001); Suslow (1997) for whole watermelon 

storage temperatures. It has also put forward the importance of pre-cut storage 

temperatures of whole watermelons for fresh-cut processors to take into consideration. 

 Ethylene is an important regulator of plant senescence processes and could 

influence the shelf-life of fresh-cut products. The concentrations measured in the fruit 

mix headspace were higher than the 10 µL/L to 50 µL/L previously reported to have 

the ability to cause softening, watersoaking of fresh-cut watermelons through cell wall 

and membrane degradation (Elkashif & Huber, 1988a; Karakurt & Huber, 2002, 2004; 

Mao et al., 2004; Saftner et al., 2007). Fruit mix headspace had higher ethylene at 

4 °C in comparison to 20 °C (Table 3.6) probably due to chilling injury of the fruits. To 

prolong the shelf-life of fresh-cut watermelon, each fruit type, of a fresh-cut mix, may 

need to be sealed in individual compartments or have films that have higher 
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permeability towards ethylene. An alternative strategy could be the selection of low 

ethylene emitting varieties of apples or melons for use in fresh-cut mixes.   

3.4.3 Part C - Effects of sanitiser types and application method 

An evaluation of sanitiser types and application methods was performed at the 

processing factory of our industry partner to carry our trials under industrial conditions. 

It was determined that new sanitation regimes could be designed based on using a 

more delicate sanitation method. In comparison with peroxyacetic acid-based 

Bioxysan, hypochlorous acid-based NEW had an advantage on maintenance of 

appearance related quality parameters with significantly less watersoaking 

development and slight improvements in structure and colour (Table 3.7). Gentle 

handling of fresh-cut watermelon was required to better maintain its quality, as shown 

by fresh-cut watermelon samples not given treatments having less watersoaking 

development at day 2 of storage (Table 3.7). Fresh-cut watermelon with sanitisers 

misted was also shown to have slightly better maintained overall visual quality 

(Figure 3.11), as indicated by better structure, colour and less watersoaking 

development (Table 3.7). Juice leakage was also less in fresh-cut watermelon 

samples with no treatment, followed by samples with sanitisers misted (Table 3.8). 

However, this should be interpreted with care as sanitiser treatments could be 

increasing juice leakage due to water retained from the treatments. Current findings 

are in line with recommendations by Cantwell and Suslow (2002), in which handling 

forms an important factor for fresh-cut produce quality maintenance. This is especially 

relevant for fresh-cut watermelon that has a very fragile internal structure. In future 

studies, misting could be further optimised in an industrial setting, with more detailed 

comparative work on the bactericidal capacity of NEW in comparison with PAA-based 

sanitisers.  
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Preliminary microbiological assessment also showed that, although misted 

samples tend to have higher SPC and yeast counts than samples made by dipping 

and  controls (Table 3.11 in Appendix), SPC levels were still within the specification 

target of 6 log CFU/g set by Woolworths (2016). Interestingly, smaller mister orifices 

had been associated with higher chlorine reductions in electrolysed water (Hsu et al., 

2004; Kim & Hung, 2012). Misted NEW was previously reported not to reduce E. coli 

O157:H7 and there were no significant differences in bactericidal efficacy between EW 

sprayed electrostatically with different orifice sizes (Kim & Hung, 2012). For sanitation 

of Listeria, there was less inactivation due to reduction of total chlorine in electrolysed 

water misted with smaller orifices as reported by Hsu et al. (2004). This was regardless 

of the initial concentration at 8.9 or 82.1 µL/L chlorine. In both cases ORP stayed 

unaffected by orifice sizes. Although further research would benefit our understanding 

of how misting affects bactericidal efficacy of NEW, our study has shown that SPC 

and yeast counts were controlled within quality specification limits set by industry and 

therefore can be used to improve appearance of fresh-cut watermelon.  

3.5 Conclusion 

Multiple processing factors were revealed to be important for controlling 

multiple processing factors to improve fresh-cut fruit quality across storage. These 

factors covered pre- and post-cut storage temperatures, sanitation types and 

application methods, holding time, cut sizes and calcium ascorbate application. For 

the fruit processing industry, the most cost-effective way to improve fresh-cut fruit 

quality is to have optimal storage temperatures at pre- and post-cut, as well as 

improving sanitiser application methods. From the fruit temperature trials, the high 

levels of ethylene found in headspace of fruit mixes indicated that further investigations 

into the effects of ethylene on fresh-cut watermelon quality retention are needed.  
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Chapter 4: Effects of Ethylene on Fresh-cut Watermelons 

This research was to determine the effects of lowering ethylene for better 

maintenance of fresh-cut watermelon quality and shelf-life. Screening trials in 

Chapter 3 associated watersoaking and appearance degradation in fresh-cut 

watermelons with the presence of fresh-cut fruits processed from other fruits such as 

honeydew and apples that were high ethylene emitters. While that provided some first 

insights into possible ethylene effects on fresh-cut watermelons, in line with effects of 

ethylene on whole watermelons (Risse and Hatton 1982, Elkashif and Huber 1988, 

Karakurt and Huber 2004, Mao, Karakurt et al. 2004), the concentration of ethylene 

that forms the threshold between senescence acceleration, and therefore set back for 

better quality maintenance, is still unknown. This study sought to establish a 

concentration of ethylene that processors can use as the target reference in their 

process and cutting environment designs.  

4.1 Introduction 

Ethylene at low concentrations such as 0.1 µL/L has commonly been perceived 

to cause non-significant deterioration in fruit and vegetable quality. However, 

technology improvements have allowed for better detection of lower ethylene levels.  

Lowering ethylene exposure from 0.1 µL/L to 0.005 µL/L can benefit postharvest life 

of intact fruits and vegetables, depending on species investigated. An average gain of 

60 % storage life were reported for this reduction (Wills et al., 1999). The highest gains 

were observed for non-climacteric ethylene sensitive produce such as strawberry, 

lettuce, and Chinese cabbage (Wills et al., 1999). Whole watermelon has been 

classified as non-climacteric due to low ethylene production (Elkashif et al., 1989), but 

is considered extremely ethylene sensitive, with ethylene levels as low as 0.04 µL/L to 

0.05 µL/L softening the fruits during 3 weeks of storage at 13 °C (Mao et al., 2004).  
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From the limited studies investigating the effects of exogenous ethylene on 

fresh-cut produce, contrasting outcomes were reported by different research groups. 

Abe and Watada (1991) reported softening of fresh-cut kiwifruit and banana pulp 

exposed to ethylene of 2 µL/L and 20 µL/L. Agar et al. (1999) further built on the 

observation by showing that even lower concentrations of exogenous ethylene 

(0.001 µL/L to 0.1 µL/L) softened fresh-cut kiwifruit. In both studies, ethylene 

adsorbent (charcoal with palladium chloride) or oxidisers (permanganate) protected 

against firmness loss, while the concentration of the exogenous ethylene applied was 

less of an influence. In contrast, the presence of ethylene at low concentration 

(0.1 µL/L) has been shown to benefit shelf-life of cut tomatoes with reduced symptoms 

of chilling injury such as watersoaking (Hong & Gross, 2000). A biphasic pattern of 

effect on cut tomato chilling injury (0.1 µL/L, 1 µL/L, 10 µL/L) was observed, with 

opposing effects of ethylene depending on the time that exogenous ethylene was 

applied (0 or 3 days after cutting).  

 For watermelons, research has tended to focus on blocking the effects of 

ethylene by 1-MCP rather than understanding how ethylene concentration, especially 

at concentrations available in headspace of fruit mixes, affects both whole and fresh-

cut watermelon. Ethylene receptor blocker 1-MCP applied to whole watermelons 

alleviated softening and watersoaking associated with exogenous ethylene (Mao et 

al., 2004). However, pre-cut 1-MCP application without exogenous ethylene showed 

no significant benefits to shelf-life of fresh-cut watermelons (Mao et al., 2006). As 

fresh-cut fruit mixes can contain fruit of known high ethylene emitters, ethylene 

accumulation in the headspace could influence the fresh-cut watermelon quality 

maintenance. No study known to the author has investigated impacts of exogenous 

ethylene at different concentrations on fresh-cut watermelons quality and shelf-life.  
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The objective of this study was therefore to investigate the effects of exogenous 

ethylene at ultra-low levels, that could be present in the headspace of fresh-cut 

watermelon, on the subsequent quality maintenance. The potential effects on the 

commercial quality parameters of fresh-cut watermelon of low levels, from 1 µL/L down 

to less than 0.001 µL/L ethylene need to be determined. In contrast to studies utilising 

1-MCP to act as ethylene antagonists, this study will allow better understanding if ultra-

low levels of ethylene need to be controlled in industrial practice to maximise shelf-life 

and quality of fresh-cut fruits.  

4.2 Material and methods 

4.2.1 Fruit material and treatment  

Whole watermelons (Citrullus lanatus cv. Royal Armada) of 6.5 kg to 8.5 kg 

were purchased from a local supermarket 3-5 days after harvest.  The watermelon 

batches were from harvests spanning from late summer to mid-winter (February to 

June 2018) and therefore from widely varying seasonal growing regions. After 

purchase, whole watermelons were transported within an hour at ambient temperature 

(20 °C to 25 °C) to the University of Newcastle Postharvest Laboratory, Ourimbah, 

NSW, Australia. 

Watermelons were selected based on uniformity of weight (6.5 kg to 8.5 kg 

depending on batch), colour of ground spot (cream), rind firmness (no depression from 

pressing) and freedom from defects (insects and diseases). Watermelons and cutting 

equipment were sanitised in neutral pH electrolysed water (ORP +800 mV, pH 7.0, 

100 µL/L free chlorine; produced using an Envirolyte EL-400, see Chapter 3), before 

being manually cut into cubes with sides of 3.5 cm to 4.5 cm. After cutting, watermelon 
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cubes were put into 1.8L containers (polypropylene), with sealed lids which had two 

drilled openings of the same size (0.6 mm) for continuous flushing of gases.  

The experimental setup for ethylene continuous flow system, as utilised by Al 

Ubeed, Wills et al. 2017 and Li, Wills et al. 2017 is shown in Figures 4.1 and 4.2. 

Fresh-cut watermelon were stored in a 3.5 - 4.5 °C storage room and flushed with 

either air (90 - 95 % humidity, 18 - 25 mL/min, <0.001 µL/L ethylene), or air premixed 

with one of  0.01 µL/L, 0.1 µL/L, or 1 µL/L ethylene. Potassium permanganate (KMnO4) 

was utilised to scavenge ethylene down to <0.001 µL/L (limit of detection being 

0.001 µL/L) before mixing the air with diluted concentrations of ethylene. Fresh-cut 

watermelons were then stored at 3.5 - 4.5 °C until assessment at day 3-4, 6, and 8-9.

 

Figure 4.1: Ethylene continuous flush system working diagram 

Sample containers flushed with continuous flow of ethylene at the set concentrations of <0.001 µL/L, 
0.01 µL/L, 0.1 µL/L and 1 µL/L.  Flowrate between 1000 µL/L ethylene and compressed air was around 
1:1000.  

1 µL/L manifold 
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Figure 4.2: Ethylene flushing system  

Fresh-cut watermelon sample containers with pre-drilled holes (0.6 mm diameter); bottom: gas mixing 
system using a conical flask as mixer. 

 

  

Ethylene  
Diluted 
ethylene 

Compressed air 

Out-flow  

In-flow  

Out-flow  

Ethylene  
Diluted 
ethylene 

Compressed air 
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4.2.2 Data collection and quality parameters 

At each storage interval, cut watermelon cubes that had been continuously 

flushed ethylene were evaluated subjectively for commercial quality parameters that 

included Hedonic scoring of appearance and aroma, firmness and watersoaking with 

methods adapted from Beaulieu (2005). Colorimetric assessments complemented as 

an objective measure of the appearance changes (see 4.2.5). Physiological 

(respiration, ethylene production, electrolyte leakage) and biochemical (pH, SSC, 

conductivity) changes were assessed with methods in the relevant sections below. 

Data was recorded on days 3, 6, and 9 for batches 1-3; days 3 and 6 for batch 4; and 

days 4 and 8 for batches 5 and 6.  

4.2.3 Appearance and Aroma 

Both appearance and aroma quality parameters were evaluated subjectively by 

a trained panellist and scored using a Hedonic scale as described in Table 4.1. 

Table 4.1: Organoleptic assessment using Hedonic scale 

Score Condition of fresh-cut watermelon 
5 Perfect appearance and aroma 

4 Slight changes in appearance, no off 

odours. 

3 (Limit of commercial use) Acceptable appearance, little to no off 

odours 

2 Prominent structural breakdown and colour 

changes, off odours still acceptable. 

1 Very prominent off flavours, structural 

breakdown, colour changes, 

microbiological colony (probably mould) 
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4.2.4 Watersoaked areas 

Watersoaking was assessed as % coverage of the top of each cube. Figure 4.3 

shows an example of watersoaking developing in fresh-cut watermelon, defined as 

translucent and darkening of the fresh-cut watermelon cubes.  

 

 

Figure 4.3: Watersoaking in fresh-cut watermelon cubes 

Areas around seed cavities tended to be the first to develop watersoaking symptoms (top right cube 
pointed by arrow) with darkening of the area. Watersoaking with translucency could also develop 
(bottom left and right cubes, compared with non-translucent top left cube). Watersoaking index of the 
top right cube would be 0.3 (~30% area watersoaked) according to a Hedonic scoring of the area 
covered by darkening / translucency.  
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4.2.5 Colour changes 

Watermelon cube colour (L*, a*, b*, C*, h) were evaluated with a Konica Minolta 

colorimeter (CR-410, Tokyo, Japan) within the CIE L*C*h° colour space (Figure 4.4), 

avoiding seed cavities and any defined watersoaked areas. The colorimeter was 

calibrated against the standard white tile provided.  

 

Figure 4.4: CIE L*C*h colour space chart. 

L* indicates lightness (dark-light), C* indicates chroma (dull-bright), h° indicates hue, a* indicates green-

red, b* indicates blue-yellow in the CIE L*C*h° colour space. From Konica Minolta Sensing Americas, 

Inc 2019. 

 
4.2.6 Electrolyte leakage 

Electrolyte leakage was measured using a conductivity meter (Horiba 

LAQUAtwin EC-33, Horiba Ltd, Kyoto, Japan). Treated watermelon cubes at each 

assessment day were cut into rectangular strips (~36 g) and dipped into 40 mL 

deionised water at 18 °C to 20 °C. A conductivity reading taken in the 8th minute after 

dipping of the rectangular strips was then divided by the total conductivity reading after 
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boiling the strips for 15 minutes and cooled to 18 °C to 20 °C, to obtain the electrolyte 

leakage value. The electrolyte leakage calculation is shown in following the formula: 

Electrolyte leakage = 

8th	minute	conductivity	reading
total	conductivity	reading	after	15 − minute	boiling	and	cooling 

 

4.2.7 Respiration rates and ethylene production rates 

At each assessment day, treated fresh-cut watermelon cubes were weighed 

and placed into sealed 250 mL polypropylene (PP) containers. After 1 hour incubation 

at 18 °C to 20 °C, a gas sample (1 mL) was collected through a taped film with a 

Terumo syringe following the procedure of Huque et al. (2013). The concentration of 

carbon dioxide in the gas sample was determined by thermal conductivity gas 

chromatography (GOW-MAC 580, Bridgewater, NJ) with a stainless-steel column 

(60 cm × 1 mm i.d.) of Hayesep N (80/100 mesh) (Altech, Sydney). The gas 

chromatograph response was calibrated with a standard gas mixture containing 5 % 

CO2 in nitrogen (BOC Gases, Sydney). Respiration was calculated as mL CO2/kg/hr. 

Ethylene was determined with a gas sample (1 mL) injected into a flame ionisation gas 

chromatograph (GC-FID, Varian Star CX-3400, Walnut Creek, CA) fitted with a 

stainless-steel column (2 m × 3.2 mm o.d. × 2.2 mm i.d.) packed with Porapak Q (80–

100 mesh) (Altech, Sydney). Temperature settings for the GC-FID were 70 °C injector, 

100 °C column, and 150 °C detector. The ethylene production rate was calculated as 

µL C2H4 per kg per hour. 

4.2.8 pH, conductivity, soluble solid content (SSC) and firmness 

For pH and conductivity, fresh-cut watermelon cubes were squeezed, and the 

juice measured using calibrated portable meters (EC33 and pH22, Horiba, Kyoto, 
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Japan). Soluble solid content of the squeezed juice was determined using a 

refractometer (Lichen, Shanghai, China). Firmness of cubes was assessed using a 

penetrometer (FT-327, TR Turoni, Forli, Italy) with 11-mm round tip plunger and by 

averaging values from all six sides of two cubes in each tray.  

4.2.9 Experimental design 

 

Figure 4.5: Flow diagram for continuous flush of ethylene on fresh-cut watermelons. 

Differences between the batches included independently sourced whole watermelons, assessment 

days 3 or 4, 8 or 9, and treatment groups recategorised according to actual measured ethylene 

concentrations (please refer Table 4.8 and 4.11 – 4.20 in Appendix). 

 

Impacts of exogenous ethylene on shelf-life of fresh-cut watermelon were 

studied across six sequential separately sourced, batches of watermelon. Figure 4.5 

shows the experimental process. Each batch had three replicates, with each replicate 

processed from an individual whole watermelon. Table 4.2 indicates ethylene 

concentrations chosen for each treatment group, adapted from findings in Chapter 3 

to represent concentrations potentially present in headspace of fresh-cut fruits. The 

six experiments were analysed in combination. 
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Table 4.2: Exogenous ethylene flush concentrations on fresh-cut watermelons 

Ethylene 
concentration  
(µL/L) 

Description of storage representation  

1  Lower limit in headspace of cut fruit mixes (watermelon and others)  

0.1  Higher limit in headspace of cut watermelon headspace; 
Environmental concentration in processing area 

0.01   Lower limit in headspace concentration in cut watermelon headspace  

<0.001 Air flushed through potassium permanganate 
 

4.2.10 Statistical analysis 

Data were analysed for ethylene concentration (E), days of storage (D) and 

E x D interactions using SPSS version 23 (IBM Corp, US) and JMP 14 (SAS institute, 

US) programs. SPSS and JMP programs computed fresh-cut watermelon quality 

parameters (multivariate), descriptive statistics, variance analysis and batch statistics.   

Six trials (independent batches) were run under the continuous flow system 

with three fruits in each batch. Each of the three fruits acted as replicates in a batch. 

Results of the six independent batches were combined and analysed, with n = 15 -18 

for each ethylene concentration treatment group (Table 4.3 – 4.5). Batch analysis is 

shown in Table 4.6 – 4.7. Detailed results of the six independent batches were 

tabulated in Table 4.9 to Table 4.20 (Appendix). Additionally, Tables 4.11 - 4.20 

(Appendix) show the actual ethylene concentration of treatment groups for each batch.  

An α level of 0.05 was used for all statistical tests. 

Effect sizes were computed using JMP to complement p-values in explaining 

significance or non-significance. Partial eta squared (ηp2) measured the proportion of 

the total variance in a dependent variable associated with the membership of different 
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groups defined by an independent variable, in which the effects of other independent 

variables and interactions are partialled out (Richardson 2011). It was calculated by 

dividing sum of squares for the independent variable by the total sum of squares 

(model + error).  

Post-hoc analysis was done using Tukey’s HSD, or Kruskal-Wallis if variances 

were found unequal as determined by Levene’s test and denoted by “a” in the tables. 

 
4.3 Results 

Table 4.3 shows analysis of variance with combined data from six independent 

batch trials. The analysis of variance identified significant ethylene (E) effects at α level 

of 0.05 for respiration, a* (green-red), and hue angle. L* (lightness) was marginal with 

a p-value of 0.054. Days of storage (D) was identified as significant for most evaluated 

fresh-cut watermelon quality parameters except watersoaking, L*, b* (blue-yellow), 

chroma (intensity), pH, SSC, and electrolyte leakage. There were no significant E x D 

interactive effects for any of the evaluated quality parameters.  

Table 4.4 and 4.5 show quality attribute values (mean and standard deviation) 

and analysis of variance on these values. Data was segregated by their storage stages 

with Table 4.4 showing early (day 3-4) fresh-cut watermelon quality attributes and 

Table 4.5 showing the late stages (day 8-9) quality attributes as affected by the 

different ethylene concentration flushes.  

Analysis of variance on different assessment days identified significant 

ethylene concentration (E) effects on electrolyte leakage for both storage stages, hue 

changes and firmness at the early stage (Table 4.4), and L* towards the later stage of 

stored fresh-cut watermelon cubes (Table 4.5), respectively. Additionally, there were 
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marginally insignificant response variables including respiration rate on day 3-4 

(Table 4.4), and a* and hue changes on day 8 - 9 (Table 4.5). The b* colour values 

remained unchanged (ranging from 19.3 - 20.7) for samples from different treatment 

groups throughout storage (Table 4.4 and 4.5).   

Table 4.3: Variance analysis for quality attributes of fresh-cut watermelons under ethylene 

flushing (E), days of storage (D) and their interaction (E x D). 

Attributes Ethylene 
concentration (E) 

Days of 
storage (D) 

E x D 

Commercial    
Appearance score  0.994 <0.0001* 0.687 
Aroma score  0.433 <0.0001* 0.402 
Watersoaking index  0.302 0.051 0.371 
Firmness  0.170 0.011* 0.395 
    
Colour    
L* 0.054 0.056 0.349 
a 0.026* 0.010* 0.949 
b 0.451 0.817 0.809 
Chroma 0.497 0.097 0.971 
Hue angle  <0.0001* 0.011* 0.911 
    
Physiological    
Ethylene rate 0.609 0.014* 0.434 
Respiration rate  0.023* <0.0001 0.519 
Electrolyte leakage  0.166 0.275 0.109 
    
Biochemical    
pH 0.572 0.116 0.336 
SSC  0.134 0.785 0.674 

Values are p-values (α level of 0.05) from JMP Fit Least Squares with E, D, E x D fitted. Cut watermelon 
cubes were prepared and flushed immediately with ethylene at 0.001, 0.01, 0.1, and 1 µL/L (18-25 
mL/min). Quality attributes were assessed after day 3-4, 6, and 8-9 of storage at 3.5-4.5 °C. Data was 
combined from 6 independent batches of fresh-cut watermelons. The sample size varied from n=39-57 
as some quality attributes had less days assessed. * indicates significance p < 0.05. 

 
At early 3 or 4 days stage of fresh-cut storage with ethylene flushing (Table 4.4), 

fresh-cut watermelon cubes flushed with 0.01  µL/L ethylene had colours with L*, a*, 

C* and h nearer to initial day 0 values, in contrast to those treated with <0.001 µL/L, 

0.1 µL/L, and 1 µL/L ethylene. In fresh-cut watermelon flushed with <0.001 µL/L 

ethylene, cubes became more yellow, indicative of senescence progression, and with 

significantly higher hue angle values than was observed in cubes flushed with 0.01 
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µL/L ethylene flushed cubes (43.8 ± 3.3 vs 40.0 ± 2.9), which remained similar to the 

initial hue. However, respiration rates of samples flushed with 0.01 µL/L ethylene were 

higher than <0.001 µL/L, 0.1 µL/L and 1 µL/L treated samples although ethylene 

production rates followed the opposite trend (Table 4.4).  

Table 4.4: Effects of ethylene concentration and time of storage on early stage (day 3 - 4) 

storage quality attributes of fresh-cut watermelons 

  Ethylene concentrations (µL/L)  
Attributes Initial  

(day 0) 
<0.001 0.01 0.1 1 p-value 

Commercial       
Appearance score  4.2 ± 0.3 3.7 ± 0.3 3.7 ± 0.5 3.6 ± 0.5 3.7 ± 0.5 0.931 
Aroma score  4.4 ± 0.4 3.8 ± 0.3 3.7 ± 0.5 3.6 ± 0.5 3.7 ± 0.5 0.894 
Watersoaking index 
(0 min - 1 max) 

n/a 0.10 ± 0.05 0.13 ± 0.08 0.16 ± 0.12 0.12 ± 0.05 0.393 

Firmness (kg) 1.5 ± 0.3 1.5 ± 0.2b 1.7 ± 0.3 
ab 

1.7 ± 0.2 
ab 

1.8 ± 0.3a 0.031* 

       
Colour       
L 42.9 ± 4.4 44.1 ± 4.1  42.8 ± 4.4 43.5 ± 2.9 43.9 ± 5.6 0.838 
a* 23.9 ± 3.6 21.5 ± 3.3 23.6 ± 4.1 21.9 ± 3.4 22.7 ± 3.6 0.284 
b* 20.2 ± 4.0 20.5 ± 2.2 20.7 ± 5.6 19.3 ± 2.6 20.4 ± 3.4 0.628 
Chroma 30.7 ± 4.0 29.7 ± 3.5 30.8 ± 4.4 29.3 ± 3.8 30.7 ± 4.5 0.584 
Hue angle (°) 39.3 ± 3.8 43.8 ± 3.3a 40.0 ± 2.9b 41.6 ± 4.0ab 41.9 ± 4.0ab 0.025* 
       
Physiological       
Respiration rate  
(mL CO2/kg/hr) 

40.4 ± 8.6 18.6 ± 13.8 25.8 ± 9.7 14.3 ± 10.6 15.6 ± 10.6 0.065 

Ethylene  
(nL C2H4/kg/hr) 

n/a 170 ± 36 135 ± 60 191 ± 38 162 ± 44 0.229 

Electrolyte leakage 
(% total 
conductivity) 

27.2 ± 6.4 32.8 ± 6.2 30.7 ± 4.1 33.3 ± 5.9 27.7 ± 5.9 0.048* 

       
Biochemical       
pH 5.5 ± 0.3 5.7 ± 0.2 5.8 ± 0.2 5.6 ± 0.2 5.6 ± 0.2 0.212 
SSC (°Brix) 9.2 ± 1.3 9.4 ± 1.3 9.7 ± 1.8 9.0 ± 1.7 9.7 ± 1.5 0.596 
Conductivity  
(juice µS/cm) 

3.2 ± 0.6 3.1 ± 0.4 3.2 ± 0.5 3.3 ± 0.4 3.3 ± 0.7 0.741 

Values are the mean ± standard deviation. * indicates significance p < 0.05. The sample size n = 15-
18. P-values from one-way ANOVA with ethylene concentration (E) Fit Y by X. Cut watermelon was 
flushed with ethylene at 0.001 µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L  with a flow-rate of 18-25mL/min. 
Quality attributes were assessed after day 3 or 4 of storage depending on batch (3.5 - 4.5 °C). Treatment 
groups were recategorised according to actual ethylene concentrations. Appearance and aroma 
assessed with Hedonic scores (5 excellent, 3 commercial limit, 0 worst). 
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Table 4.5: Effects of ethylene concentration and time of storage on late stage (day 8 - 9) 

storage quality attributes of fresh-cut watermelon  

  Ethylene concentrations (µL/L)  
Attributes Initial  

(day 0) 
<0.001  0.01 0.1 1 p-

value 
Commercial       
Appearance  4.2 ± 0.3 3.0 ± 0.5 2.9 ± 0.6 3.1 ± 0.5 2.9 ± 0.8 0.821 
Aroma score  4.4 ± 0.4 2.1 ± 0.7 2.4 ± 0.8 1.8 ± 0.7 2.0 ± 0.8 0.287 
Watersoaking index 
(0 - 1) 

n/a 0.18 ± 0.07 0.20 ± 0.08 0.17 ± 0.08 0.11 ± 0.04 0.218 

Firmness (kg) 1.5 ± 0.3 1.8 ± 0.5 1.8 ± 0.2 1.8 ± 0.3 1.9 ± 0.4 0.842 
       
Colour       
L* 42.9 ± 4.4 47.2 ± 5.6a 42.2 ± 4.9b 44.1 ± 

4.4ab 
46.3 ± 
4.0ab 

0.032* 

a* 23.9 ± 3.6 18.2 ± 2.6 21.2 ± 2.6 19.2 ± 3.3 20.3 ± 3.7 0.082 
b* 20.2 ± 4.0 20.1 ± 3.0 19.5 ± 2.6 19.4 ± 2.2 20.5 ± 2.8 0.627 
Chroma 30.7 ± 4.0 27.2 ± 3.2 28.8 ± 3.5 27.4 ± 2.8 28.9 ± 4.0 0.378 
Hue angle (°) 39.3 ± 3.8 47.7 ± 4.8a 42.6 ± 2.1b 45.5 ± 

5.7ab 
45.3 ± 
4.8ab 

0.057* 

       
Physiological        
Respiration rate  
(mL CO2/kg/hr) 

40.4 ± 8.6 55.3 ± 31.1 50.2 ± 28.0 44.1 ± 27.9 49.2 ± 23.1 0.798 

Ethylene  
(nL C2H4/kg/hr) 

n/a 81.3 ± 47.4 116.7 ± 
45.4 

99.3 ± 49.0 138.7 ± 
40.4 

0.499 

Electrolyte leakage  
(% total conductivity) 

27.2 ± 6.4 35.7 ± 4.1 36.0 ± 7.8 30.2 ± 6.8 31.6 ± 5.2 0.048* 

       
Biochemical       
pH 5.5 ± 0.3 5.3 ± 1.0 4.9 ± 0.7 5.2 ± 0.6 5.2 ± 0.7 0.545 
SSC (°Brix) 9.2 ± 1.3 9.5 ± 1.6 10.2 ± 1.4 9.2 ± 1.3 9.3 ± 1.7 0.371 
Conductivity  
(juice µS/cm) 

3.2 ± 0.6 3.3 ± 0.6 3.3 ± 0.5 3.0 ± 0.3 3.2 ± 0.5 0.308 

Values are the mean ± standard deviation. Sample number is n = 11-15. * indicates significance 
p < 0.05 and different letters indicate attribute values between groups in a row indicate significant 
difference. P-values and ηp2 from one-way ANOVA with ethylene concentration (E) Fit Y by X. Cut 
watermelon was flushed with ethylene at 0.001 µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L with a flowrate of 
18-25 mL/min. Quality attributes were assessed after day 8-9 of storage depending on batch 
(3.5 - 4.5 °C). Batch 4 not included in analysis as it has no day 8-9 assessments. Some treatment 
groups were recategorised according to actual ethylene concentrations. Appearance and aroma 
assessed with Hedonic scores (5 excellent, 3 commercial limit, 0 worst). 

 
At 3-4 days of storage firmness of fresh-cut watermelon treated with 

<0.001 µL/L ethylene was lower than the 1 µL/L treatment group (1.5 ± 0.2 vs 

1.8 ± 0.3) (Table 4.4). Additionally, although non-significant statistically fresh-cut 

watermelons flushed with <0.001 µL/L and 0.1 µL/L ethylene had higher electrolyte 

leakage and lower a* values (less red) than 0.01 µL/L and 1 µL/L treated samples 

(Table 4.4). Tukey’s HSD post-hoc testing indicated no significant differences between 

multiple comparison groups for electrolyte leakage, despite ANOVA p < 0.05. 
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Table 4.5 shows quality attribute values for day 8 - 9 fresh-cut watermelons 

flushed with ethylene. Similar to earlier observations, fresh-cut watermelon flushed 

continuously with 0.01 µL/L  ethylene at this later stage of storage had maintained 

colour attributes (L*, a*, h) better than 0.001 µL/L, 0.01 µL/L  and 1 µL/L  ethylene 

flushed samples (Table 4.5 - Colour). Treatment groups with higher ethylene (0.1 µL/L 

and 1 µL/L) had lower electrolyte leakage than samples flushed with lower ethylene 

(0.001 µL/L and 0.01 µL/L) (Table 4.5 – Physiological).  

Additionally, fresh-cut watermelons treated with 1 µL/L ethylene also showed a 

lower watersoaking development trend than the other treatment groups (Table 4.5 - 

Commercial). No differences were observed for firmness, appearance, or aroma at 

day 8 - 9 between the different ethylene concentration treatment groups. 

Time-dependent graphs on the significant (p < 0.05) dependent variables from 

Table 4.4 and 4.5 show that <0.001 µL/L ethylene flushed fresh-cut watermelons had 

the highest electrolyte ion leakage at day 8-9 (Figure 4.6). Hue angle and lightness 

varied widely from initial day 0 values, with the biggest increment in values across the 

whole storage period for <0.001 µL/L ethylene flushed fresh-cut watermelons 

(Figure 4.7 and 4.8). Firmness of fresh-cut watermelons increased the slowest over 

storage for the <0.001 µL/L ethylene treatment group (Figure 4.9).  
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Figure 4.6: Effect of ethylene concentration on electrolyte ion leakage of fresh-cut 

watermelons. 

Data from both days 3-4 and days 8-9 combined and shown as a single day (day 3 and day 9). Limit 
of detection for ethylene was 0.001 µL/L. 

 

Figure 4.7: Effect of ethylene concentration on hue angle of fresh-cut watermelons. 

Data from both days 3-4 and days 8-9 combined and shown as a single day (day 3 and day 9). Limit 
of detection for ethylene was 0.001 µL/L. 
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Figure 4.8: Effect of ethylene concentration on L* (lightness) of fresh-cut watermelons. 

Data from both days 3-4 and days 8-9 are combined and shown as a single day (day 3 and day 9). 
Limit of detection for ethylene was 0.001 µL/L. 

Unit in kg. Data from both days 3-4 and days 8-9 are combined and shown as a single day (day 3 and 
day 9). Limit of detection for ethylene was 0.001 µL/L. 

 

  

Figure 4.9: Effect of ethylene concentration on firmness of fresh-cut watermelons. 
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Table 4.6 and 4.7 compare effects of ethylene with the effects of batch utilised 

in this study. Batch variation accounts for most of the dependent variables assessed, 

as ηp2 for batch (B) was much higher compared to those for ethylene concentration 

(E). Both Table 4.6 and 4.7 illustrate that the different batches accounted for more 

variance (1.3 - 86.0 %) than ethylene (0.8 - 19.0 %). 

Table 4.6: Effects of batch and ethylene concentration on early stage storage (day 3 - 4) 

quality attributes of fresh-cut watermelon (Batch 1 - 6 combined). 

Attributes Batch (B) Ethylene 
concentration (E)  

 p-value ηp2 p-value ηp2 
Commercial     
Appearance score (5 excellent – 1 inedible) <0.0001 0.419 0.931 0.008 
Aroma score (5 excellent – 1 inedible) <0.0001a 0.387 0.894 0.010 
Watersoaking 0.0004 0.378 0.393a 0.087 
Firmness (kg) 0.749 0.028 0.031 0.183 
     
Colour     
L* 0.020a 0.161 0.783a 0.009 
a* <0.0001 0.379 0.284 0.048 
b* 0.028a 0.152 0.628 0.022 
Chroma 0.002a 0.219 0.584 0.025 
Hue angle (°) <0.0001 0.860 0.025 0.113 
     
Physiological     
Respiration rate (mL CO2/kg/hr) <0.0001a 0.856 0.065 0.144 
Ethylene rate (nL C2H4/kg/hr) 0.037 0.183 0.229 0.190 
Electrolyte leakage (% total conductivity) 0.0008 0.330 0.048 0.130 
     
Biochemical     
pH 0.003a 0.292 0.212 0.091 
SSC (°Brix) <0.0001 0.411 0.596 0.039 
Conductivity (juice µS/cm) 0.0003 0.365 0.741 0.026 

P-values and ηp2 from one-way ANOVA with each independent variable fitted individually. The ηp2 explains 
proportion of total variance in a dependent variable associated with the independent variable. Cut watermelon was 
flushed with ethylene at 0.001 µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L with a flowrate of 18-25 mL/min. Fresh-cut 
watermelons were stored 3.5-4.5 °C until assessments. “a” signifies value is probability > ChiSq from Kruskal-
Wallis test for non-equal variance determined by Levene’s test. 

 1 

 2 

 3 



Page | 108  
 

ANOVA in Table 4.6 and 4.7 identified significant batch (B) effects for most 1 

assessed parameters, including important commercial quality attributes appearance, 2 

aroma and watersoaking. Insignificant effects of ethylene were observed on firmness 3 

for both storage stages and L* for the later stages of fresh-cut watermelon storage 4 

both batch (B).  5 

 6 

Table 4.7: Effects of batch and ethylene concentration on late stage storage (day 8 - 9) 7 
quality attributes of fresh-cut watermelons (Batch 1 - 3, 5, 6) 8 

Attributes Batch (B)  Ethylene 
concentration (E) 

 p-value ηp2 p-value ηp2 
Commercial     
Appearance score (5 excellent – 1 inedible) <0.0001 0.533 0.821 0.019 
Aroma score (5 excellent – 1 inedible) <0.0001 0.553 0.287 0.078 
Watersoaking 0.590 0.013 0.218 0.195 
Firmness (kg) 0.318 0.076 0.842 0.019 
     
Colour     
L* 0.181a 0.095 0.032 0.144 
a* <0.0001 0.369 0.082 0.112 
b* <0.0001 0.389 0.627 0.030 
Chroma 0.018 0.192 0.378 0.053 
Hue angle (°) <0.0001a 0.755 0.060 0.123 
     
Physiological     
Respiration rate (mL CO2/kg/hr) 0.001a 0.388 0.835 0.123 
Electrolyte leakage (% total conductivity) <0.0001 0.607 0.048 0.153 
     
Biochemical     
pH <0.0001 0.787 0.545 0.043 
SSC (°Brix) 0.002 0.307 0.371 0.064 
Conductivity (juice µS/cm) 0.034 0.197 0.308 0.073 

P-values and ηp2 from one-way ANOVA with each independent variable fitted individually. The ηp2 explains 9 
proportion of total variance in a dependent variable associated with the independent variable. Cut watermelon was 10 
flushed with ethylene at 0.001 µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L with a flow-rate of 18-25 mL/min. Fresh-cut 11 
watermelons were stored 3.5-4.5 °C until assessments. “a” signifies value is probability > ChiSq from Kruskal-Wallis 12 
test for non-equal variance determined by Levene’s test. 13 
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4.4 Discussion 1 

4.4.1 Effects of ethylene on colour of fresh-cut watermelons 2 

This research was to determine the effects of fresh-cut watermelon being 3 

exposed to ethylene at the concentration range found in the headspace of fresh-cut 4 

fruit mixes. The hypothesis was that ethylene would have a subsequent negative affect 5 

on shelf-life. However, lowering ethylene to concentrations <0.001 µL/L accelerated 6 

colour changes in stored fresh-cut watermelon (Figure 4.7 – 4.8 and Table 4.5).  This 7 

indicates a potential role of ethylene in colour maintenance of fresh-cut watermelon, 8 

where a saturated red colour would be preferred. Although samples from all treatment 9 

groups became lighter and more orange-yellow than initial values by the end of 10 

storage, fresh-cut watermelons flushed with the lowest level of ethylene (<0.001 µL/L 11 

ethylene, limit of detection) were the lightest and the most orange-yellow. However, 12 

care must be involved in interpreting the finding that <0.001 µL/L ethylene flushed 13 

samples had higher hue mean values than the other treatment groups, as only 4 out 14 

of 6 batches had the <0.001 µL/L ethylene treatment group (Table 4.14 in Appendix). 15 

Fresh-cut watermelons had previously been found to become lighter over storage 16 

(Perkins-Veazie & Collins, 2004). The results suggest that lowering ethylene to 17 

<0.001 µL/L concentrations accelerated senescent mechanisms. However, the colour 18 

changes of fresh-cut watermelons observed in this current study also did not 19 

correspond with the effects of ethylene on whole watermelon observed by Saftner et 20 

al. (2007), in which 10 µL/L ethylene application on whole watermelons had been 21 

associated with darker, duller, less red and more blue (lower L, a*, b*, C* and h) cut 22 

watermelon. This could be because of differences in the magnitude of the ethylene 23 

levels investigated. Ethylene levels between 0.001 µL/L and 1 µL/L were investigated 24 

in the current study in comparison to 10 µL/L in Saftner et al. (2007). For whole 25 
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watermelons, hue increased with storage time (Kyriacou et al., 2015; Perkins-Veazie 1 

& Collins, 2006), and was shown to be maturity dependent with greater hue increments 2 

over storage associated with more mature whole watermelons (Kyriacou et al., 2015). 3 

The current results show there would be of no benefit on colour of fresh-cut 4 

watermelon if ethylene is controlled below the concentration of 1 µL/L.   5 

4.4.2 Effects of ethylene on firmness of fresh-cut watermelon 6 

As cell wall and membranes depolymerise, it is expected firmness would 7 

decrease. Fresh-cut watermelons flushed with 0.01 µL/L, 0.1 µL/L and 1 µL/L ethylene 8 

concentrations increased in firmness (1.8 kg ± 0.3 kg, combined) on day 3 - 4, while 9 

those flushed with <0.001 µL/L ethylene had firmness maintained at initial values 10 

(1.5 kg ± 0.3 kg). Reducing ethylene to <0.001 µL/L hindered firmness increases in 11 

this treatment group compared with the others (Figure 4.9 and Table 4.4).  Ethylene 12 

between the range of 0.001 µL/L to 1 µL/L could therefore be a mediator for an 13 

increase in fresh-cut watermelon firmness over storage. This finding contrasts with 14 

most fresh-cut fruit studies, in which firmness diminished over storage as pectin 15 

degradation progresses (Soliva-Fortuny & Martıń-Belloso, 2003). For fresh-cut 16 

watermelon, previous studies have reported a range of outcomes for firmness over 17 

storage. Cartaxo et al. (1998) and Saftner et al. (2007) reported fairly stable firmness 18 

retention of over storage, while Mao et al. (2006) observed a decrease in firmness 19 

over storage for fresh-cut watermelons that could be due to accelerated senescence 20 

under 10 °C post-cut storage temperature. On the other end of the spectrum, Petrou 21 

et al. (2013) found both heart and placental cubes increased in firmness (~3N) over 22 

9 days of storage at 4 °C and suggested this increase could be related to the process 23 

of lignification. It has been reported that ethylene induces cinnamyl alcohol 24 

dehydrogenase (CAD) expression in the closely related Cucumis species muskmelon. 25 
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This is a key enzyme in lignin biosynthesis (Jin et al., 2014), suggesting lignification in 1 

melons during stress. Additionally, increases in firmness during storage could be a 2 

maturity dependent trait for fresh-cut watermelons. While there has been limited 3 

research in this area, Lamikanra and Watson (2002) did report that fresh-cut 4 

cantaloupes processed from immature fruits became firmer over storage. Whole 5 

watermelons reduce in pulp firmness when they ripen (Kyriacou et al., 2015). 6 

Therefore, the increase in firmness of fresh-cut watermelons in this current study 7 

suggests the presence of ethylene between 0.001 µL/L and 1 µL/L could be beneficial 8 

for firmness of fresh-cut watermelons. As enzymatic studies were beyond the scope 9 

of resources for this work, future studies could evaluate effects of ethylene on 10 

enzymes such as CAD and textural attributes other than firmness of fresh-cut 11 

watermelons. This would assist in defining the mechanistic relationship between the 12 

ethylene levels and changes seen in cut melon quality. 13 

4.4.3 Effects of ethylene on aroma of fresh-cut watermelon 14 

Contrary to the expectation that ethylene removal would promote the 15 

preservation of fresh notes associated with fresh-cut watermelons, off-odour with a 16 

musty note was present in samples flushed with the lowest level of ethylene 17 

(<0.001 µL/L). Off-odour development was noted as early as after 3 days of fresh-cut 18 

storage. Off-odour was also associated with samples prepared from whole 19 

watermelons with slightly bruised placental tissue excised from test samples. Lowering 20 

ethylene levels therefore had no preventative effect on development of off-odours in 21 

fresh-cut watermelons. This finding was supported by Saftner et al. (2007), where 22 

off-odours and off-flavours still developed for fresh-cut watermelons that were 23 

processed from 1-MCP treated whole watermelons and stored at 5 °C. However, 24 

Perkins-Veazie and Collins (2004) reported no off-odours for fresh-cut watermelons 25 
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stored up to 10 days at 2 °C. This difference could be attributed to experimental fruit 1 

quality, where Perkins-Veazie and Collins (2004) utilised freshly harvested 2 

watermelons, as opposed to whole watermelons that were stored for 7 or 14 days as 3 

in Saftner et al. (2007) or whole watermelons that had been transported thousands of 4 

kilometres as in this current study. Further research could investigate the effects of 5 

ethylene control from the point of harvest on their subsequent aroma. 6 

4.4.4 Potential biphasic nature of ethylene effects on fresh-cut watermelon  7 

The results did not agree with the expected outcome that shelf-life of cut 8 

watermelons would follow a logarithmic pattern, with the lowest concentration of 9 

ethylene associated with the best commercial quality at end of storage. One theory 10 

involves ethylene mediating wound healing mechanisms for fresh-cut produce at the 11 

concentrations investigated. The 1 µL/L ethylene flushed samples had lower 12 

electrolyte leakage and watersoaking development than 0.1 µL/L, 0.01 µL/L and 13 

<0.001 µL/L treated fresh-cut watermelon samples, especially towards later stages of 14 

fresh-cut storage (Figure 4.6 and Table 4.5). Furthermore, fresh-cut watermelon 15 

quality parameters such as hue, lightness and firmness benefited from presence of 16 

ethylene (up to 1 µL/L) in the continuous flush. These were in contrast with previous 17 

findings in this research (Chapter 3), in which fresh-cut watermelons in fruit mixes with 18 

high ethylene producers had lower quality over storage. The mean concentration 19 

range of ethylene in the headspace of fruit mix pots was 29.6 µL/L to 82.5 µL/L, which 20 

was the same magnitude as those associated with watersoaking and firmness loss 21 

(Saftner et al., 2007). From this study on ultra-low concentrations of ethylene, it is 22 

inferred that ethylene levels between 0.01 µL/L and 1 µL/L are within the range most 23 

favourable for maintaining fresh-cut watermelon quality. Therefore, it can be 24 

suggested that ethylene could be acting in a biphasic pattern similar to those reported 25 



Page | 113  
 

by Hong and Gross (2000), in which 1 µL/L formed the peak or valley for effects on 1 

chilling injury in fresh-cut tomatoes. Future studies encompassing ethylene in the 2 

range from <0.001 µL/L to 10 µL/L could give more insight into this biphasic pattern of 3 

ethylene on fresh-cut watermelons, to inform the fresh-cut industry of the optimum 4 

ethylene control measures. 5 

4.4.5 Batch variation of watermelon response to exogenous ethylene  6 

Batches had a strong effect on fresh-cut watermelons. This could have 7 

influenced how some of the quality parameters responded to the different ethylene 8 

concentrations. Partial eta squared analysis in Table 4.6 and 4.7 shows a higher 9 

percentage of the variance explained by batches and individual fruits for most of the 10 

fresh-cut watermelon quality parameters. Each batch of fresh-cut watermelons had 11 

varying evidence strengths for effects of exogenous ethylene on the quality attributes 12 

of fresh-cut watermelons (p-values from ANOVA, Table 4.8 in Appendix). By 13 

combining data from these six batches, confidence is improved for the significance 14 

between the ethylene treatment groups (Table 4.3), although caution should be 15 

applied to avoid overinterpretation as earlier batches did not have all <0.001 µL/L, 16 

0.01 µL/L, 0.1 µL/L and 1 µL/L ethylene treatment groups (Refer to Appendix for data 17 

from each batch, Table 4.10-4.20). Because of the differences found between batches, 18 

these results show that postharvest research needs to trial more than one independent 19 

batch.  20 

This study involved fruits from 6 batches sourced independently at different 21 

times. Factors such as maturity, seasonality and growth location could be determining 22 

the different effects of ethylene on the fresh-cut watermelon.  However, it has been 23 

reported that effects of ethylene seem to be independent of maturity as both immature 24 
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and commercially ripe whole watermelons were found to soften and develop 1 

watersoaking symptoms in response to 50 µL/L ethylene (Karakurt & Huber, 2002). 2 

Thus, another mechanism for the less than expected responses to low exogenous 3 

ethylene applied after cutting could involve ethylene exposure of whole watermelons 4 

earlier in the supply chain. It has been reported that 2-4 days of exposure to 10 µL/L 5 

induced irreversible degradative effects such as loss of firmness and colour changes 6 

in fresh-cut cucumber (Hurr, 2013). This informed the design for the next chapter, in 7 

which effects of controlling ethylene exposure from harvest were investigated.  8 

4.5 Conclusion 9 

This study provided evidence that the removal of ethylene in headspace of 10 

fresh-cut watermelon or fruit mixes, within the range of ultra-low ethylene 11 

concentrations investigated (<0.001 µL/L to 1 µL/L) might not be essential for fresh-12 

cut watermelon quality maintenance. This was mainly due to increased colour changes 13 

and hindering of firming process when ethylene was reduced to <0.001 µL/L, while 14 

1 µL/L ethylene treated samples had lower watersoaking and electrolyte leakage. 15 

The commercial quality parameters of fresh-cut watermelons were more 16 

influenced by the independently sourced batches of whole melons than the presence 17 

of exogenous ethylene across the six replicate experiments. Replicating commercial 18 

practice, whole watermelons could have already been exposed to ethylene earlier in 19 

the supply chain and affected fresh-cut response to later ethylene treatments. The 20 

effects of ethylene control from harvest on the quality of whole watermelons and 21 

subsequently on fresh-cut shelf-life needs to be determined.    22 
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Chapter 5: Effects of Ethylene Control from Harvest on Whole Watermelon 1 

Quality  2 

This research focused on studying the effect of lowering ethylene levels from 3 

the point of harvest. The potential for better quality of whole watermelons was tested 4 

by using potassium permanganate-based ethylene removal sachets, applied within 5 

30-minutes of harvesting. The research was conducted in collaboration with the 6 

grower and industrial partner by using shipments in the actual commercial supply 7 

chain. Ethylene concentrations along the supply chain were also evaluated as well as 8 

the influence of transport temperature during part of the 3,200-kilometre supply route.  9 

5.1 Introduction 10 

The supply chain of whole watermelons in Australia involves long transport 11 

distances with separately owned entities – growers, transport companies, 12 

wholesalers, and supermarket retailers. This complexity in the supply chain exposes 13 

watermelons to temperature fluctuations and potentially to environments with high 14 

ethylene producers. It is common for watermelons to arrive at the fresh-cut processing 15 

factory or at the supermarket, in an advanced stage of senescence (industry 16 

communication and personal observation). This is indicated by darkened and 17 

transparent flesh symptoms known as watersoaking (Mao et al., 2004).  Watermelons 18 

showing this watersoaked appearance are rejected for fresh-cut processing and are a 19 

major reason for watermelons going into waste. Up to 30 % of the batches were noted 20 

by industrial personnel at the supermarket and by the fresh-cut processor as being 21 

over mature at the time they were delivered.  22 

Previous whole watermelon studies examining exogenous ethylene associated 23 

it with lower firmness and taste acceptance. Concentrations as low as 0.05 µL/L were 24 
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sufficient to cause a 40 % reduction in firmness of whole watermelons over 3 weeks 1 

of storage (Mao et al., 2004; Risse & Hatton, 1982). Ethylene concentrations at these 2 

levels or higher had been reported in distribution centres and wholesale markets 3 

(Warton et al., 2000). Attempts to hinder ethylene through 1-MCP had varied effects 4 

on both whole and fresh-cut watermelons. This could have been due to 1-MCP not 5 

being applied from point of harvest (Mao et al., 2006; Mao et al., 2004; Saftner et al., 6 

2007). The importance of controlling ethylene exposure from point of harvest on quality 7 

of whole watermelons is therefore still poorly understood. As 1-MCP has not been 8 

registered for usage on watermelons in Australia, the more commercially available 9 

potassium permanganate-based ethylene removal sachets are used in this study to 10 

lower ethylene concentrations.  11 

Although it has been suggested that watermelons should be cooled once picked 12 

by hydrocooling (Rushing et al., 2001), there is not yet a consensus on the optimal 13 

temperature for whole watermelon transport. Temperatures of 13 °C to 15 °C had been 14 

suggested by research groups (Rushing et al., 2001), as exposure to temperatures 15 

below 7 °C has been associated with chilling injury with flavour loss, pitting, decline in 16 

flesh colour, off-flavours and increased decay once returned to room temperatures 17 

(Suslow, 1997). In contrast, growers recommended a relatively higher temperature of 18 

18 °C to 20 °C based on practical reality and their industrial experience 19 

(P. McLaughlin, personal communication). The large size and round mass of typical 20 

commercial watermelons (5 kg to 10 kg) hinders the release of field heat from inside 21 

each fruit. This issue is exacerbated by the limited access to on-site cooling or 22 

refrigerated trailers which is dependent on their availability from transport companies.  23 

The long transport distances, times, varying growing locations and, at times, high 24 

ambient temperatures further limit opportunities for temperature control. Despite 25 
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these, there is not much information on the effects of ethylene control under different 1 

transport temperatures.  2 

Objective 3 

The objective of this study was to investigate the effects of lowering ethylene in 4 

the supply chain from harvest through to sales. A secondary objective was to assess 5 

the effects of ethylene removal under temperature differences during transport on 6 

whole watermelon quality. This would identify interactions between ethylene lowering 7 

from harvest and whole fruit transport temperatures.  8 

5.2 Materials and methods 9 

Watermelons (Citrullus lanatus cv. Royal Armada), grown with irrigation in red 10 

soil arid desert conditions, were sourced from a farm near Ali Curung, Northern 11 

Territory, Australia. Fruits of similar size (6.5 kg to 8.5 kg, categorised as “L-size” for 12 

supermarkets) at commercial maturity stage were harvested from the same growing 13 

bay on 3 May 2019 from 7 am to 8 am by experienced pickers (23 °C ambient 14 

temperature) (Figure 5.1). Maturity selection was done by tapping fruits for a slight 15 

metallic vibration tone, while those sounding slightly off or flat were discarded. Whole 16 

watermelons were put into carboard bins (1.0 m x 1.0 m x 0.6 m) straight from the field 17 

on the 4-wheel trailer (Figure 5.1). The soluble solids content was determined using a 18 

refractometer (Lichen, Shanghai, China). Temperature during harvest and packing for 19 

shipment were also recorded.  20 

Bins were transported back to the shed on the trailer. Shed team members then 21 

weighed and adjusted the bins to be 200 kg ± 5 kg (+50 kg for the pallet and carton 22 

bins), with fruits wiped to remove dirt before coding the bins. Shed temperature raised 23 
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from 23 °C when the whole watermelons arrive in the shed to 26 °C before bins were 1 

loaded onto the refrigerated road train. 2 

 3 

 4 

Figure 5.1: Harvest of whole watermelons destined for Tasmania 5 

Whole watermelons were harvested and packed into bins in the field at Ali Curung. 6 

 7 

5.2.1 Whole watermelon transport and temperature history 8 

Watermelon bins were transported on the road train (3-stretch trailer) from Ali 9 

Curung to Adelaide while loaded on the end of the third trailer (one side) with the 10 

refrigeration system set at 18 °C (Figure 5.2 and 5.3). Each trailer carried 40 tonnes 11 

of whole watermelons. From Adelaide, they were separated into refrigerated (bin 12 

1,4,6,8) and dry (bin 2,3,5,7) trucks for transport to premises of fruit wholesaler at 13 
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Melbourne Markets where they arrived at 3 am on 7 May 2019. The whole 1 

watermelons arrived at the Tasmanian supermarket distribution centre (DC) at 2 

12 noon on 8 May 2019 after travelling in 10 °C refrigerated trailers on the ship across 3 

Bass Strait.  4 

A: bins in the shed; B: loading onto road train with gasoline powered forklift; C: refrigeration on top of 5 

truck interior; D: floor grooves for air flow; E: closing of truck doors; F: whole road train – 3-trailer long. 6 

The temperature of the bins were logged using HOBO temperature loggers 7 

(UA-001 and UA-002 models, Onset Computer Corporation, Bourne, MA, USA), while 8 

that of the whole fruit core temperature was recorded with Easy Log temperature 9 

loggers (Lascar Electronics, Erie, PA, USA, EL-USB-TC with K type thermocouple). 10 

A 

E F 

C D 

B A 

Figure 5.2: Watermelon bins loading onto the road train 

A 

E F 

C D 

B A 
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 1 

 2 

 3 

 4 

Figure 5.3: Australian road trains 5 

Consists of three trailers measuring 53.5 metres and carrying 120 tonnes of fruits.   6 

 7 

5.2.2 Ethylene along the supply chain 8 

Environmental air at the Northern territory grower’s packing shed (3 May) and 9 

at DC (21 May) were sampled at one time point with three replicates each and 10 

analysed for ethylene concentration levels when the whole watermelons were present. 11 

The ethylene in the watermelon bin interiors, with bin lids still in place, were also 12 

assessed. Additionally, locations where whole watermelons could be exposed to 13 

ethylene in the surrounding atmosphere (distribution centres, transport interior (at time 14 

of opening), supermarkets), had samples taken with the method mentioned above at 15 
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one time point with three replicates at each location. Replicate sampling on different 1 

dates were taken only for the Tasmanian distribution centre.  2 

Gas samples were captured using a 50 mL catheter tip syringe (BD Plastipak, 3 

NJ USA), then flushed 3 times into 20 mL headspace vials (screw top, clear 18 mm, 4 

round bottom, Shimadzu Japan) before being capped with a PTFE silicone septa lid. 5 

Ethylene in the glass vial headspace was pre-concentrated with a liquid nitrogen 6 

cryogenic trap prior to release into a GSQ solid phase analytical column (J&W 7 

Scientific, Folsom, US; 30 m × 0.53 mm) inside a gas chromatography system (Varian 8 

450-GC, Middelburg, the Netherlands) equipped with a flame ionisation detector using 9 

injector and oven temperature 70 °C; detector 120 °C; hydrogen carrier flowrate of 10 

12 mL/min. Ethylene was quantified against standards.  11 

Quality assessment performed at the harvest shed in Ali Curung (A) and at the DC in Western 12 
Junction (B). Parameters included pH, SSC, conductivity, appearance, aroma and watersoaked index. 13 

5.2.3 Whole fruit assessments 14 

On harvest day (3 May 2019, day 0), appearance, aroma, watersoaking, SSC, 15 

pH and conductivity were assessed using the centre cube of five fruits (Figure 5.4A). 16 

On day 5, 11 and 18, a total of 5 fruits from each bin (4 for day 11) were halved and 17 

the centre cube assessed for commercial shelf-life parameters appearance and 18 

aroma, watersoaking, SSC, pH, conductivity, and ion leakage (Figure 5.4B).  19 

A B 

Figure 5.4: Quality assessment of whole watermelons 

A B 
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5.2.3.1 Appearance and Aroma 1 

Quality parameters appearance, aroma and watersoaked were evaluated 2 

subjectively by a trained panellist and scored in Hedonic scale as section 4.2.3 and 3 

4.2.4. Whole watermelons were evaluated for aromatic notes characteristic of 4 

“watermelon” or “green”.  5 

5.2.3.2 Respiration rates  6 

Whole watermelons were placed into sealed 50 L containers (“Weathertight”, 7 

Ezy Storage, Victoria, Australia) at day 18 after harvest. After 3 hours of incubation, 8 

gas samples were measured using a Dansensor CheckMate II (Ringsted, Denmark) 9 

and expressed as mL CO2/kg/hr of whole watermelon. 10 

5.2.3.3 pH, conductivity, soluble solid content (SSC) 11 

For pH and conductivity, the centre cubes of whole watermelons were 12 

squeezed, and the juice measured using calibrated portable meters (EC33 and pH22, 13 

Horiba, Kyoto, Japan). Soluble solid content of the squeezed juice was determined 14 

using a refractometer (Lichen, Shanghai, China).  15 

5.2.3.4 Electrolyte leakage and firmness 16 

Electrolyte leakage and firmness was assessed as section 4.2.6 and 4.2.8. 17 

5.2.3.5  Crispness 18 

This is a subjective test where cubes were squeezed and scored according to 19 

their touch feel, with 3 being “crisp” and not “spongy/soggy”; 2 slightly less crispy; 1 20 

showing significant sogginess; 0 being the soggiest.   21 

5.2.4 Experimental design 22 

In this study, whole watermelons had the potassium permanganate-based 23 

ethylene removal sachets applied at point of harvest in Ali Curung, Northern Territory 24 
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Experiment was setup as shown in Table 5.1. There were two bins of 200 kg per 1 

treatment. BION (Bioconservacion S.A., Barcelona, Spain) ethylene removal sachets 2 

containing potassium permanganate infused with zeolite, were applied to 4 of the 8 3 

watermelon bins (Bin 1-4) 30-minutes after harvest when they arrived in the shed 4 

(Figure 5.5). Each of these 4 bins (1.0 m x 1.0 m x 0.6 m) had 12 sachets in the box 5 

(4 x 3 layers - floor, middle fruit, bin side openings) and 15 sachets hanging from the 6 

lid openings (0.2 m distance between openings) (Figure 5.5). The other 4 bins 7 

(Bins 5 - 8) without ethylene removal sachets served as the control.  8 

 9 
Table 5.1: Experimental design for ethylene control from harvest 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

Bin Code Loggers Ethylene 
removal 
sachet 

Ali Curung to 
Adelaide 

Adelaide to 
Melbourne 

markets 

1  Yes Refrigerated Refrigerated 

2  Yes Refrigerated Dry 

3 Core + bin Yes Refrigerated Dry 

4 Core + bin + 
light 

Yes Refrigerated Refrigerated 

5 Bin No Refrigerated Dry 

6  No Refrigerated Refrigerated 

7 Bin + light No Refrigerated Dry 

8 Bin No Refrigerated Refrigerated 
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 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

A and B: potassium permanganate-based ethylene removal sachets on watermelons and above side 13 
openings of bins (black arrows); C: sachets on the lid of the bins; D: core and ambient temperature 14 
loggers on whole watermelons labelled with bin and fruit numbers (yellow arrows). The sachets were 15 
applied within 30-minutes of harvest prior to being transported. 16 

 17 

Following commercial practice, the whole watermelons were transported more 18 

than 3,200 kilometres to the DC at Western Junction, Tasmania. There were three 19 

different transport companies with each involving trailer (refrigerated/non-refrigerated) 20 

changes. Differences in the transport cool chain were tested by having two 21 

temperature settings when whole watermelons were transported from Adelaide to 22 

Melbourne Markets (Table 5.1). Transport temperature configuration was the same for 23 

all bins during the rest of the transport chain (from Ali Curung to Adelaide, and 24 

Melbourne Markets to Western Junction Distribution Centre, Tasmania). The whole 25 

transport route is shown in Figure 5.6. Fruits were stored for 6 and 13 days respectively 26 

in the 13 °C chill room Western Junction DC. This was located next to banana ripening 27 

rooms.  28 

Figure 5.5: Setup of ethylene removal sachets and temperature loggers 

D C 

A B 
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 1 

Figure 5.6: Whole watermelon transport route in commercial trial 2 

Whole watermelons were transported from Ali Curung, NT to Western Junction, TAS, via Adelaide and 3 
Melbourne Markets (Source: Google Maps). Total estimated distance of 3,200 km and more than 4 
40 hours without any stops.  5 

 6 

5.2.5 Statistical analysis 7 

Data were analysed for ethylene removal sachets (ER), transport temperature 8 

(T) and ER x T interactions using SPSS version 23 (IBM Corp, US) and JMP 14 (SAS 9 

institute, US) programs. SPSS and JMP programs computed whole watermelon 10 

quality parameters (multivariate), descriptive statistics and variance analysis. Each 11 

treatment group had 10 replicates (individual whole watermelons). 12 
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5.3 Results  1 

5.3.1 Initial whole watermelon quality 2 

Table 5.2 shows whole watermelon quality parameters on day 0 after harvest. 3 

On average, watersoaking covered 22 % of the cut surface of whole watermelons just 4 

harvested (Figure 5.7). Soluble solid content (SSC) of this batch was 12 °Brix to 5 

14 °Brix (n = 5), which was above the 10 °Brix for classification as ripe watermelons.  6 

Table 5.2: Initial quality of whole watermelons 7 

Quality parameter Score 

Aroma 4.6 / 5.0 

Appearance 3.6 / 5.0 

Watersoaking 22 % cut surface area 

SSC 14.0 °Brix 

pH 5.4 

conductivity 3.4 µS/cm 

Sample size n = 5 8 

 9 

 10 

Left: external rind; Middle: slightly unripe whole watermelons; Right: watermelon with slightly 11 
watersoaked flesh. 12 

 13 

Figure 5.7: Whole watermelon external and internal quality on harvest day  
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5.3.2 Ethylene concentrations along the supply chain 1 

Table 5.3 provides a snapshot of the ambient air ethylene concentrations at 2 

locations where whole watermelons were exposed during this experiment. On the day 3 

fruits were harvested and shipped (8am, 3 May 2019), whole watermelons were 4 

exposed to 0.017 µL/L ethylene in the shed. Other than self-produced ethylene, 5 

potential sources of ethylene include truck and forklift exhausts. Random sampling of 6 

fruit bins with two air samples per bin, one hour after closing the lids showed ethylene 7 

accumulated to 0.042 µL/L (bin 4) and 0.080 µL/L (bin 7), indicating a difference of 8 

ethylene in bins with ethylene removal sachet applied and those that did not. 9 

 10 
Table 5.3: Ethylene concentration range - watermelon supply chain in this study. 11 

Sampling 
site 

Time Location Ambient Ethylene 
(µL/L) 

Shed 
environment 

Day 0 NT – Desert Springs (Farm) 0.017 

Bin interior Day 0 – 1 hour NT – Desert Springs (Farm) 0.042 (with sachet) 

Bin interior Day 0 – 1 hour NT – Desert Springs (Farm) 0.080 (no sachet) 

Bin interior Day 4 Melbourne Markets (Wholesaler) 0.023 (with sachet) 

Bin interior Day 4 Melbourne Markets (Wholesaler) 0.028 (no sachet) 

Bin interior Day 5 TAS – Western Junction 

(Distribution centre) 

1.5-1.6 

Storage 
environment 

Day 18 TAS - Western Junction 4.0 

Values indicate range concentration of ethylene obtained at different locations of the sampling site. 12 
Sample size n = 2 at Desert Springs, n = 4 for other locations.    13 

 14 

After 4 days, air sampling from inside of bins indicated a lower ethylene 15 

concentration in bins applied with ethylene removal sachets although it was not 16 

statistically significant (0.023 vs 0.028 µL/L for no sachet bins, n = 4, p = 0.43, 17 
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R2 = 0.11). However, this difference was more prominent when the interaction with 1 

transport temperature was considered (p = 0.06, R2 = 0.81). Fruits chilled earlier when 2 

transported from Adelaide to Melbourne had bigger differences of ethylene in the bin 3 

headspace compared to those not chilled.  4 

When sampled 30 minutes after arriving at the distribution centre (8 May 2019), 5 

watermelon bins had 1.5-1.6 µL/L ethylene. This was similar to levels in atmosphere 6 

of the surrounding 7 °C storage area and indicated that dissipation had occurred of 7 

any ethylene concentration build-up during transport. Ethylene had been measured 8 

previously to fluctuate between 4-8 µL/L and was measured on 21 May to be 4 µL/L 9 

(Table 5.3).  10 

Table 5.4 shows the ethylene concentrations at various points along the whole 11 

watermelon supply chain. These air samples were analysed at times outside of the 12 

whole watermelon experiment from Ali Curung to Western Junction. Air samples from 13 

within the side openings of watermelon bins of transports just after the doors were 14 

opened had been assessed as high as 2.7 µL/L, when the surrounding in the 15 

distribution centre was 1.5 µL/L. Across the three distribution centres assessed, 16 

ethylene concentrations were as high as 8.4 µL/L, in areas near the ripening rooms. 17 

Around the eight supermarket stores assessed for ambient ethylene, concentration 18 

levels were comparatively lower with a maximum of 0.11 µL/L detected at one of the 19 

locations.   20 
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Table 5.4: Ethylene concentration along the watermelon supply chain  1 

Sampling site  Location Ethylene (µL/L) 

Incoming transport Bin side openings 

 

0.5-2.7 

Distribution centres (DC) A  0.3-0.7 

 B 0.5-1.3 

 C 1.1-8.4 

Stores NSW – A 0.004-0.006 

 NSW – B 0.002-0.006 

 NSW - C 0.003-0.010 

 VIC – A 0.031-0.055 

 VIC - B 0.042-0.111 

 TAS – A ND-0.033 

 TAS – B 0.015-0.028 

 TAS – C 0.020-0.048 

Values indicate range concentration of ethylene obtained at different locations of the sampling site. 2 
Samples were taken outside of the main experiment of Chapter 5.      3 
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5.3.3 Transport and watermelon core temperatures 1 

Watermelon bins shipped in chilled trucks from Adelaide to Melbourne had 2 

lower bin temperatures (2 °C less than “dry” unchilled bins) from day 3 after harvest 3 

(Table 5.5, full graph available in Appendix Figure 5.12). Core temperature of whole 4 

watermelons had a slower rate of decline than bin temperatures (M = 2.1 °C/day vs 5 

2.6 °C/day; full graph Figure 5.13 in Appendix). 6 

 7 
Table 5.5: Whole watermelon bin and fruit core temperatures. 8 

Day  0 1 2 3 4 5 Change 
Rate 

Location  AC T Ade Ade MM T °C/day 

Treatment 

Dry  Bin 24.0 21.3 20.7 20.1 16.2 12.0 2.4 

 Core 25.5 21.5 21.0 20.5 18.0 15.0 2.1 

Chilled Bin 23.4 20.9 20.4 18.2 12.9 10.1 2.7 

 Core 24.0 22.5 21.5 19.5 17.0 14.0 2.0 

AC: Ali Curung; T: Transport; Ade: Adelaide; MM: Melbourne Markets 9 

 10 

5.3.4 Major commercial quality attributes 11 

 Watersoaking in whole watermelon placental tissue was slightly less with the 12 

potassium permanganate-based ethylene removal sachets applied (Table 5.6), 13 

although not statistically significant (M = 31.9 % vs 36.6 %, p = 0.399 on day 11, 14 

n = 20) (Table 5.6). Potassium permanganate-based ethylene removal sachets also 15 

affected the melon and fruity aromatic notes produced from whole watermelons when 16 

cut at day 18 after harvest (M = 3.0 vs 3.7, p = 0.037, n = 20). This was initiated as a 17 

trend at day 11 (p = 0.114) (Table 5.6). Whole watermelons from bins with the ethylene 18 

removal sachets were greener and waxier in aromatic notes. Appearance of whole 19 
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watermelon placental tissue was not significantly affected by the potassium 1 

permanganate-based ethylene removal sachets (Table 5.6). 2 

 Chilling fruits during transport from Adelaide to Melbourne Markets, maintained 3 

appearance quality of whole watermelon flesh (M = 3.4 vs 3.1, p = 0.054, n = 20) and 4 

reduced their watersoaked area (M = 26.9 % vs 41.6 %, p = 0.005, n = 20) compared 5 

to that of non-refrigerated trucks (Table 5.6). Aroma development after cutting was 6 

hindered (M = 3.5 vs 4.0, p = 0.013, n = 20) when assessed day 11 after harvest 7 

(Table 5.6), which included 6 days of storage in the distribution centre with ethylene 8 

of 4 µL/L. All effects of earlier refrigeration with the 2.0 °C to 2.5 °C difference 9 

diminished after 7 days in the distribution centre when fruits were assessed on day 18 10 

after harvest. On the same day, interaction between temperature and ethylene 11 

removal affected watersoaked percentage (p = 0.037). Fruits with the lowest 12 

watersoaked assessed areas were those chilled earlier and had ethylene adsorbing 13 

sachets applied (M = 25.0 % vs 28.8 % to 44.4 % for other treatment groups, 14 

SE = 5.0 %, p = 0.037, n = 10 for each treatment group) (Table 5.6).  15 

The interaction of removing ethylene and chilling whole watermelons only had 16 

statistically significant effects for aroma across day 5, 11, and 18 after harvest. 17 

Transporting whole watermelons in non-refrigerated transport with no ethylene 18 

removal sachets allowed better aroma development than those in chilled transport with 19 

ethylene removal sachets, when assessed 15-minutes after cutting (Table 5.6). 20 

  21 
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Commercial quality parameters aroma and appearance lowered over storage 1 

time in the DC (M = 4.6 to 3.4 for aroma and M = 3.6 to 1.8 for appearance, n = 40) 2 

(Table 5.6). Additionally, watersoaked percentage of whole watermelon internal flesh 3 

increased over storage (M = 22.0 % to 59.3 %, n = 40) (Table 5.6).  4 

Table 5.6: Effects of ethylene control from harvest and temperature of transport on whole 5 
watermelon commercial quality parameters. 6 

Aroma and appearance score with best score being 5 and worst being 1. n = 20 and 10 for individual 7 
factors and interaction respectively on day 5 and 18 (day 11: n = 16 and 8). SE: standard error. Day: 8 
after harvest, whole watermelons arrived at Western Junction DC on day 5 after harvest and stored 9 
there until day 18 after harvest. CN: Chilled-no sachets; CY: Chilled-sachets; DN: Dry-no sachets; DY: 10 
Dry-sachets. Different letters after mean values depict significant differences. 11 

 12 

  13 

 Aroma Appearance Watersoak (%) 
Day 5 11 18 5 11 18 5 11 18 

Temperature (T) 
  Chill 4.3 3.5 3.5 3.2 3.4 1.8 29.8 26.9 62.0 

  Dry 4.4 4.0 3.3 2.8 3.1 1.8 28.0 41.6 56.5 

  SE 0.05 0.12 0.22 0.14 0.1 0.2 1.9 3.4 4.7 
Ethylene removal sachet (ER) 
  No 4.4 3.9 3.7 3.0 3.2 2.0 29.8 36.6 56.3 

  Yes 4.3 3.6 3.0 3.1 3.3 1.6 28.0 31.9 62.3 

  SE 0.05 0.13 0.21 0.15 0.1 0.21 1.9 3.9 4.7 
Interaction (T x ER) 
 CN 4.3 3.7ab 3.5 3.2 3.4 2.0 30.0 28.8ab 62.0 

 CY 4.3 3.4b 3.5 3.2 3.4 1.6 29.5 25.0a 62.0 
 DN 4.5 4.2a 3.9 2.8 3.0 2.0 29.5 44.4b 50.5 

 DY 4.4 3.8ab 2.6 2.9 3.2 1.7 26.5 38.8ab 62.5 

SE 0.07 0.17 0.28 0.2 0.2 0.3 2.7 5.0 6.7 
          

Overall 
Mean  4.3a 3.8b 3.4c 3.0a 3.2a 1.8b 28.9a 34.2a 

 

59.3b 
          

ANOVA          

D <0.0001   <0.0001   <0.0001   
T 0.030 0.013 ns ns 0.054 ns ns 0.005 ns 

ER ns 0.114 0.037 ns ns ns ns 0.399 ns 

T x ER 0.050 0.027 0.030 ns ns ns ns 0.037 ns 
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 1 

Figure 5.8: Effects of ethylene control from harvest and temperature of transport on whole 2 
watermelon firmness on day 11 after harvest 3 

* denotes significantly different mean values of treatment groups. Standard error = 0.2, n = 8 for each 4 
treatment group. Assessment was done after 6 days storage in Western Junction DC. Sachet: BION 5 
potassium permanganate-based ethylene removal sachets. Treatment groups: CN: Chilled-no sachets; 6 
CY: Chilled-sachets; DN: Dry-no sachets; DY: Dry-sachets.  7 

 8 

Contrary to expectations, lowering ethylene with the potassium permanganate-9 

based sachets resulted in fruits that had softer internal flesh when assessed 11 days 10 

after harvest (M = 2.1 kg vs 2.5 kg, p = 0.05, n = 8). Although not significantly affecting 11 

fruit firmness by itself, temperature of transport from Adelaide to Melbourne interacted 12 

with ethylene removal sachet application. This is shown in Figure 5.8, in which whole 13 

watermelons not refrigerated from Adelaide to Melbourne, had much bigger 14 

differences in tissue firmness than those chilled in 2 °C to 2.5 °C lower temperature 15 

trucks. Fruits in non-refrigerated trucks without ethylene removal treatment had firmer 16 

placental tissue than those with ethylene removal (M = 2.7 kg vs 1.7 kg, p = 0.03, 17 

n = 8). On day 18, cubes were too soft to be assessed using the penetrometer. 18 
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 1 

Figure 5.9: Effects of ethylene control from harvest and temperature of transport on whole 2 
watermelon respiration rates on day 19 after harvest. 3 

Assessment after 14 days storage in Western Junction DC. CN: Chilled-no sachets; CY: Chilled-4 
sachets; DN: Dry-no sachets; DY: Dry-sachets. Standard error = 1.4, n = 2 for each treatment group. 5 

 6 

Ethylene removal sachets tended to lower the respiration rate of whole 7 

watermelons when measured on day 19 after harvest (M = 5.2 mL CO2/kg/hr vs 8 

6.8 mL CO2/kg/hr with no sachet), but the difference was not statistically significant 9 

(p = 0.36) (Figure 5.9). Chilled transport lowered the respiration rates for whole 10 

watermelon compared to those in non-chilled transport (M = 4.6 mL CO2/kg/hr vs 11 

7.3 mL CO2/kg/hr, p = 0.09). Respiration rate of whole watermelons at day 19 after 12 

harvest was highest for fruits with the higher transport temperature and having no 13 

sachets applied (M = 8.5 mL CO2/kg/hr). In contrast, the lowest respiration rates were 14 

obtained from fruits in chilled transports with the ethylene removal sachets 15 

(M = 4.3 mL CO2/kg/hr). Whole fruits were transported out from the DC after 18 days. 16 

At day 37 after harvest, respiration rates were not affected statistically by transport 17 

temperature, ethylene removal sachet application and their interaction.  18 
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 Rind thickness of whole watermelons reduced over time, from 1.5 cm at day 0 1 

to under 1 cm at day 18 after harvest (Table 5.9 in Appendix). Rind thickness was 2 

affected only by transport temperature. Fruits that were transported in chilled 3 

conditions from Adelaide had thinner rind when assessed on day 18 after harvest, 4 

compared to those shipped in non-refrigerated trucks (M = 0.7 cm vs 0.9 cm, p = 0.03 5 

with R2 0.13).  6 

Although overall soluble solid content reduced over time (from 14 °Brix on day 0 7 

to ~11 °Brix on day 18 after harvest), both ethylene removal and transport temperature 8 

treatments did not affect SSC of whole watermelons (Table 5.8 in Appendix). In 9 

contrast, the pH of fruits increased over storage, but although some statistical 10 

difference was detected between treatment groups the differences were not practically 11 

significant (Table 5.8 in Appendix).  12 

Ion leakage and crispness of cut watermelon cubes did not show significant 13 

differences statistically under effects of both transport chilling time and ethylene 14 

removal (Table 5.9 in Appendix).  15 

5.4 Discussion 16 

This study is the first to assess ethylene control on the quality of whole 17 

watermelons from point of harvest by using ethylene removal sachets. Ethylene, 18 

during transport of whole watermelons for this experiment (Table 5.3), was constantly 19 

at or higher than the 0.050 µL/L concentration reported to be sufficient to induce 20 

softening of whole watermelons (Mao et al., 2004). Additionally, there were high 21 

ethylene producing climacteric fruits, such as honeydew and rockmelons, in the same 22 

consignment as the watermelons for this study. 23 
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The advantage of ethylene removal sachets was mainly on watersoaking 1 

development control of whole watermelons. Absolute mean values for watersoaking 2 

index were lower for whole watermelons with the ethylene removal sachets (31.9 % 3 

vs 36.6 % for control samples, p = 0.399, n = 8), although non-significant statistically 4 

for differences in appearance and watersoaking (Table 5.6) after being stored for 5 

6 days in the distribution centre. These observations were in line with those of Saftner 6 

et al. (2007) where lowering surrounding ethylene reduced watersoaking of 7 

watermelons. In contrast, complete watersoaking prevention was reported by Mao et 8 

al. (2004) for 1-MCP treatment, which they suggested to be due to cultivar differences. 9 

The lower watersoaking index implies better whole watermelon quality as it affects 10 

appearance of the cut placental tissue. 11 

5.4.1 Benefits of chilling fruits earlier during transport  12 

Transport temperatures have longer term effects on the quality of watermelon. 13 

The effects were observable only after 5 days of storage in the distribution centre at 14 

13 °C (day 11 after harvest; Table 5.6). The 2.0 - 2.5 °C difference in transport 15 

temperature for 2 days (Table 5.5) was sufficient to influence watersoaking in whole 16 

watermelons, with those transported in chilled transports having significantly lower 17 

watersoaking (26.9 % vs. 41.6 % for non-chilled “dry” transport, n = 20). Appearance 18 

was also better for those transported in chilled transports (M = 3.4 vs 3.1 for non-19 

chilled, compared to 3.6 initially, Table 5.6), although the differences were only 20 

marginally significant (p = 0.054, n = 20). Temperature control and knowledge of fruit 21 

history therefore becomes crucial as symptoms of temperature abuse or differences, 22 

such as watersoaking, are usually not observable by distribution centre quality 23 

assurance team members.  24 
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The earlier refrigeration also lowered respiration of whole watermelons, after 1 

13 days storage in a relatively high ethylene environment (4 µL/L) (Figure 5.9). Despite 2 

being a single trial, and potentially explainable by the uneven presence of high 3 

ethylene producers in the two transport chains, our findings indicate the importance of 4 

cool-chain for postharvest whole watermelon. This is especially applicable in Australia 5 

where high ambient air temperatures and long transports by multiple companies often 6 

precedes storage at wholesalers and retailers. In the current study, refrigerated trailers 7 

were utilised but in commercial practice availability decides if non-refrigerated taut 8 

lined trailers with sides covered would be used instead. Future studies can investigate 9 

the optimal storage temperature for whole watermelons under controlled ethylene 10 

concentrations to simulate whole watermelon transport in the presence of high 11 

ethylene emitting fresh produce. It will be a balance between reducing fruit metabolism 12 

and chilling injury, in which rind thickness could be an indicator of chilling injury as 13 

fruits in the chilled transport had thinner rinds at day 18 after harvest.    14 

5.4.2 Fruit softening associated with ethylene removal sachets in non-15 

refrigerated transport 16 

Contrary to the objective of utilising the ethylene removal sachets to better 17 

maintain whole watermelon quality, fruits from bins with potassium permanganate-18 

based ethylene removal sachets had lower internal placental tissue firmness 19 

(Figure 5.8). This was particularly the case for whole watermelons transported with 20 

delayed refrigeration (“dry” transport treatment), while fruits given refrigeration two 21 

days earlier (“refrigerated”) were not affected. The higher transport temperature could 22 

have resulted in higher respiration and ethylene production by the whole watermelons 23 

and other produce that were present.  24 
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As the firmness comparison in Figure 5.8 only involved bins from the same 1 

single temperature transport, any confounding effects due to differences in produce 2 

types in different transports can be discounted. The efficacy of potassium 3 

permanganate in glass beads and in alumina matrices to remove ethylene was shown 4 

by Lidster et al. (1985) to increase with higher temperatures. Similarly, BION sachets 5 

used in this study with potassium permanganate infused in zeolite, could have higher 6 

efficacy in the non-refrigerated transport. Results from this current study supports the 7 

suggestion by Álvarez-Hernández et al. (2019) that more research will be needed to 8 

determine whether temperature has an adverse effect on efficacy of ethylene 9 

scavenging methods, and the subsequent quality of the fresh produce being 10 

transported. 11 

Similar to our findings in Chapter 4, where lowering ethylene hindered firmness 12 

increase over storage of fresh-cut watermelons, we hypothesise there could be two 13 

explanations for the softening of whole fruits when ethylene is lowered. First, there 14 

could have been oxidation or adsorption of volatile compounds by the potassium 15 

permanganate-based ethylene removal sachets with higher temperature (delayed 16 

refrigeration) during transport acting as a catalyst. These volatile compounds could 17 

either be crucial players in the negative feedback of the ethylene signalling cascade, 18 

or they could be involved in other ethylene-independent, watermelon-softening 19 

causing pathways. Conserver 21, a commercial ethylene scavenging sachet similar to 20 

BION based on KMnO4 infused in zeolite and packed in Tyvek (Faubion & Kader, 21 

1996), was found to react with ethanol and acetaldehyde (Pesis et al., 2005). Ethanol, 22 

applied at the optimal concentration, had been shown to maintain firmness of cherry 23 

(Bai et al., 2011), mangoes (Plotto et al., 2006), tomatoes (Saltveit & Sharaf, 1992), 24 

lotus roots (Gao et al., 2017). The firmness maintenance effects of potassium 25 
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permanganate-based scavengers (Álvarez-Hernández et al., 2019) and ethanol can 1 

be species specific (Ritenour et al., 1997). There is opportunity for further research on 2 

determining the array of compounds affected by potassium permanganate-based 3 

scavengers and the subsequent effects on whole watermelon quality. Better 4 

understanding of differences between potassium permanganate-based scavengers 5 

and 1-MCP, especially on their downstream enzymatic and phenotypic effects on 6 

fresh-cut watermelons, would benefit industrial ethylene control applications. 7 

The lower firmness at day 11 after harvest could also indicate less chilling injury 8 

or damage in the whole watermelons. Chilling injured loquats (Cai et al., 2006), 9 

kiwifruits (Suo et al., 2018) and damaged mangosteens (Ketsa & Atantee, 1998) had 10 

higher firmness associated with increased lignification processes. Jin et al. (2014) 11 

identified ethylene dependent lignification in the flesh of oriental sweet melons, which 12 

acts through cinnamyl alcohol dehydrogenase (CAD). More recently, 1-MCP 13 

treatments to antagonise ethylene receptors had been reported to inhibit lignification 14 

through suppression of lignification related enzymes phenylalanine ammonialyase 15 

(PAL), 4-coumarate:coenzyme A (4CL), CAD and peroxidase (POD) (Xie et al., 2020). 16 

Although lignification has yet to be reported in watermelons, lignification could be the 17 

process interfered with by potassium permanganate-based ethylene scavengers at 18 

the slightly higher transport temperature. An initial firmness assessment of whole 19 

watermelons would have revealed if firmness increased since harvest.      20 

5.4.3 Aroma development hindered by chilling and ethylene removal sachets 21 

The application of BION potassium permanganate-based ethylene removal 22 

sachets and chilling 2 days earlier with a 2.0 °C to 2.5 °C difference, reduced the 23 

development of aroma compounds of whole watermelons when cut (Table 5.6). This 24 
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was reflected by the aroma scores (chilled M = 3.7; chilled with BION M = 3.4; 1 

non-chilled M = 4.2; non-chilled with BION M = 3.8; n = 10). Fruits with BION potassium 2 

permanganate sachets and/or chilling exhibited a green aroma even when fruits sat 3 

for 15 minutes after cutting. In contrast, melon and fruity aroma notes developed within 4 

15 minutes of cutting for whole watermelons that had no sachets and transported in 5 

non-refrigerated trucks from Adelaide to Melbourne Markets. This could be due to 6 

(Z)-nonen-1-ol, which is a compound with green waxy cucumber odour characteristics 7 

and associated with whole watermelons given 1-MCP treatment (Saftner et al., 2007). 8 

As reviewed by Pech et al. (2008), ethylene regulates aroma production in apples and 9 

cantaloupe melons with aldehyde and alcohol synthesis regulated differently among 10 

both species. Applying 1-MCP postharvest had also been shown to reduce production 11 

of fruity aromas for many different fresh produce (reviewed by Blankenship and Dole 12 

(2003)). Although potassium permanganate has the potential to oxidise other volatile 13 

compounds such as ethanol, (Mahmoodlu et al., 2013), there is little or no information 14 

in the literature on its effects on subsequent aroma profile of the produce, especially 15 

after removal of the ethylene scavengers. 16 

On the other hand, transport, or storage temperature postharvest was shown 17 

to be important for development of aroma compounds. Tomatoes stored at 5 °C had 18 

significantly less aromas corresponding to sweet, ripe and tomato characteristics 19 

(Maul et al., 2000). It was reported that 1-2 days after being brought to room 20 

temperature (16 °C) are required to regenerate these important aroma compounds 21 

(Farneti et al., 2015). Further research can evaluate the potential of temperature 22 

control on formation of characteristic watermelon aromas to be formed following 23 

storage of chilled whole watermelons. 24 
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5.4.4 Factors other than ethylene in watersoaking symptom development 1 

The presence of watersoaking in just harvested watermelons (average of 22 %, 2 

n = 5) indicated the influence of factors other than post-harvest ethylene exposure 3 

(Table 1). As mentioned by Mao et al. (2004), cultivar differences could be the factor, 4 

as “Mardi Gras” cultivar had fruits displaying watersoaking symptoms even when 5 

stored in air while “Charleston Gray” cultivar fruits did not. Additionally, our 6 

communication with growers and industrial horticulturist suggested watering and 7 

fertiliser regimes being factors for influencing the extent of watersoaking of the 8 

watermelon placental tissue.  9 

5.4.5 Whole watermelon quality not affected by both transport temperature and 10 

ethylene removal sachets  11 

In this study, quality parameters such as crispness, SSC, pH, electrolyte 12 

leakage did not respond to either potassium permanganate-based ethylene removal 13 

sachet application nor the earlier transport refrigeration. Whole watermelons were 14 

exposed to high ethylene (~4 µL/L, residue from banana ripening rooms) in the 15 

distribution centre (Table 5.3). The ethylene removal sachets might not have lowered 16 

ethylene to levels sufficient to cause a differential effect on the quality parameters 17 

shown above. Prior exogenous ethylene studies have shown increases in pH (Saftner 18 

et al., 2007), decreased SSC (Saftner et al., 2007) and reduced rind thickness (Risse 19 

& Hatton, 1982) with exposure to high ethylene. 20 

Prolonged storage (12 days, 13 °C, ethylene 4 µL/L) in the distribution centre 21 

resulted in fruits that were heavily watersoaked and disintegrated at the locules. After 22 

12 days of storage in the distribution centre, no meaningful differences were observed 23 

for appearance and watersoaking symptoms.   24 
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5.5 Conclusion 1 

This industrial-based study indicated potassium permanganate-based ethylene 2 

removal sachets can provide improvements for whole watermelons by hindering 3 

watersoaking development. Additionally, the significant beneficial effects on whole 4 

watermelon quality, as shown by chilling whole watermelons 2 days earlier in the 5 

supply chain, signify the need to establish an optimal transport temperature range. 6 

The hindrance of aroma production by chilling or potassium permanganate-based 7 

ethylene removal sachets could be alleviated by returning the fruits to higher 8 

temperatures. This will be crucial in ensuring high quality whole watermelons for both 9 

fresh-cuts and retail. These findings may be limited in application by potential 10 

differences in produce present in the two individual transports with different 11 

temperature settings. Repeated trials controlling ethylene concentrations at different 12 

temperatures could reveal more including validating the unexpected effects of the 13 

potassium permanganate-based ethylene removal sachets on watermelon firmness. 14 

From a scientific perspective, further understanding of the array of volatile compounds, 15 

other than ethylene, that are oxidised/absorbed by potassium permanganate-based 16 

ethylene scavengers might reveal roles of these compounds in the softening of whole 17 

watermelons. Additionally, future studies could apply 1-MCP at point of harvest and 18 

provide more focused insights into effects of ethylene as it targets ethylene receptors 19 

specifically. 20 

 21 

 22 

 23 

 24 

  25 
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Chapter 6: Novel Post-cut Treatments to Improve Fresh-cut Watermelons 1 

This research was to identify possible new ways to improve the last stage of 2 

the fresh-cut supply chain - storage of fresh-cut watermelons. Novel approaches were 3 

selected for evaluation based on their possible link with controlling the effects of 4 

ethylene, and their potential to suppress the wound responses once whole 5 

watermelons are cut.  6 

6.1 Introduction 7 

 Eating quality of watermelon degrades when cut. The fresh-cut process 8 

involves exposing internal flesh tissue to an environment with higher oxygen, leading 9 

to a higher metabolic status through accelerated respiration mechanisms and 10 

increased reactive oxygen species (ROS) such as superoxide and hydrogen peroxide. 11 

The increased ROS, as a result of cut wounding stress, is catalysed mostly via the 12 

induction of NADPH oxidase (Wu et al., 2019). Cutting also causes a burst of ethylene 13 

production for fruits (Abe & Watada, 1991; McGlasson & Pratt, 1964). Better industrial 14 

processes are needed to help counter wounding stress and therefore to extend the 15 

shelf-life of fresh-cut melon. 16 

Shock gas treatments targeting wound responses, such as wound-induced 17 

ethylene production, is a potential way to improve fresh-cut watermelon quality. 18 

Carbon dioxide (CO2), hydrogen sulfide (H2S) and oxidation of ethylene by potassium 19 

permanganate (KMnO4) have been reported to antagonise the effect of ethylene in 20 

fresh produce (Álvarez-Hernández et al., 2019; de Wild et al., 2003; Huo et al., 2018). 21 

Despite these associations, there is still limited information available on their 22 

capabilities as shock gas treatments targeting the first few hours after cutting to 23 

promote subsequent fresh-cut watermelon quality maintenance. 24 
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Improvements to MAP are also potentially possible by re-examining the range 1 

of MAP partial pressures suitable for fresh-cut watermelons to achieve an extended 2 

the shelf-life. Although 3-5 kPa O2 with 10 kPa CO2 had been recommended as MAP 3 

for fresh-cut watermelons by Gorny (2001), it did not result in satisfactory quality 4 

maintenance and caused increased juice leakage. It was further reported that fresh-5 

cut watermelons might have a relatively high anaerobic compensation point at 6 

14 kPa O2 (Fonseca et al., 2004). Watermelons, as large dense fruit with a thick rind 7 

and grown in warm conditions, will have a gradient of internal gas atmosphere partially 8 

pressures. Understanding these internal gas pressures of whole watermelons, and 9 

then quickly reestablishing these levels in the MAP headspace of stored fresh-cut 10 

watermelons, could slow quality degradation. This could suppress the shock effects of 11 

cutting from exposure of the internal flesh to higher levels of atmospheric oxygen and 12 

lower carbon dioxide. This would be a new approach to optimising MAP storage 13 

conditions for fresh-cut fruits.  14 

Innovative use of hydrogen gas and hydrogen rich water (HRW) has become a 15 

new research trend in recent years, especially in medical studies with its capability as 16 

a small gaseous molecule to regulate gene expression of inflammatory and apoptotic 17 

pathways (Ge et al., 2017). Furthermore, hydrogen has been shown to selectively 18 

reduce the highly reactive hydroxyl radical and to a lesser extent peroxynitrite 19 

(Ohsawa et al., 2007). This is beneficial as less reactive ROS and RNS such as 20 

hydrogen peroxide, nitric oxide and superoxide can then go on with their cellular 21 

signalling roles. Traction for hydrogen research has started to develop for plants with 22 

many examples of hydrogen application leading to better plant survival (Li et al., 2018). 23 

Additionally, hydrogen could be interacting with other small gas molecules such as 24 

NO, H2S, H2O2, CO (Gong et al., 2018). Closer to postharvest, hydrogen applied as 25 
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hydrogen rich water has been shown to activate antioxidative systems (enzymes, 1 

radical scavenging activities, membrane integrity) in kiwifruit (H. L. Hu et al., 2014), 2 

mushrooms (Chen et al., 2018), rose and lilies (Ren et al., 2017), and lisianthus flowers 3 

(Su et al., 2019). As the use of HRW would require a drying step, (Hu et al., 2018) 4 

applied hydrogen as a gas to delay ripening of kiwifruits and reported a lowering of 5 

ethylene biosynthetic gene expression and enzyme activity. The effect of hydrogen 6 

gas on fresh-cut produce is still unknown, especially for a non-climacteric fruit such as 7 

watermelon.  8 

Objective  9 

The research was to determine the potential of applying innovative post-cut gas 10 

treatments for improving fresh-cut watermelon quality maintenance and shelf-life.  11 

Research structure   12 

The investigation was divided into three parts looking into different aspects of 13 

the gas treatments. In Part A, the effects of potassium permanganate, carbon dioxide 14 

and hydrogen sulfide and their combination as shock treatments targeting the initial 15 

5-hours of post-cutting wound responses were assessed on commercial quality 16 

parameters of fresh-cut watermelon. In Part B, the effectiveness of MAP conditions 17 

mimicking internal partial pressures of whole watermelons on improving quality 18 

maintenance of fresh-cut watermelon was researched. In Part C, the potential of 19 

hydrogen gas as a shock treatment or modified atmosphere antioxidant gas to improve 20 

quality maintenance of fresh-cut watermelon was assessed.  21 
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6.2 Materials and methods 1 

6.2.1 Part A – Shock gas treatments to improve fresh-cut watermelon quality 2 

Materials 3 

Whole watermelons (Citrullus lanatus cv. Royal Armada) of 6.5 kg to 8.5 kg 4 

were purchased from a local supermarket 3-5 days after harvest. Watermelons were 5 

selected based on uniformity of weight (6.5 kg to 8.5 kg), colour of ground spot 6 

(cream), rind firmness (no depression from pressing) and freedom from defects 7 

(insects and diseases). Fruits were then transported within an hour at ambient 8 

temperature (20 °C - 25 °C) to the laboratory.  9 

Neutral pH electrolysed water (NEW) for all trials was produced on the day of 10 

experiment using the ELA-400 (Envirolyte Industries International Ltd, Talinn, 11 

Estonia). Potassium permanganate-based ethylene removal sachets (BION sachets) 12 

were obtained from Bioconservacion S.A. (Barcelona, Spain). Each sachet weighed 13 

4.0 g - 4.5 g. Carbon dioxide (5 kPa CO2 + 95 kPa N2) was purchased from Coregas 14 

Pty Ltd (Yennora, Australia). Sodium hydrosulfide hydrate (NaSH xH2O) was 15 

purchased from Sigma-Aldrich (Castle Hill, Australia). The required µL/L of H2S was 16 

obtained by diluting 4500 µL/L H2S prepared in a master container, where water was 17 

used to fully dissolve defined amounts of NaSH xH2O. The 1.8 L gas-tight lidded PP 18 

containers from Décor (Dandenong South, Australia) were purchased from a local 19 

goods store.  20 

Sample preparation 21 

Watermelons and cutting equipment were sanitised in neutral pH electrolysed 22 

water (ORP +800 mV, pH 7.0, 100 µL/L free chlorine), before the watermelons were 23 
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cut into cubes with sides of 3.5 cm to 4.5 cm. After cutting, watermelon cubes were 1 

put into 1.8 L polypropylene (PP) clip containers with airtight lids. 2 

Experimental design 3 

Fresh-cut watermelon samples with six cubes per container were each given 4 

one of the five shock treatments listed in Figure 6.1. Each treatment group had three 5 

replicates, in which each was from a separate whole watermelon that was processed 6 

at the same time. The treatments were applied using an application sequence. BION 7 

potassium permanganate-based ethylene removal sachets were put in (for Group 5 8 

and 6) before a 1-minute flush of 5 kPa CO2 + 95 kPa N2 (Group 2, 3 and 5), followed 9 

by the administration of H2S (Group 3 and 4). The gas in the headspace of the 10 

containers was checked for CO2 concentration to ensure 5 kPa CO2 has been applied 11 

(see section 4.2.7). H2S was administered by injecting a required volume of 4500 µL/L 12 

H2S (100 mL for 250 µL/L) with a gas syringe into Group 3 and 4 containers through 13 

pre-drilled holes (0.6 mm diameter) covered with film tapes. No treatment was applied 14 

for control group samples. All containers were stored at 3 °C to 4 °C for 5 hours. The 15 

containers were then unsealed to release CO2 and H2S, and to remove the potassium 16 

permanganate-based sachets accordingly. Containers were then resealed after 17 

5 minutes and stored at 3 °C - 4 °C until assessments at day 5 and day 9.  18 
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  1 

Figure 6.1: Flow diagram for shock gas treatments on fresh-cut watermelon quality 2 

The three replicates were prepared from separate whole watermelons. Treatments were CO2: 5 kPa + 3 
95 kPa N2; H2S: 250 µL/L H2S; BION: potassium permanganate-based ethylene removal sachet.  4 

 5 

6.2.2 Part B – MAP replicating internal fruit atmosphere  6 

Materials 7 

Watermelons were purchased from a local supermarket (6.5 kg to 7.5 kg, 8 

Citrullus lanatus cv. Royal Armada). Compressed air (instrument grade) and carbon 9 

dioxide (>99.9% food grade) were from BOC Ltd. Glass mason jars of 233 mL (Ball 10 

Corp., Colorado, USA) and 2.3 L gas-tight lidded PP containers (Kmart) were 11 

purchased from a local goods store.  12 

Fruit intercellular internal atmosphere determination 13 

Internal partial pressures of whole watermelons were determined within 10-minutes of 14 

cutting by inserting a needle (Ø 0.6 mm, 32 mm length, Terumo, Tokyo, Japan) 15 

connected to a Dansensor CheckMate II (Mocon, Ringsted, Denmark) with the 16 

supplied moisture filter attached (Figure 6.2). A total of three readings were obtained 17 

from different parts of the same watermelon, with samples targeting seed cavities up 18 

to 2 cm from the surface of the cut surface and readings taken within 5 seconds of 19 
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insertion. New needle tips were used for each reading. Readings without water in 1 

needle tips were recorded and those with low CO2 discarded as that was considered 2 

to be from infiltrated atmospheric gas.  3 

 4 

Figure 6.2: Assessment of internal atmosphere of watermelons. 5 

Dansensor probes were inserted into air pockets of watermelons up to 2 cm deep. Readings for around 6 
5 seconds were carefully made to avoid water build-up in the needle tips.  7 

 8 

Sample preparation 9 

Whole watermelons and equipment were sanitised with neutral pH electrolysed 10 

oxidising water (NEW, 400 µL/L free chlorine; produced with Envirolyte ELA-400 - refer 11 

Chapter 3) by dipping for 5 minutes. Fruits were then cut as described in Part A.  12 

 13 
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Experimental design  1 

Three experiments were run in Part B. Experiment 1 was to determine the 2 

shelf-life under standard MAP conditions, six cubes of fresh-cut watermelons (~240 g 3 

total) were stored in 2.3 L gas-tight lidded PP containers. MAP (7 kPa CO2 + 18 kPa O2 4 

+ 85 kPa N2) was obtained by flushing the container through the pre-drilled 0.6 mm 5 

holes with carbon dioxide mixed with compressed air for approximately 10 seconds 6 

(~80 mL/min). Container atmospheres were monitored with the Dansensor 7 

Checkmate II (Mocon, Ringsted, Denmark). Control samples used atmospheric air 8 

(20.6 kPa O2, 0.04 kPa CO2, 79.3 kPa N2) in the headspace. Samples were treated 9 

within 1-hour of cutting and stored at 5 °C to 7 °C for 8 days. There were 5 replicates 10 

for each treatment group. Assessments on appearance, aroma, watersoaking index, 11 

juice and ion leakage, cube pH, cube SSC were done on day 0 and 8. Ethylene was 12 

also measured on day 3 by GC-FID.  13 

Experiment 2 was to determine the shelf-life effect of using MAP on fresh-cut 14 

fruit packed at the volume-to-mass ratios (~0.4 g/mL) used for the commercial 15 

consumer packs (OTR <75 cm3/m2/24hr at 23°C, 50% RH). Fresh-cut watermelon 16 

cubes with 3 cm to 3.5 cm sides were stored in 233 mL glass mason jars at 2 °C to 3 17 

°C and at 5 °C to 7 °C. Administration of MAP and assessments were the same as 18 

Experiment 1, with treatment within 1-hour of cutting and assessments done on day 8.  19 

Experiment 3 was to determine the impact of removing ethylene from fresh-cut 20 

watermelons. Samples were prepared as in Figure 6.3 and then stored in 2300 mL PP 21 

containers. Both 7 kPa CO2 + 18 kPa O2 + 75 kPa N2 MAP and potassium 22 

permanganate-based ethylene removal sachets (4 grams each container, BION 23 

sachets, Bioconservacion S.A, Spain) were applied with two application times –  24 
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a 5-hour shock to counter the release of respiratory burst ethylene, as well as in a  1 

continuous manner to remove ethylene. For the 5-hour shock treatment, samples were 2 

unlidded at the 5-hour time point to remove the BION sachet and equilibrate the 3 

internal gases to atmospheric pressures, while the continuous samples had the lids 4 

sealed until assessments. Samples given no treatment were categorised as the 5 

control. 6 

6.2.3 Part C – Effect of hydrogen gas on maintenance of fresh-cut watermelon 7 

quality  8 

Materials 9 

A single whole watermelon (7.2 kg, Citrullus lanatus cv. Royal Armada) was 10 

purchased from a local supermarket, Tasmania. It had been harvested 10 days earlier 11 

in the Northern Territory. Hydrogen gas was obtained from BOC Ltd. in a 1000 µL/L 12 

premix balanced with 99.9 kPa nitrogen. Containers used were 2.3 L air-tight PP 13 

purchased from Kmart, Australia.   14 

Sample preparation 15 

Fruit and equipment were sanitised with neutral pH electrolysed water (NEW, 16 

400 µL/L free chlorine; see Part A - Materials). Whole watermelon was cut into cubes 17 

with 3.0 cm to 3.5 cm sides and stored in the PP containers at 5 °C to 7 °C. 18 

Experimental design  19 

Fresh-cut watermelon cubes were divided into five groups, with two of the four 20 

treatment groups exposed to 4.2 µL/L of H2 and another two groups to 42 µL/L of H2 21 

according to Figure 6.4. The group with no treatment was the control. Four replicate 22 

samples were prepared for each treatment group. H2 was administered as described 23 

by Hu et al. (2018) by injecting different volumes of 1000 µL/L hydrogen. For the 24 



Page | 153  
 

4.2 µL/L and 42 µL/L hydrogen treatments, 10 and 100 mL respectively of 1 

1000 µL/L H2 were injected into the sealed containers using Terumo syringes and 2 

needles. After 4 hours, the lids of the “shock” treatment samples were opened for 3 

2 minutes before sealing again. The lid of containers for “continuous” treatment 4 

samples remain sealed from treatment until assessment. Gas tightness of the 5 

containers were validated through monitoring loss of carbon dioxide over time. 6 

Samples were stored at 5 °C to 7 °C until assessments. 7 

 8 

 9 

Figure 6.4: Flow diagram for hydrogen gas treatment on fresh-cut watermelon quality. 10 

The four replicates were prepared from a single whole watermelon. Shock treatment involves 11 
unlidding at the 4-hour treatment time point. H2: hydrogen in nitrogen balance. 12 

 13 

Hedonic assessments 14 

Both appearance and aroma quality parameters were evaluated subjectively by a 15 

trained panellist as in Section 4.2.3. 16 

Respiration rates 17 

One cube of watermelon was removed from each treatment group and sealed 18 

in the respiration container (180 mL PP containers, Décor, Dandenong South, 19 
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Australia or 230 mL mason jars, Ball Corp., Colorado, USA). After incubation for 1 hour 1 

at 20 °C, the headspace carbon dioxide and oxygen were assessed using a 2 

Dansensor Checkmate II (Mocon, Ringsted, Denmark). Readings were converted into 3 

millilitre of gas per kilogram of fruit per hour (mL/kg/hr).  4 

Juice parameters (volume, pH, and sugar content) 5 

Juice leakage was determined using a 5 mL syringe to collect free juice from 6 

the bottom of the containers at each assessment day. Leakage was expressed as mL 7 

per 100 g of fruit. The pH and conductivity of juice were measured using calibrated 8 

portable meters (EC33 and pH22, Horiba, Kyoto, Japan). Juice soluble solid content 9 

(° Brix) was determined using a handheld refractometer (Lichen, Shanghai, China).  10 

Malondialdehyde (MDA) analysis (Part B only) 11 

Malondialdehyde content was determined by the procedure described in 12 

Hodges et al. (1999), with slight modifications. Fresh-cut watermelon cubes (2.5 g) 13 

were weighed into a plastic test tube in 1:25 (g FW : mL) 80:20 (v : v) ethanol : water, 14 

then centrifuged at 3,000 g for 10 min at 20 °C. The supernatant was used immediately 15 

after preparation for analysis. The mixture of 1.0 mL of the supernatant and 1.0 mL of 16 

0.5 % thiobarbituric acid (TBA, formulated with 15 % trichloroacetic acid) was heated 17 

in 95 °C water for 25 min, cooled rapidly in cold water then re-centrifuged at 3,000 g 18 

for 10 min. The absorbance of supernatant was measured at 440 nm, 532 nm, and 19 

600 nm with a spectrophotometer (1 cm pathlength, Shimadzu UV-1800, Kyoto, 20 

Japan). MDA content was calculated according to Equation 6.1 where the 440 nm 21 

reading was used to compensate for sucrose present in the sample and the 600 nm 22 

reading for non-specific absorbance of supernatant. The 532 nm reading was at the 23 
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maximum peak for TBARS (Thiobarbituric Acid Reactive Species) (Hodges et al. 1 

,1999).  2 

Equation 6.1: 3 

[(Abs 532+TBA)-(Abs 600+TBA) - (Abs 532-TBA - Abs 600 –TBA)] = A 4 

[[(Abs 440+TBA)-Abs 600+TBA] 0.0571] = B 5 

MDA equivalents (nmol·ml-1) = [(A-B)/157000] x 106 6 

Firmness 7 

Firmness of fresh-cut watermelon cubes was assessed as section 4.2.8 using a 8 

penetrometer (FT-327, TR Turoni, Forli, Italy).   9 

Statistical analysis 10 

Analysis of variance (ANOVA) was performed using JMP 14 (SAS Institute, US) and 11 

SPSS version 23 (SPSS Inc., Chicago, IL, USA). Significant differences were 12 

calculated by Tukey’s mean test. Differences at P ≤ 0.05 were considered significant. 13 

Post-hoc tests were evaluated using Tukey’s HSD, or Kruskal Wallis if variances were 14 

found to be unequal.  15 

 16 

6.3 Results 17 

Part A – Shock gas treatments to improve fresh-cut watermelon quality 18 

The appearance of fresh-cut watermelon cubes was maintained significantly 19 

higher by potassium permanganate-based ethylene removal sachets applied as a 20 

5-hour shock on day 9 (stored at 3.5 °C to 4.5 °C) in comparison with the control 21 

(M = 3.8 vs 3.2, p = 0.02) (Figure 6.5). Appearance was also maintained with no 22 

deterioration between day 5 and 9 by 5-hour shock treatments of 5 kPa CO2 + 0 kPa 23 
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O2 and combination of 5 kPa CO2 + 0 kPa O2 and potassium permanganate-based 1 

ethylene removal sachets.  2 

Aroma of day 9 samples (2.0 - 2.3) were below a commercial acceptability score 3 

of 3 due to the bad aroma when opening the containers (Figure 6.5). Although non-4 

significant statistically, watersoaking was less prominent in samples with the 5 

permanganate-based ethylene removal sachets (M = 0.11 vs 0.23 for control samples) 6 

(Figure 6.5). Other treatments such as 5 kPa CO2 + 0 kPa O2, H2S 250 µL/L and both 7 

combined did not significantly affect appearance, aroma or the watersoaking index of 8 

fresh-cut watermelons (Figure 6.5).  9 

 10 

Figure 6.5: Effects of shock treatments on appearance, aroma and watersoaking 11 

Values are mean and standard deviation of Hedonic scoring with n = 3. Significant differences indicated 12 
with different letters from post-hoc student’s t-test. KMnO4: BION potassium permanganate-based 13 
ethylene removal sachets; CO2: 5 kPa CO2 in treatment groups balanced with N2; H2S: 250 µL/L H2S. 14 
 15 
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Respiration rates (mL CO2/kg/hr) were reduced significantly by the 5-hour 1 

shock treatment of 5 kPa CO2 (N2 balance) and its combination with permanganate-2 

based ethylene removal sachets applied after cutting (Table 6.1). The respiration rates 3 

were 66.3 % and 85.0 % of control for CO2 and CO2 + sachets shock treated samples, 4 

respectively.  5 

 6 
 7 
Table 6.1: Effect of shock treatments on respiration of fresh-cut watermelons. 8 

Treatment  Day 5 Respiration 
mL CO2/kg/hr 

Control   65.9 c 

5 kPa CO2 + 0 kPa O2 43.7 a 

H2S 250 µL/L + 5 kPa CO2 + 0 kPa O2 59.6 bc 

H2S 250 µL/L  60.9 bc 

KMnO4 + 5 kPa CO2 + 0 kPa O2 56.0 b 

KMnO4  62.2 bc 

Values are mean. Significant differences indicated with different letters from Tukey HSD. Standard 9 
error: 1.9 for H2S 250 µL/L + 5 kPa CO2, 1.6 for others.  10 
KMnO4: BION potassium permanganate-based ethylene removal sachets 11 
5 kPa CO2 in treatment groups balanced with N2 12 

Part B Experiment 1: MAP mimicking internal atmosphere  13 

The headspace carbon dioxide and oxygen atmosphere during storage are 14 

shown in Figure 6.6. Carbon dioxide in the control samples was raised to levels similar 15 

to MAP samples by day 8 of storage, while MAP maintained similar levels to initial 16 

values (7.0 kPa). On the other hand, oxygen was higher in MAP samples (14.0 kPa 17 

vs 11.7 kPa in control).  18 

  19 
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  1 

Figure 6.6: Sample headspace carbon dioxide and oxygen over storage  2 

Partial pressures in kPa, values are mean and standard deviation, n = 5 3 

 4 

Respiration 5 

MAP with a combination of 7 kPa CO2 + 18 kPa O2 + 85 kPa N2 prevented 6 

increases in carbon dioxide production rates after 8 days of chilled storage (5 °C to 7 

7 °C), although oxygen consumption increased by 43 % compared with day 0 8 

(Figure 6.7). In comparison, control samples stored in air over 8 days increased 9 

carbon dioxide production rate by 42 % and oxygen consumption rate by 119 %. 10 
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 1 

 2 

Figure 6.7: Effects of MAP on fresh-cut watermelon respiration rates. 3 

Unit: mL/kg/hr, values are mean and standard deviation, n = 3 for day 0 and n = 5 for day 8. The * 4 
depicts significant differences.  5 

 6 

Hedonic quality assessments: 7 

MAP (7 kPa CO2 + 18 kPa O2 + 85 kPa N2) maintained appearance (57 % 8 

higher score) and aroma (35 % higher score) more than control samples when 9 

assessed at day 8. At day 8, MAP samples had scores that were commercially 10 

acceptable (score of 3) (Figure 6.8). Watersoaking of cubes was 50 % higher in air 11 

stored cubes than those initiated with MAP (Figure 6.8). 12 
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 1 

Figure 6.8: Effects of MAP on commercial quality parameters of fresh-cut watermelons. 2 

Hedonic scale with a desirable maximum of 5, mean and standard deviation, day 0: n = 3, day 8: n=5; 3 
**: p-value = 0.01 for appearance; *: p-value = 0.02 for aroma; *: p-value = 0.04 for watersoaking 4 
index 5 

 6 

Endogenous ethylene (headspace) 7 

On day 3 of storage the headspace ethylene level of MAP packed samples were 116 % 8 

higher than air packed samples (M = 0.26 µL/L vs 0.12 µL/L, p = 0.02, n = 5) (Figure 9 

6.16 in Appendix).  10 

 11 
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Ion leakage and lipid peroxidation 1 

Ion leakage remained at initial levels for watermelon cubes stored in MAP 2 

(Table 6.2). Cubes stored in air increased in ion leakage by 30.3 %, while juice leakage 3 

increased by 154 % compared to samples stored with MAP (Table 6.2). After 9 days 4 

of storage, TBARS were higher in control air samples (Table 6.2). However, the 5 

statistical significance was much lower compared to juice leakage and ion leakage 6 

assays. 7 

 8 

Table 6.2: Effects of MAP on juice and ion leakages and TBARS of fresh-cut watermelons  9 

Treatment Juice leakage  

mL/kg 

TBARS  

nmol MDA equi. per mL 

Ion leakage 

% total 

Air 11.7 ± 2.5 *** 0.49 ± 0.07* 39.3 ± 1.2 ** 

MAP 4.6 ± 1.5 *** 0.32 ± 0.14 * 30.4 ± 4.2 ** 

***: p-value = 0.001; **: p-value = 0.002; *: p-value = 0.030 10 
Values are day 9 mean and standard deviation, n = 5 11 

MAP: 7 kPa CO2 + 18 kPa O2 + 75 kPa N2; Ion leakage: 8th minute conductivity as % of total 12 
conductivity after boiling for 15 minutes, mean and standard deviation in %, n=5; TBARS unit: nmol 13 
MDA equivalent per mL 14 

 15 

MAP (7 kPa CO2 + 18 kPa O2 + 85 kPa N2) did not significantly affect pH, 16 

conductivity, SSC, and firmness of fresh-cut watermelon cubes stored for day 9 in 17 

comparison with control samples (Table 6.15 in Appendix). Over 9 days of storage, 18 

pH of fresh-cut watermelons decreased from 5.6 to 4.6, SSC from 11.0 °Brix to 19 

8.7 °Brix, firmness from 2.0 kg to 1.8 kg. 20 

  21 
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Part B Experiment 2: MAP under industrial gas volume: mass ratios 1 

When fresh-cut watermelon cubes were stored in smaller 233 mL mason jars 2 

to simulate the industrial headspace volume to cut fruit mass ratio in retail products, 3 

only aroma and respiration rates were significantly different between the treatment 4 

groups (Figure 6.9 - 6.10). With this difference in container headspace, the aroma of 5 

fresh-cut watermelons on day 8 showed statistically significant differences only 6 

between MAP and control samples at the higher storage temperature of 5 °C to 7 °C 7 

(M = 3.9 for MAP vs 3.2 for air, n = 5) but not 2 °C to 3 °C (Figure 6.9).  8 

 9 

Figure 6.9: Effects of MAP and storage temperature on aroma of fresh-cut watermelons. 10 

n = 5 and error bars indicate standard deviation. Different letters indicate significant differences (p<0.05). 11 
MAP: 7 kPa CO2 + 18 kPa O2 + 75 kPa N2 12 

 13 

Figure 6.10 shows that MAP samples had higher carbon dioxide production 14 

rates than air samples when the storage temperature was at 5 °C to 7 °C. In contrast, 15 

a lower storage temperature of 2 °C to 3 °C enabled MAP treated fresh-cut 16 

watermelons to show a lower carbon dioxide production rate.   17 
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 1 

Figure 6.10: Effects of MAP and storage temperature on respiration of fresh-cut 2 
watermelons. 3 

Sample n = 5 and error bars indicate standard deviation. Different letters indicate significant differences 4 
(p<0.05). MAP: 7 kPa CO2 + 18 kPa O2 + 75 kPa N2; Temperature: 2-3 °C or 5-7 °C. 5 

 6 

When MAP was assessed as an individual factor, the gas composition of 7 

7 kPa CO2 + 18 kPa O2 MAP affected only aroma with 3.9 ± 0.4 (mean ± standard 8 

deviation) in comparison to 3.4 ± 0.3 for control samples stored with air (p < 0.005, 9 

n = 10). On the other hand, storage temperature affected only oxygen consumption 10 

rates with 20.1 mL/kg/hr ± 6.1 mL/kg/hr for 2 - 3 °C stored samples in comparison with 11 

27.3 ± 6.9 mL/kg/hr for those stored at 5 - 7 °C (p = 0.024, n = 10) (data not shown). 12 

  In this experiment with the smaller headspace, the quality parameters not 13 

affected statistically by either MAP or storage temperatures or their combinations 14 

included firmness (1.8 - 1.9 kg), appearance (2.8 - 3.0), watersoaking (0.36 - 0.50), 15 

juice and ion leakages (3.3 - 4.5mL; 40 - 40.6 %), cube pH (6.0 - 6.3), cube SSC 16 

(8.0 - 9.8 °Brix) and cube conductivity (3.0 - 3.2).  17 
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Part B Experiment 3: MAP compared with shock treatment and ethylene 1 

removal sachets  2 

In this experiment, gas treatments (7 kPa CO2 + 18 kPa O2 + 85 kPa N2 or 3 

potassium permanganate-based ethylene removal sachets) were evaluated as a 4 

shock (venting at 5-hour point) or continuous (no venting) for effects on fresh-cut 5 

watermelon quality parameters. 6 

On day 8 of storage, treatment type, treatment period and their interactions did 7 

not significantly affect the fresh-cut watermelon watersoaking index or appearance 8 

when assessed (M = 3.0 to 3.2, SE = 0.1), (Figure 6.11). Aroma was slightly lower in 9 

samples treated with MAP (7 kPa CO2 + 18 kPa O2 + 85 kPa N2 continuous) than 10 

control samples (M = 2.9 vs 3.3 for control) (Figure 6.11), contrasting with results in 11 

Part B Experiment 1.  12 

Both potassium permanganate and MAP applied continuously as treatments 13 

had elevated carbon dioxide production rates in comparison to non-treated control 14 

samples (Figure 6.12).  15 
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 1 

Figure 6.11: Effect of MAP and KMnO4 on day 8 appearance, aroma and watersoaking of 2 
fresh-cut watermelons. 3 

For Figure 6.11 and 6.12, values are mean ± SD (n = 5). Ad-hoc significance test by Tukey-Kramer 4 
HSD, significantly differences (p<0.05) indicated with different letters.  S-CO2 and S-KMnO4: shock 5 
treatments of CO2 (7 kPa CO2 + 18 kPa O2 + 85 kPa N2) and KMnO4 (potassium permanganate-based 6 
ethylene removal sachets) 7 
 8 
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Juice leakage was greatly lowered by treatment with either a continuous 1 

treatment of 7 kPa CO2 + 18 kPa O2  (M = 1.0 mL/100g) or potassium permanganate 2 

sachets (M = 0.7 mL/100g), as well as shock treatment of 7 kPa CO2 + 18 kPa O2 3 

(M = 0.57 mL/100g) when compared with control (M = 3.27 mL/100g, n = 5) 4 

(Figure 6.13). On the other hand, ion leakage was not significantly affected by any of 5 

the treatment groups (M = 36.8 - 45.2 %) (Figure 6.13).  6 

  Crispness of the fresh-cut watermelon was significantly higher when potassium 7 

permanganate-based ethylene removal sachets were applied continuously (M = 2.3 8 

vs 1.1 for control), while 7 kPa CO2 + 18 kPa O2 applied as a shock treatment had 9 

improvements that were marginal statistically (M = 2.1) (Table 6.16 in Appendix).  10 

 11 

 12 

Figure 6.13: Effect of MAP and KMnO4 on day 8 juice and ion leakages of fresh-cut 13 
watermelons.  14 

Values are mean ± SD (n = 5). MAP: 7 kPa CO2 + 18 kPa O2 + 75 kPa N2) Ad-hoc significance test by 15 
Tukey-Kramer HSD, significantly differences (p<0.05) indicated with different letters.  16 
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Part C – Hydrogen gas on maintenance of fresh-cut watermelon quality 1 

The appearance of fresh-cut watermelon was better maintained at later stages 2 

of storage (day 8) with the non-vented continuous 4.2 µL/L and 42 µL/L H2 (air 3 

balance) treatment groups than control (M = 4.1 and 3.7 respectively, vs 3.3 of control), 4 

although this was non-significant statistically (Table 6.3). Similarly, watersoaking was 5 

less in samples treated with 4.2 µL/L continuous H2 (M = 17.5 % total vs 37.5 % total 6 

for control, n = 4). At day 8, the mean aroma score was above commercial limit of 3 7 

for 4.2 µL/L and 42 µL/L continuous, and 42 µL/L 4hrs (Table 6.3). 8 

A single application of H2 with lids closed until assessment days (“continuous” 9 

treatment group) allowed better maintenance of cut watermelon appearance up to day 10 

8 of storage (3.9 vs 3.3 of control, p = 0.01). Although non-significant statistically, a 11 

trend exists where H2 was applied and not vented after 4 hours (“continuous” treatment 12 

group) had better aroma (M = 3.3 vs 2.8-2.9) and less watersoaking than the control 13 

or when samples were vented after 4 hours of application (“4hrs” treatment group). 14 

Appearance and aroma scores decreased (p ≤ 0.05), while watersoaking increased 15 

(p = 0.19).   16 

In terms of application concentration, appearance of cut watermelons was 17 

maintained better by both 4 µL/L and 42 µL/L H2 treatments compared to the control 18 

samples although the effect was non-significant with p-value 0.26 (Table 6.3). 19 

Watersoaking development was hindered by 42 µL/L H2 at day 4. These were despite 20 

both the aroma and watersoaking improvements being statistically non-significant. For 21 

aroma, 4.2 µL/L H2 that had higher scores than the 42 µL/L H2 treatments. At day 8, 22 

trends included less watersoaking for H2 treated samples than control and slightly 23 

better maintained appearance for 4.2 µL/L H2 treated samples. All three 24 
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concentrations (0 µL/L, 4 µL/L, 42 µL/L H2) had aroma at or near the borderline 1 

acceptable score 3 out of 5 (Table 6.3).  2 

 3 
Table 6.3: Effects of hydrogen gas treatments on commercial quality parameters of fresh-cut 4 
watermelons  5 

Appearance and aroma values are Hedonic scoring with best of 5 and worst of 0. n = 8 and 4 for 6 
individual factors and interaction respectively on day 4 and 8. n = 3 on day 0. SE: standard error. Ad-7 
hoc significance test by Tukey-Kramer HSD, with significant differences (p<0.05) indicated with different 8 
letters. 9 

 10 

 Appearance Aroma Watersoaking (%) 
    
Day 0 4 8 0 4 8 0 4 8 
Time (T)          
4hrs  3.7 3.3b  3.6 2.9  24.4 31.3 
Continuous  3.9 3.9a  3.5 3.3  21.9 22.5 
Control  3.4 3.3ab   3.4 2.8  25 37.5  
SE  0.2 0.2  0.2 0.2  3.5 7.6 

         
Concentration (C)         
4  3.8 3.7  3.7 3  26.9 25 
40  3.8 3.4  3.4 3.2  19.4 28.8 
0  3.4 3.3  3.4 2.8  25 37.5 
SE  0.2 0.3  0.1 0.2  3.0 7.9 

         
Interaction (T x C)         
4.2 µL/L 4hrs  3.5 3.3ab  3.8 2.8  30 32.5 
42 µL/L 4hrs  3.9 3.2b  3.5 3.1  18.8 30 
4.2 µL/L 
continuous 

 
4.1 4.1a 

 
3.7 3.3 

 
23.8 17.5 

42 µL/L 
continuous 

 
3.8 3.7ab 

 
3.4 3.3 

 
20 27.5 

Control  3.4 3.3ab  3.4 2.8  25 37.5 
SE  0.2 0.2  0.1 0.2  3 7.9 
          
Overall Mean  4.2 3.7 3.5 5a 3.5b 3.0c 18.3 23.5 29 
          
ANOVA          
D 0.05   <.0001   0.19   
T  0.11 0.01  ns ns  ns 0.26 
C  0.26 0.3  0.07 ns  0.06 ns 
T x C  0.08 0.03  0.24 ns  0.11 ns 
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 1 

Figure 6.14: Effects of hydrogen gas treatments on SSC of fresh-cut watermelons. 2 

Sample n = 4 on both day 4 and 8. n = 3 on day 0. SE: standard error. Ad-hoc significance test by 3 
Tukey-Kramer HSD, with significant differences (p<0.05) indicated with different letters. 4 

 5 

SSC of fresh-cut watermelon were higher on day 8 for continuous hydrogen 6 

gas (H2) treated samples than those treated for 4 hours and control samples 7 

(M = 9.9 °Brix vs 8.8 °Brix for control) (Figure 6.14). Fresh-cut watermelon with H2 8 

applied continuously at 4.2 µL/L were higher in SSC (M = 10.1 °Brix) than a 4-hour 9 

shock of 42 µL/L H2 and was the highest among all treatment groups (M = 8.8 °Brix to 10 

9.6 °Brix). Compared with SSC on day 0, only control and 42 µL/L H2 4hrs treated 11 

samples were lower. This indicates that the 4.2 µL/L H2 treatment with no lid opening 12 

at the 4 hour point (“continuous” treatment) allowed better fresh-cut watermelon SSC 13 

retention.  14 

Samples H2 treated for 4hrs had lower pH than continuous and control (M = 5.7 15 

vs 6.1) (Table 6.17 in Appendix). The only significant difference for pH was between 16 

4hrs and continuous treatment groups on day 8 (p-value 0.03).  17 
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Table 6.4: Effects of hydrogen gas treatments on firmness, electrolyte leakage, and juice 1 
leakage of fresh-cut watermelon. 2 

Values are mean with n = 8 and 4 for individual factors and interaction respectively on day 4 and 8. n = 3 
3 on day 0. SE: standard error. Electrolyte leakage: 8th minute conductivity as percentage of total 4 
conductivity after 15-minute boiling. (cont.: continuous). Ad-hoc significance test by Tukey-Kramer 5 
HSD, with significant differences (p<0.05) indicated with different letters. 6 

 7 

Firmness of fresh-cut watermelon cubes was better retained by 4.2 µL/L H2 for 8 

4-hours, compared to control and other treatment groups (Table 6.4). Opening and 9 

venting the samples at the 4-hour point after H2 treatment reduced fresh-cut 10 

watermelon day 4 firmness (M = 1.3 vs 1.7 kg control), although only marginally 11 

significant statistically at p = 0.06. However, on day 8 samples given this ventilation 12 

were firmer (M = 1.6 vs 1.3 kg control, p = 0.08). A concentration of 4.2 µL/L H2 retained 13 

firmness better than 42 µL/L or 0 µL/L although this was not statistically significant 14 

 Firmness (kg) Electrolyte leakage (%) Juice (mL) 
    
Day 0 4 8 0 4 8 8 
Time        
4hrs  1.3 1.6  46.9 49.4B 0.6 
Continuous  1.6 1.1  42.9 48.2B 0.5 
Control  1.7 1.3  48.2 41.0A 0.5 
SE  0.1 0.1  2.0 2.1 0.2 
Concentration        
4  1.6 1.5  44.4 49.8B 0.6 
40  1.3 1.2  45.4 47.9B 0.5 
0  1.7 1.3  48.2 41.0A 0.5 
SE  0.1 0.2  2.2 2.1 0.2 
Interaction        
4.2 µL/L 4hrs  1.4ab 1.9a  45.4 49.4 0.7 
42 µL/L 4hrs  1.3b 1.3ab  48.5 49.4 0.5 
4.2 µL/L cont.  1.8a 1.1b  43.4 50.1 0.4 
42 µL/L cont.  1.4ab 1.1b  42.3 46.4 0.5 
Control  1.7ab 1.3ab  48.2 41 0.5 
SE  0.1 0.2  2.0 2.2 0.3 
        
Mean (D) 1.8 1.5 1.3 29.9 45.6 47.3 0.5 
        
ANOVA        
D 0.07   <.0001    
T  0.06 0.08  0.06 0.02 ns 
C  0.08 0.29  ns 0.01 ns 
T x C  0.03 0.02  0.16 0.05 ns 
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(p = 0.29). Over storage, fresh-cut watermelon firmness reduced while electrolyte 1 

leakage and respiration increased. 2 

Electrolyte leakage after 4 days of storage, was lower for continuous H2 treated 3 

samples than control and 4hr H2 treatment groups (M = 42.9 % vs 48.2 %, p = 0.06) 4 

(Table 6.4). Unexpectedly, all H2 treated groups were higher in electrolyte leakage 5 

than control at day 8 of storage (M = 48.2 - 49.4 % vs 41.0 % for control, p ≤ 0.05).  6 

 7 

Figure 6.15: Effects of hydrogen gas treatments on fresh-cut watermelon respiration rates. 8 

Values are mean with n = 8 and 4 for individual factors and interaction respectively on day 4 and 8. n = 9 
3 on day 0. SE: standard error. Electrolyte leakage: 8th minute conductivity as percentage of total 10 
conductivity after 15-minute boiling. (cont.: continuous). Ad-hoc significance test by Tukey-Kramer 11 
HSD, with significant differences (p<0.05) indicated with different letters. 12 

 13 

For respiration, 4.2 µL/L continuous H2 reduced day 4 respiration rates 14 

(21.5 mL/kg/hr) while the venting (4hr treatments) and higher H2 concentration 15 

(M = 42 µL/L) groups had higher respiration rates (M = 33.8 mL/kg/hr to 45.3 mL/kg/hr 16 

combined) (Figure 6.15). On both day 4 and 8, control sample respiration rates 17 
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(M = 33.8 mL/kg/hr and 43.0 mL/kg/hr) were higher than 4.2 µL/L continuous treated 1 

samples (M  = 21.5 mL/kg/hr and 26.8 mL/kg/hr).There were no significant differences 2 

in terms of juice leakage at day 8 of storage (M = 0.3 - 0.7 mL/100g) (Table 6.4).  3 

 4 

6.4 Discussion  5 

Part A – Shock gas treatments to improve fresh-cut watermelon quality 6 

This work evaluated the capabilities of 5-hour shock gas treatments, applied 7 

after cutting, on quality maintenance of fresh-cut watermelons to find novel means to 8 

extend shelf-life. The shock gas treatment involving removal of ethylene by application 9 

of potassium permanganate was the best method to maintain the appearance quality 10 

of fresh-cut watermelons (Figure 6.5). Appearance was better mainly as potassium 11 

permanganate treated samples had less watersoaking development (11 % vs. 23 % 12 

watersoaked areas for control group, although this was non-significant statistically with 13 

p>0.05) (Figure 6.5). Watersoaking of watermelon placental tissue had previously 14 

been strongly associated with ethylene (Karakurt & Huber, 2002) and downstream 15 

membrane catabolism (Karakurt & Huber, 2004). Stopping ethylene binding through 16 

1-Methylcyclopropene (1-MCP) had also been shown to reduce watersoaking 17 

symptoms in fresh-cut tomatoes (Jeong et al., 2004). In comparison, the effects of 18 

potassium permanganate on fresh-cut fruits in the literature are more limited but it was 19 

found to maintain quality of cut kiwifruit through firmness retention (Agar et al., 1999).  20 

Potassium permanganate as a shock treatment for the first 5-hours after cutting can 21 

be investigated further industrially as it resulted in better maintenance of fresh-cut 22 

watermelon appearance. Shock treatments being effective allows treatments to be 23 

applied to fresh-cut watermelons prior to being packaged and dispatched to 24 

consumers.   25 
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Shock gas treatment with 5 kPa CO2 + 0 kPa O2 also showed potential to better 1 

maintain fresh-cut watermelon quality. The treatment with 5 kPa CO2 + 0 kPa O2 was 2 

more effective in lowering respiration rates of fresh-cut watermelons (Figure 6.6 – 6.7 3 

and Table 6.1). This could be due to either elevated CO2 or anoxia for 5-hours post-4 

cutting as the 5 kPa CO2 was nitrogen balanced without oxygen. In previous studies, 5 

short exposure to 4-hours of anoxic conditions had been shown to reduce surface 6 

browning in other fresh-cut products such as Chinese water chestnut (You et al., 7 

2012). It was associated with elevated activation of antioxidative enzymes and 8 

activities and lower degradation of membranes. Benefits of hypoxia could also be due 9 

to less wound responses as shown in fresh-cut lettuce (Saltveit, 2018). Interestingly, 10 

albeit showing slight capabilities in maintenance of fresh-cut watermelon appearance, 11 

watersoaking was not affected by treatment with 5 kPa CO2 + 0 kPa O2. Future 12 

investigations could further optimise shock treatments of 5 kPa CO2 + 0 kPa O2 and 13 

potassium permanganate-based ethylene removal sachets, especially whether the 14 

absence of oxygen or presence of elevated carbon dioxide would benefit quality 15 

maintenance of fresh-cut watermelons. 16 

Although H2S was hypothesised to improve quality of fresh-cut watermelons, 17 

the data did not support its application for fresh-cut watermelons. The 250 µL/L H2S 18 

for 5 hours evaluated in this study could be over the optimal dosage for fresh-cut 19 

watermelon. Quality parameters appearance, aroma, and respiration rates were not 20 

affected while watersoaking was slightly increased by 250 µL/L H2S in comparison 21 

with control samples (Figure 6.5 and Table 6.1). Although there could be other factors, 22 

such as produce specificity, that determine suitability of H2S, our findings indicate 23 

fresh-cut watermelons are more fragile than green leafy vegetables. It had been found 24 

that 250 µL/L H2S for 4 hours was beneficial for shelf-life of pak choy, basil, and kale 25 
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(Al Ubeed et al., 2017). Fresh-cut pears given H2S treatment had been reported to 1 

have delayed senescence through activation of antioxidative systems and less fungal 2 

growth (K. Hu et al., 2014). The H2S treated samples did not have any noticeable 3 

“rotten egg” sulphide aroma but consideration would be needed of the safety concerns 4 

of utilising this gas in an industrial environment due to its acutely toxic nature. If safety 5 

concerns can be addressed, further research into optimisation of H2S dosage would 6 

be recommended as H2S does pose as an attractive facilitator of better-quality 7 

maintenance. 8 

Part B – MAP replicating internal fruit atmosphere 9 

The objective of this research was to develop MAP for fresh-cut watermelon 10 

quality maintenance by utilising carbon dioxide and oxygen partial pressures that 11 

mimic internal gas partial pressures of whole watermelons. The elevated carbon 12 

dioxide (6 - 8 kPa) and lowered oxygen (14 - 17 kPa) treatment enabled better 13 

appearance and aroma as well as less watersoaking symptoms than non-treated 14 

samples (Figure 6.8). This improved commercial saleability significantly. Surprisingly, 15 

carbon dioxide production and ion leakage rates were maintained at initial cutting 16 

levels after 8 days of storage (Figure 6.7 and Table 6.2). Furthermore, significantly 17 

lower juice leakage and TBARS were observed in the MAP treatment group than 18 

control samples stored in air, with reductions of 61 % and 35 % respectively 19 

(Table 6.2). Mechanistically, these indicate MAP at internal gas partial pressures of 20 

whole watermelons could be acting to reduce lipid membrane degradation as well as 21 

conserving energy through lowering respiration. MAP treatment did not affect 22 

firmness, pH, conductivity, SSC of fresh-cut watermelon. These findings further extend 23 

our understanding of O2 and CO2 concentrations required for fresh-cut watermelon 24 
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MAP systems. The results indicating suitability of higher O2 concentrations than the 1 

3 - 5 kPa trialled and suggested previously (Cartaxo et al., 1998; Gorny, 2001).  2 

For packed retail products a bigger headspace volume-to-mass ratio could be 3 

crucial to ensure fresh-cut watermelons benefit from MAP mimicking internal partial 4 

pressures of whole watermelons (6 - 8 kPa CO2 + 14 - 17 kPa O2). Under commercial 5 

retail product conditions, with smaller headspace volume-to-mass ratios, fresh-cut 6 

watermelon cubes only had better aroma (3.9 vs 3.4 for control samples) (Figure 6.9). 7 

Respiration was shown to have interactive effects from MAP and storage temperatures 8 

(Figure 6.10). Under smaller headspace volume-to-mass ratio conditions, MAP did not 9 

improve respiration (reduce carbon dioxide production) at 5-7 °C while the effect was 10 

seen at 2 °C to 3 °C. Oxygen depleted faster and that reduced benefits such as better 11 

appearance, less watersoaking and less ion leakage reported for MAP treated 12 

samples in Experiment 1. This finding indicates that having similar initial MAP partial 13 

pressures to those of intact whole watermelons would not be adequate in stopping the 14 

wound induced respiratory burst if oxygen is not kept above a certain level 15 

(>13 - 14 kPa) over storage. From a quality maintenance perspective, the findings 16 

agreed with Fonseca et al., (2004) that fresh-cut watermelons have a relatively high 17 

anaerobic compensation point (14 kPa O2) and MAP designs need to take this into 18 

consideration. In commercial scenarios, this could mean fresh-cut watermelon cube 19 

quality can benefit from MAP if more headspace is available. 20 

An advantage of MAP mimicking internal partial pressure of whole watermelon 21 

over shock treatments investigated is its capability to have better aroma retention. This 22 

effect on aroma by MAP was found to be more prominent when fresh-cut watermelons 23 

were stored at the higher temperature of 5 °C to 7 °C in comparison to 2 °C to 3 °C 24 
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(Figure 6.9), indicating the potential of MAP to guard against aromatic changes due to 1 

fluctuations of temperature such as those during transport and marketing. Previous 2 

studies on fresh-cut cantaloupe melons have shown that temperature fluctuations 3 

during post-cut storage can have deteriorative effects on fresh-cut aroma and taste 4 

(Bett-Garber et al., 2011). Although only respiration profiles under different storage 5 

temperature were assessed by Fonseca et al. (2004), it was suggested that effects of 6 

hypoxia could be aggravated by the higher storage temperatures through a response 7 

in higher respiration rates. In summary, post-cut storage temperatures should be 8 

lowered to maintain good aroma. 9 

Although MAP had very significant beneficial effects for fresh-cut watermelon 10 

quality maintenance, an interesting finding was MAP treated cubes had higher 11 

endogenous ethylene in the headspace (0.25 µL/L, +50 % compared to control) 12 

(Figure 6.16 in Appendix). As findings from Chapter 4 did not associate ethylene, at 13 

this magnitude, with accelerated senescence in comparison to 0.001 µL/L, it is more 14 

plausible that ethylene at 0.25 µL/L could be acting as a healing mediator or 15 

senescence suppressor, as suggested by Ma et al. (2016).  16 

Additionally, effects of independent factors can be dependent on batch 17 

variation. Experiment 3, comparing MAP and potassium permanganate treatment, had 18 

significantly better aroma for MAP (Figure 6.11) and reduced juice leakage for these 19 

MAP and potassium permanganate samples than control samples (Figure 6.13). 20 

However, there was no improved maintenance of other quality parameters (Figure 21 

6.11 – 6.12). This showed a discrepancy from the previous experiments looking at 22 

different headspace volume to fruit mass ratios. Raw material batch dependent effects 23 

of ethylene on fresh-cut watermelons were reported previously (Chapter 4). Prior 24 
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published studies have also reported variation between batches, with one example of 1 

the firmness of fresh-cut kiwifruit being significantly better maintained by potassium 2 

permanganate in one experiment while only non-significantly in another (Agar et al., 3 

1999). Fresh-cut cantaloupes from different batches were also reported to have 4 

slightly different responses to calcium salts (Luna-Guzmán & Barrett, 2000). From an 5 

industrial perspective, it suggests that special treatment of produce raw materials from 6 

farm to processor will be needed for optimum fresh-cut purposes.  7 

Part C – Hydrogen gas on maintenance of fresh-cut watermelon quality 8 

This work is the first to investigate H2 gas-facilitated quality maintenance of 9 

fresh-cut fruits. The results presented (Figure 6.14 – 6.15 and Table 6.3 – 6.4) showed 10 

that H2, a molecule of research interest for its ability to act on ethylene and 11 

antioxidative systems, has the potential to better maintain fresh-cut watermelons. Of 12 

the two concentrations of H2 assessed, 4.2 µL/L H2 showed better maintenance of 13 

firmness, appearance, watersoaking, SSC and less increases in respiration rates than 14 

non-treated control samples (Figure 6.14 - 6.15 and Table 6.3 - 6.4). In contrast, 15 

42 µL/L H2 could be above the critical levels for fresh-cut watermelons as they had 16 

similar respiration rates to control samples. The 4.2 µL/L treatment was similar to that 17 

used by Hu et al. (2018), where whole kiwifruits fumigated with 4.5 µL/L H2 had higher 18 

firmness than those given 45 µL/L H2.  19 

For period of application, the continuous presence of H2 was more optimal for 20 

fresh-cut watermelon quality maintenance. This was based on better trends in 21 

maintenance of SSC, appearance, aroma, watersoaking, and respiration rates at day 22 

8 of storage, in comparison with control and 4 hr treatments (Table 6.3 – 6.4). Venting 23 

at the 4-hour point did not influence commercial shelf-life indicators such as 24 
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appearance and watersoaking compared to the control. It could be that the effects of 1 

H2 require more than 4 hr treatments as Hu et al. (2018) found firmer kiwifruits when 2 

given longer treatment periods of 12 and 24 hours. Additionally, they found a split 3 

12 + 12 hr dual injection of H2 to have even better maintenance of kiwifruit firmness. 4 

In an industrial context, continuous treatment would remove the need for a venting 5 

process (for shock treatments) and products could be stored and shipped without 6 

delay.  7 

In terms of industry applicability, Hu et al. (2018) and Ohsawa et al. (2007) 8 

mentioned the safety of utilising H2 at premix concentrations of under 4.7 %. There is 9 

no flammability risk (flash point 527 °C) and no explosion risk under 4.7 % 10 

concentration in air. This makes on-site storage of H2 premixes possible.  11 

No H2 treatments in this experiment preserved aroma. Fresh-cut watermelon 12 

aroma only showed a decrease over storage time. Surprisingly, electrolyte leakage 13 

was also higher for most H2 treated fruits indicating potential overdosing for fresh-cut 14 

watermelons. Further investigations with a wider range of H2 concentrations could 15 

provide more insight into this.  16 

  17 
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6.5 Conclusion 1 

This study indicated that 5-hour shock treatment, in particular potassium 2 

permanganate-based ethylene removal, can better maintain fresh-cut watermelon 3 

quality. Both MAP replicating internal gas pressure of whole intact watermelons and 4 

the addition of H2 gas during packaging provided new MAP strategies for fresh-cut 5 

fruits. These treatments are also relatively easy to implement by the fruit processing 6 

industry, in which cut fruits can have the permanganate treatment applied during 7 

holding times prior to packaging while MAP (4.2 µL/L H2 or 7 kPa CO2) can be applied 8 

without the need to vent the samples. It is recommended that MAP designs will need 9 

to account for headspace volume as oxygen levels are crucial for its success on fresh-10 

cut watermelons. As our work represents the first in applying H2 for fresh-cut fruits, 11 

further trials focusing on concentration optimisation and effects on microbiological 12 

growth could lead to better recommendations for the fresh-cut industry. Future studies 13 

could also target the underlying mechanisms to determine how these treatments 14 

interact to slow senescence in fresh-cut fruits and optimise the interactions to enable 15 

longer quality maintenance. 16 

  17 
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Chapter 7: Applicability and Recommendations for the Industry 1 

This Chapter integrates research findings throughout the experimental 2 

Chapters in relation to quality maintenance of fresh-cut watermelon. It provides 3 

assessment of the applicability and implications of the research in the Australian 4 

environment. In this context the supply chain of whole fruit can extend across the 5 

whole continent and supermarkets use long distribution systems to deliver centrally 6 

processed fresh-cut products to both metropolitan and rural urban centres. Limitations 7 

of the research are also discussed alongside potential future research directions 8 

arising from the work.     9 

 10 

7.1 Processing factors influencing quality maintenance of fresh-cut 11 

watermelon  12 

The fresh-cut industry requirement was to identify how to improve the quality 13 

maintenance of fresh-cut fruit products beyond 6 days in the distribution system, using 14 

the example of fresh-cut watermelon as it is a major but fragile product. Pre-harvest 15 

factors were not emphasised, due to remote industry accessibility constraints. The 16 

study focused on factors applicable to the existing industry with low requirements for 17 

new equipment at the premises of the fresh-cut processor. Initial research screened 18 

eight independent factors before and during processing. This was to support the 19 

industry’s needs for identifying the most significant factors to focus on for improvement 20 

of quality maintenance of fresh-cut watermelon. The factors that were found to most 21 

affect the different commercial quality attributes of the product are summarised in 22 

Table 7.1. Contrary to expectations of converging onto one or two most significant 23 

factors, the results indicated that multiple different factors were more important for the 24 

maintenance of fresh-cut watermelon quality attributes. Furthermore, the factors 25 
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differed at different stages of shelf-life. Despite potential bias from the different batches 1 

of whole watermelons used for the two screening trials, this result is in alignment with 2 

that of Soliva-Fortuny & Martıń-Belloso (2003). From this thesis it can be suggested 3 

that achieving better quality maintenance requires the coordinated effort of optimising 4 

these various independent factors. This is crucial for fragile fresh-cut products like 5 

watermelon as they not only undergo natural senescence but are also subject to 6 

accelerated degradation caused by wound responses.  7 

Table 7.1: Fresh-cut watermelon commercial quality parameters significantly affected by the 8 
various processing factors at different shelf-life stages  9 

Factor Early  

(Day 3) 

Mid  

(Day 6/7) 

Late  

(Day 10/12) 

Pre-cut storage temperature Ap, Ar, F Ap, Ar, F  

Pre-cut sanitation F F Ap, Ar, Rp 

Post-cut sanitation method  Ap, Ar Ar, F Ap 

Post-cut sanitation 
concentration  

Ap, Ar  Ap 

Antioxidant application method  Rp Ar, Rpa Ar, Rpa 

Antioxidant concentration  Jl  Rp Rp 

Holding time  Ap, Ar Ap, Ar Ar 

Cut size F, Ara Fa Ar, Rp 

Quality parameters included are significantly affected by processing factors (p ≤ 0.05), while “a” 10 
indicates trend effects but not p<0.05. Results based on screening outputs, where main effects of 11 
factors can be directly interpreted but not revealing any interaction between factors as in full factorial 12 
studies. Quality parameters: Ap: appearance; Ar: aroma; F: firmness; Rp: respiration; Jl: juice 13 
leakage. 14 
 15 

Whilst optimising multiple processing factors is important for improving quality 16 

maintenance of fresh-cut watermelon as indicated in Table 7.1, careful physical 17 

handling after cutting should also be prioritised. It was shown in Chapter 3 (Table 3.7) 18 

that less physical handling, as shown by fresh-cut watermelon samples not treated 19 
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after cutting, was associated with less watersoaking for treated fresh-cut watermelon 1 

(Day 2 Hedonic score of 4.6 vs 3.8 for misted and 3.4 for dipped, p = 0.03). This may 2 

be due to the physical or the osmotic stress impact of flooding the surfaces with 3 

treatment solution. Currently, fresh-cut producers are required to use post-cut 4 

sanitation to meet food safety HACCP accreditation requirements. Misting is a 5 

potential alternative to the existing application of dips or sprays that may result in less 6 

damage. Droplet size has previously been shown to affect sanitiser efficacy (Hsu et 7 

al., 2004). However, the impacts of droplet size on the maintenance of fresh-cut quality 8 

have not been reported. Further validation of the efficacy of misting could look at 9 

different application times and misting droplet sizes through the selection of different 10 

orifices sizes in the sanitation spray system. 11 

7.2 Effects of ethylene on fresh-cut watermelon  12 

Since ethylene is associated with ripening and senescence, it could be 13 

surmised that lowering watermelon exposure to ethylene would improve fresh-cut 14 

watermelon quality maintenance. Surprisingly, it was determined that for fresh-cut 15 

watermelon, ethylene gas concentrations between 0.001 µL/L and 10 µL/L might be 16 

beneficial for quality maintenance. Having ultra-low ethylene <0.001 µL/L resulted in 17 

fresh-cut watermelon changing towards an orange-yellow hue and lightening of colour 18 

(Table 4.4 and 4.5), while ethylene levels of >10 µL/L accelerated watersoaking 19 

development (Chapter 3 – fruit mixes). However, for this research potential bias of the 20 

results may have occurred from different batches of whole watermelon being used. 21 

Watermelon could not be stored to use a single batch and therefore new batches 22 

utilised in Chapter 3 and 4 were from potentially different origins, transport, and 23 

growing conditions. Nonetheless, it can be suggested that for fresh-cut produce, the 24 

effects of ethylene on watermelon can contrast with the linear relationship between 25 
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ethylene concentration and postharvest shelf-life improvements observed for ethylene 1 

sensitive whole produce. For strawberry and lettuce, quality maintenance improved 2 

when ethylene was reduced from 0.1 µL/L towards ultra-low levels (<0.005 µL/L) (Wills 3 

et al., 1999).  4 

This diversion from a linear relationship between ethylene concentration and 5 

fresh-cut watermelon quality maintenance could be due to ethylene acting in a 6 

biphasic nature in the mediation of wound responses for fresh-cut produce. Fresh-cut 7 

watermelon held in 1 µL/L ethylene conditions had the least electrolyte leakage in 8 

comparison with <0.001 µL/L, 0.01 µL/L, and 0.1 µL/L ethylene treated fresh-cut 9 

watermelon (Chapter 4 Table 4.4, p = 0.048, n = 15-18, 14 % lower than others 10 

combined). It has been reported that a similar range of ethylene concentration (0 µL/L 11 

to 10 µL/L) showed biphasic effects in relation to chilling injury of fresh-cut tomatoes 12 

with contrasting effects dependent on time between treatment and cutting (Hong & 13 

Gross, 2000).  14 

For the industry, the existence of a biphasic nature, whereby a potential range 15 

of ethylene has beneficial effects on fresh-cut quality maintenance, suggests there 16 

would be no need to control ethylene below a certain concentration. The results from 17 

this research put the limit at 1 µL/L for fresh-cut watermelon but further confirmatory 18 

research using different melon types and growing histories would be needed. The 19 

potential for ethylene concentration to be higher than 10 µL/L in the headspace of retail 20 

fruit mix packs, as shown in this study, suggests fresh-cut fruit mixes will still have to 21 

be selected for low ethylene emitting fruit types/cultivars. An alternative may be to 22 

apply higher permeability lidding films to disperse accumulated ethylene. It is 23 

recognised that there is also a need to for further studies into repeating the research 24 
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using whole watermelons subjected to ethylene control in earlier stages postharvest 1 

prior to processing. There could have been additional explanatory factors in the current 2 

findings due to a different history of ethylene exposure to the plant materials involved 3 

in the six independent batches utilised in this study.  4 

 5 
7.3 Ethylene control along supply chains  6 

Prior exposure of watermelon to ethylene in the supply chain may affect the 7 

extend of subsequent quality responses when the product is further exposed or treated 8 

for ethylene level (Hurr, 2013). Understanding ethylene exposure history on the supply 9 

chain from farm to the supermarket would allow for more informed decisions when 10 

attempting to control ethylene. Assessment of ethylene along the whole watermelon 11 

supply chain by Warton et al. (2000) found ethylene to be mostly present above the 12 

0.05 µL/L concentration. This level was reported to be sufficient to cause softening of 13 

whole watermelons. Transports and distribution centres tested in this current research 14 

had ethylene levels measured above 0.3 µL/L (Figure 7.1 based on results in Chapter 15 

5, Table 5.3 and 5.4). These parts of the supply chain form most of the postharvest 16 

life for whole produce in Australia and in intercontinental trade. Therefore, both 17 

transport and distribution centres can be suggested as critical control points for 18 

ethylene. Although ethylene sensitive produce such as strawberries, lettuce and 19 

cabbage would benefit most from the ethylene control measures (25 % to 190 % shelf-20 

life increases reported by Wills et al. (1999)), it is also important in delaying 21 

senescence for climacteric produce (Nock & Watkins, 2013; Saltveit, 1999). An 22 

industrial-wide effort into ethylene control, and segregation of ethylene sensitive and 23 

non-sensitive produce during transport and storage, would be needed for postharvest 24 

benefits to be realised.  25 
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  2 

 3 

As watermelon is an ethylene sensitive produce (Karakurt & Huber, 2004), 4 

controlling ethylene from harvest should improve the quality of watermelons that are 5 

subsequently used for fresh-cut processing. This industry-based study formed one of 6 

the first to investigate interaction between transport temperature and ethylene control 7 

measures. Lowering ethylene exposure from harvest is demonstrated to be beneficial 8 

with 4.7 % less watersoaking development (M = 31.9 % vs 36.6 %, p = 0.399, n = 16) 9 

(Chapter 5 - Table 5.6). This effect increased to a 19.4 % difference in watersoaking 10 

development when transport temperature interacted with ethylene adsorption 11 

technology application. Watersoaking development reduced for whole watermelons 12 

transported at chilled with the potassium permanganate-based ethylene removal 13 

sachets in comparison with unchilled and no sachets (2 °C temperature difference, M 14 

= 26.9 % vs 41.6 %, p = 0.005, n = 8) (Chapter 5 - Table 5.6). These results built on 15 

earlier research on the effects of lowering concentration and perception of ethylene on 16 

watersoaking development in whole watermelons (Saftner et al., 2007). However, with 17 

a single trial, caution must be applied. The two transport interiors were not assessed 18 

for ethylene concentrations due to technical constraints. Additionally, aroma 19 

production was hindered among watermelons from bins with the potassium 20 

permanganate-based ethylene removal sachets. Conditioning the fruits by removing 21 

the sachets prior to cutting might promote aroma development, in a trend similar to 22 

aroma production when tomatoes were returned to higher storage temperatures 23 

(Farneti et al., 2015). Profiling of the volatile aromatic compounds is recommended, 24 

Shed 
0.02 µL/L 

 

Transport 
>0.5 - 2.7 µL/L 

0 

DC 
0.3 – 8.4 µL/L 

0 

Stores 
ND – 0.1 µL/L 

0 

Bin interior 
0.02-0.08 µL/L 

0 Figure 7.1: Ethylene concentrations along supply chain 
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but method development will be required as fresh-cut watermelon aroma profile 1 

changes rapidly after preparation. 2 

7.4 Novel gas treatments for suppressing wound response 3 

Currently the use of modified atmospheres, involving regulating oxygen and 4 

carbon dioxide levels, in combination with cold temperatures is the standard approach 5 

for controlling the wound response from fresh-cut processing. However, these 6 

treatments are of only limited effectiveness and better approaches are desirable. Few 7 

studies have investigated novel gas treatments targeting the ethylene and oxidative 8 

burst that initiates the wound response, and future solutions could be developed for 9 

better quality maintenance of fresh-cut produce.  10 

The effects of ethylene burst on cutting was countered by 5-hour shock 11 

treatments of potassium permanganate-based ethylene removal sachets from point of 12 

cutting. Fresh-cut watermelons had 52.2 % less watersoaking (0.11 vs 0.23, Chapter 13 

6 – Part A, Figure 6.5). Watersoaking was associated with ethylene in whole 14 

watermelons (Karakurt & Huber, 2004; Mao et al., 2004). Commercial scale shock 15 

treatments have been shown to be feasible for strawberries in South Korea, in which 16 

large Perspex chambers are used to do batch treatments. Fresh-cut watermelons 17 

could be given a similar treatment when they are put on holding times between 18 

processing and packaging. Further research with transcriptomics or proteomics into 19 

the mechanisms instilled by stopping the ethylene burst after cutting could provide 20 

further insights into treatment doses that the industry can implement.  21 

Hydrogen as an antioxidant gas or as hydrogen-rich water, has great potential 22 

for postharvest applications, especially with its association with lower ethylene related 23 

enzymes and production (Hu et al., 2018) and ascorbic acid maintenance (Zhang et 24 
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al., 2019). In contrast to potassium permanganate-based ethylene removal sachets 1 

that target the early wound responses with shock treatments, beneficial effects of 2 

hydrogen gas did not require venting throughout the storage period (continuous 3 

treatment, see Chapter 6 – Part C).  While this thesis research is the first publication 4 

to report on hydrogen gas as an agent for longer maintenance of fresh-cut fruit quality, 5 

results showed similarities in terms of concentration and duration required for whole 6 

kiwifruits (Hu et al., 2018). This was despite watermelons being non-climacteric and 7 

fresh-cut in this current study. Nonetheless, the non-toxic nature of hydrogen makes 8 

it a promising candidate for fresh-cut produce applications in the industry. Optimisation 9 

steps would be needed for larger scale applications of hydrogen gas under industrial 10 

conditions.   11 

 A further approach to novel treatment was by mimicking the internal partial 12 

pressures of whole watermelons. Whole fruits have their unique internal partial 13 

pressures that are tightly regulated through their rinds or skins. Reintroducing the 14 

internal partial pressures as a modified atmosphere for fresh-cut watermelons could 15 

prolong their quality maintenance. It was determined that internal atmosphere of whole 16 

watermelons was 7-8 kPa CO2 and 14-16 kPa O2 (Chapter 6 - Part B). Applying it as 17 

a modified atmosphere led to an overall better quality of fresh-cut watermelons with 18 

better appearance (through 50 % less watersoaking). This better quality was most 19 

likely due to maintenance of higher membrane integrity leading to lower levels of ion 20 

and juice leakage (30 % less ion leakage and 60 % less juice leakage) (Chapter 6, 21 

Part B Experiment 1). It was also determined that further research into the headspace 22 

gas volume will be required as the reintroduction of the internal partial pressure gas 23 

mixture alone in a smaller headspace volume, was shown to be insufficient to induce 24 

similar beneficial effects observed in a larger headspace gas volume to product mass 25 
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closed container (Chapter 6, Part B Experiment 2). Most work available in the literature 1 

has investigated the gas volume to product mass ratio in the context of meat and 2 

seafood (Simpson & Carevic, 2004; Sivertsvik & Birkeland, 2006). Larger headspace 3 

volumes led to less packaging contraction from carbon dioxide adsorption and better 4 

prolonged shelf-life. It has been reported that a greater availability of the overall 5 

volume of gases would provide a more robust solution by simulating controlled 6 

atmosphere conditions, removing the need to determine best modified atmosphere 7 

gas mixtures to accommodate differences between each batch of produce (Simpson 8 

& Carevic, 2004). For fresh-cut fruit applications, understanding optimal gas volume 9 

to product mass ratios could be key for further advancements in modified atmosphere 10 

solutions. However, bulk packs of fresh-cut watermelons in deli-style trays might not 11 

be viable as they inherently have low headspace gas volume to product mass ratios. 12 

Studies could look at modifying the gas exchange rates of perforated films to allow 13 

passive equilibrium to form near the optimal partial pressures.   14 

7.5 Integration of multiple control points along the supply chain  15 

It was observed during this study that the supply chain is multi-segmented. 16 

Growing regions can be far from consumers, postharvest handling mostly involves 17 

sequentially different transportation companies and the centrally processed fresh-cut 18 

product distribution is often interstate (see Chapter 5). Effective communication and 19 

streamlined data sharing between different entities of the supply chain could be an 20 

approach towards substantial fresh-cut watermelon quality improvements. Data is 21 

collected as part of the quality assurance checks at distribution centres. This includes 22 

fruit core temperature on arrival, and percentage of fruit below acceptable quality. The 23 

QA staff could act beyond their current role as just decision-makers for acceptance or 24 

rejection of fruits on arrival. They could be involved in applying whole of chain systems 25 
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that could help optimise projected shelf-life for products. While source tracing for food 1 

safety is possible through information labels on watermelon cardboard bins (grower 2 

name and location, harvest date, and variety name), the full fruit history, such as time 3 

and temperature exposure, is not fully monitored or collated for applications in logistics 4 

planning. Future systems, such as smart contracts in blockchain technologies (Motta 5 

et al., 2020), could be used in the horticultural industry as well as continuous gas 6 

sensors for end-to-end credible postharvest history and quality monitoring. Such 7 

systems would allow better optimisation of watermelon quality for fresh-cut production.  8 

The inability to examine the interior of whole watermelon to select fruit of 9 

optimum quality and maturity for fresh-cut production currently also results in a wide 10 

variation of fruit quality being used.  Whole watermelon interior phenotypes become 11 

apparent only after long supply chain periods and through destructive assessment 12 

methods with no accurate industrial grading possible. Knowledge of prior exposure to 13 

suboptimal conditions and prolonged storage therefore becomes particularly important 14 

for industry in selecting watermelon raw material for fresh-cut processing. Additionally, 15 

demand-supply and price competition determine the length of storage periods prior to 16 

batch purchase and utilisation for fresh-cut processing. Solutions to these issues could 17 

include opting for a new cultivar with robust fruit quality, better management of raw 18 

material acquisition from farm to processing plant can streamline the process and 19 

maintain quality of produce. Grading of whole watermelons at the farm could also be 20 

done with emerging technologies such as NIR for fruit quality prior to shipping (Jie et 21 

al., 2019).  22 

  23 
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7.6 Limitations and potential improvements of the research approach  1 

As an industrial-based research project, the aim of this thesis was to investigate 2 

factors that are applicable in an industrial setting to improve fresh-cut watermelon 3 

quality. However, industrial operating conditions and long supply chains also mean 4 

there were barriers in sourcing controlled experimental fruit materials with complete 5 

fruit history. There were also limitations on the assessments that could be undertaken 6 

within industry. Therefore, prior ethylene exposure along the supply chain at 7 

uncontrolled concentration levels, on top of other variables (transport temperature, 8 

growing location, weather, seasonality, cultivar, maturity), could have influenced the 9 

effects of subsequent treatments on quality maintenance. High standard deviation 10 

values were observed (e.g. 14 % to 43 % for mean respiration and TBARS values, 11 

Chapter 4), but it allowed identification of robust treatments that will be applicable 12 

under industrial settings involving fruits not standardised to strict quality standards. 13 

For example, MAP replicating the internal partial pressure of whole watermelons was 14 

shown to be a strong candidate for industrial applicability as its beneficial effects were 15 

highly significant (p<0.005) although having a natural variation associated high 16 

standard deviation (Chapter 6 – Part B, Experiment 1). Further studies evaluating 17 

treatments for industrial application should involve plant material from multiple 18 

batches, sources, and varieties to evaluate treatment robustness and increase 19 

confidence in the industrial applicability of the findings.   20 

Quality parameters that were to be analysed for monitoring improvement of 21 

fresh-cut watermelons were selected to reflect those that would matter most to 22 

consumers who make the purchase of fresh-cut products. Industrial settings and the 23 

inability to store fresh samples made single trained panellist Hedonic assessment 24 

necessary. Assessments of some experiments were designed to be done on day 8 25 
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only as this formed the later stage of storage for fresh-cut watermelons. Therefore, 1 

any comparative improvements at this stage would allow decisions to be made on 2 

more realistic commercial benefits of the treatments. These findings will inform future 3 

studies where the mechanisms behind the most highly beneficial treatments could be 4 

further examined using more precise assessment approaches such as aroma profiling, 5 

microbiological, biomolecular (enzymes) and omics (genomics, proteomics, 6 

metabolomics) techniques. 7 

7.7 Mechanistic understandings before industry application 8 

Firstly, there were findings in this thesis that would require understanding of the 9 

underlying mechanism before more informed decisions can be made for industrial 10 

applications. The occurrence of lower firmness in both whole and fresh-cut 11 

watermelons with application of KMnO4 ethylene removal sachets (see Chapter 4 and 12 

5, Table 4.4-4.5 and Figure 5.8). The phenomenon, which involves the development 13 

of higher firmness over storage, indicates the possibility of higher lignin formation in 14 

fresh-cuts and whole watermelons where ethylene was lowered with KMnO4 sachets. 15 

Higher firmness has been associated with fruits that had higher levels of lignification 16 

due to chilling injury (Li et al., 2017). Therefore, KMnO4 sachets could have reduced 17 

these injury incidences. Future sensorial studies might examine textural attributes 18 

other than firmness, such as crispness and crunchiness (Tunick et al., 2013). This 19 

would provide a broader picture of the overall textural experience for consumers, as 20 

firmness could be masking detrimental quality changes such as the chilling injury and 21 

lignification mentioned above. 22 

Secondly the mechanistic differences behind how the novel gases interact with 23 

the antioxidative systems and ethylene associated senescence requires better 24 
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understanding. During the investigations into novel gas treatments (see Chapter 6), 1 

which included types and application times, it was indicated that the treatments were 2 

affecting different quality parameters of the fresh-cut watermelons. This has been 3 

summarised in Table 7.2 showing the potential for different underlying mechanisms to 4 

have been affected by the different treatments. It could be argued these observations 5 

involved fresh-cut watermelons from different batches and not within a single 6 

experiment. However, comparing treatments from the same trial could provide 7 

preliminary insights into differences between the various novel gas treatments (shock 8 

vs continuous in trial C; KMnO4 vs CO2 vs combined treatment in trial A). 9 

Table 7.2: Efficacy comparison of different treatments on various quality parameters of 10 
fresh-cut watermelons 11 

The “*” symbol indicates statistically significant differences (p < 0.05), while “þ” depicts substantial 12 
improvements on the specific quality parameter by the treatment (rows). Interpretation between 13 
treatments of the same trial would not be affected by batch effects. KMnO4: BION potassium 14 
permanganate-based ethylene removal sachets. CO2: 7 kPa CO2 + 18 kPa O2 + 75 kPa N2; H2: 4.2 nL/L 15 
H2 gas. 16 
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Thirdly, the potential differences between the effects of ethylene on whole and 1 

fresh-cut produce needs to be further investigated. It can be suggested that a basal 2 

ethylene might be required for the wound healing mechanism in fresh-cut produce, as 3 

>0.001 µL/L ethylene was associated with colour maintenance and less watersoaking 4 

for fresh-cut watermelons (see Chapter 4, Table 4.4 – 4.5). However, it is still not well 5 

understood how ethylene might be switching between its role as a basal requirement 6 

for quality maintenance to being a promoter for senescence in fresh-cut fruits. There 7 

is also limited information on the reversibility of ethylene related pathways leading to 8 

senescence in non-climacteric produce. It was reported that an exposure to 10 µL/L 9 

ethylene for 2-4 days acted as a trigger for quality deterioration (firmness, colour, 10 

watersoaking) in cucumbers (Hurr, 2013). In contrast, continuous ethylene activation 11 

was crucial for ripening processes in climacteric tomato (Oeller et al., 1991), and 12 

blocking ethylene perception delayed ripening of tomatoes (Hoeberichts et al., 2002). 13 

Whether ethylene acts as a trigger (Saltveit, 1999) or a regulator (Theologis, 1992), 14 

the understanding of ethylene reversibility will dictate the extent of control measures 15 

required in the watermelon supply chain – with proof of irreversibility justifying stricter 16 

control measures. 17 

7.8 Conclusion 18 

Pre-cut and processing factors were shown to have crucial implications on fresh-19 

cut watermelon quality maintenance. To maximise quality maintenance, 20 

considerations should be given to concentration of pre-cut sanitation and post-cut 21 

antioxidants, cubes sizes, post-cut sanitiser and antioxidant application methods, 22 

holding times prior to packaging, type of sanitisers and pre- and post-cut storage 23 

temperatures. Further research might want to evaluate the effects of sanitisers on 24 
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microbiological control of the fresh-cut watermelons. Repeated trials in industrial 1 

settings will also increase confidence in the robustness of the current findings.  2 

The investigation of ethylene through continuous flushing has provided new 3 

insights into effects of ethylene at ultra-low concentrations (<0.001 µL/L to 1 µL/L) on 4 

fresh-cut watermelon quality maintenance. Despite batch dependent effects, 5 

combined analysis of data from six batches signifies there would be no benefits from 6 

controlling ethylene at concentrations up to 1 µL/L when designing fresh-cut 7 

watermelon processing and storage. In contrast, selection of fruits that emit less 8 

ethylene or lidding films that have higher permeability for ethylene should be 9 

considered by industry. Fresh-cut watermelon exposed to higher ethylene 10 

concentrations (>10 µL/L) in headspace of commercial fruit mixes has been shown to 11 

associate with higher incidences of watersoaking. The current findings suggest a non-12 

linear, biphasic relationship between ethylene concentration and fresh-cut watermelon 13 

quality maintenance. 14 

Although being limited to a single commercial trial, ethylene and temperature 15 

control from harvest have enhanced our understanding in particularly an interaction 16 

between ethylene and temperature. Furthermore, ethylene was demonstrated in this 17 

thesis to be present along the supply chain at levels that can induce softening in whole 18 

watermelons. Future research involving known ethylene concentrations and 19 

temperatures is an essential step in confirming the interaction between ethylene 20 

control and transport temperatures and thereby allow the industry to make more 21 

informed decisions on the optimal transport temperatures for whole watermelons and 22 

ethylene control measures from harvest. 23 
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Overall, this thesis provides future research directions for improving quality 1 

maintenance of difficult and fragile fresh-cut fruits such as watermelons. It was shown 2 

for the first time in this study that targeting the initial wound response from cutting with 3 

shock treatments can contribute towards better fresh-cut watermelon quality 4 

maintenance. The potential of carbon dioxide, hydrogen, potassium permanganate-5 

based ethylene removal sachets to better maintain fresh-cut watermelon commercial 6 

quality parameters were demonstrated. The shock gas treatments and/or MAP can be 7 

optimised and relatively easily implemented into the current industrial processes to 8 

improve overall quality of fresh-cut watermelons.  9 

 10 
 11 

 12 

 13 

 14 
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Appendix  

Table 3.9 provides model equations obtained from the Definitive Screening 

(Chapter 3 Part A) (JMP 14 output) for visualisation of the effect of each factor 

screened on the various fresh-cut watermelon quality parameters on different days of 

assessment. It also provides the fit for the equations, informing whether the effect was 

due to other untested factors.  

 
Table 3.9: Fit model from Definitive Screening for fresh-cut watermelon quality parameters 

X1: Pre-cut sanitation concentration; X2: cut-size; X3: post-cut antioxidant concentration; X4: post-cut 
antioxidant application method. Interactive estimates included but should not be interpreted as two-
factor interactions can be correlated.  

Figure 3.12 to 3.15 provides the main effect plot of the factors (day 3, day 6, 

and day 10) screened in Definitive screening on respiration rates, appearance, and 

Quality parameter Model equations Fit and error 
Appearance D3 0.058x2 + 0.083x3 + 0.038x4 + 4.125 R2 0.07, RMSE 0.330 
Appearance D6 0.235x2 - 0.199x4 + 0.325x22 + 3.500 R2 0.36, RMSE 0.481 
Appearance D10 0.200x1 + 2.929 R2 0.16, RMSE 0.395 
   
Aroma D3 0.150x2 - 0.237x22 + 4.438 R2 0.44, RMSE 0.197 
Aroma D6 -0.232x4 + 3.089 R2 0.27, RMSE 0.393 
Aroma D10 0.611x1 + 0.636x2 + 0.140x3 + 0.428x4 - 

0.719x1x2 + 2.143 
R2 0.86, RMSE 0.452 

   
Juice leakage D3 -0.728x1 + 1.372x3 + 0.635x4 - 0.600x1x3 

+ 2.508x3x4 + 1.804x32 + 1.413 
R2 0.77, RMSE 1.653 

   
Firmness D3 0.345x1 + 0.406x2 + 2.673 R2 0.33, RMSE 0.686 
Firmness D6 0.542x1 + 0.211x2 + 2.953 R2 0.54, RMSE 0.48 
Firmness D10 0.082x1 + 0.112x2 + 0.160x4 + 3.032 R2 0.07, RMSE 0.70 
   
CO2 prod D3 0.010x4 + 0.136 R2 0.06, RMSE 0.039 
CO2 prod D6 0.005x2 + 0.015x4 - 0.005x2x4 - 0.017x22 

+ 0.120 
R2 0.43, RMSE 0.024 

CO2 prod D10 -0.105x1 - 0.080x2 - 0.076x4 + 0.138x1x2 
– 0.065x12 +0.128x22 + 0.206 

R2 0.87, RMSE 0.074 

   
O2 D3 0.013x2 + 0.030x3 + 0.041x4 – 0.069x22 

+ 0.239 
R2 0.73, RMSE 0.039 

O2 D6 0.015x2 + 0.017x3 + 0.032x4 – 0.031x22 
+ 0.177 

R2 0.70, RMSE 0.026 

O2 D10 -0.114x1 - 0.070x2 + 0.020x3 - 0.061x4 + 
0.139x1x2 - 0.061x1x4 + 0.116x22 + 0.260  

R2 0.91. RMSE 0.063 
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aroma Hedonic scores. Linear output from the plots might not reflect the curvature in 

response to the different factor settings. 

 

 

 

Figure 3.12: Main effect plot on carbon dioxide production (mL/kg/hr) of fresh-cut 

watermelon cubes 

Assessments were at 3, 6, and 10 days (D3, D6, D10). Pre-cut sanitation (0 µL/L, 100 µL/L, 200 µL/L 
free chlorine), cut size (2.0 cm, 2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 0.3 M, 0.6 M 
calcium ascorbate), post-cut antioxidant method (dip, mist). 
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Figure 3.13: Main effect plot on oxygen production (mL/kg/hr) of fresh-cut watermelon cubes 

Assessments were at 3, 6, and 10 days (D3, D6, D10). Pre-cut sanitation (0 µL/L, 100 µL/L, 200 µL/L 
free chlorine), cut size (2.0 cm, 2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 0.3 M, 0.6 M 
calcium ascorbate), post-cut antioxidant method (dip, mist). 
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Figure 3.14: Main effect plot on aroma of fresh-cut watermelon cubes 

Assessments were at 3, 6, and 10 days (D3, D6, D10). Pre-cut sanitation (0, 100, 200 µL/L free 
chlorine), cut size (2.0 cm, 2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 0.3 M, 0.6 M calcium 
ascorbate), post-cut antioxidant method (dip, mist). 
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Figure 3.15: Main effect plot on appearance of fresh-cut watermelon cubes 

Assessments were at 3, 6, and 10 days (D3, D6, D10). Pre-cut sanitation (0 µL/L, 100 µL/L, 200 µL/L 
free chlorine), cut size (2.0 cm, 2.5 cm, 3 cm), post-cut antioxidant concentration (0 M, 0.3 M, 0.6 M 
calcium ascorbate), post-cut antioxidant method (dip, mist). 
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Table 3.10 shows ORP and pH of sanitisers before and after dipping of fresh-

cut watermelons. (Chapter 3 Part C). Peroxyacetic acid-based sanitiser Bioxysan at 

both 50 and 150 µL/L had pH and ORP remained almost at initial levels after dipping 

of cut watermelon cubes (changes within 0.1 for pH and +15 mV for ORP). NEW with 

250 µL/L free chlorine increased in ORP while pH remained stable. On the other hand, 

both NEW (50 µL/L free chlorine) together with water (60 °C) dropped in ORP and pH 

after fresh-cut watermelons were dipped for treatment.   

Table 3.10: Sanitiser parameters before and after dipping of fruits 

 

 

 

 

 

 

  

Type Concentration ORP  pH  
  before After before after 

Bioxysan 150 ppm +466mV +480mV 3.76 3.86 
 

50 µL/L +418mV +430mV 4.92 
 

5.01 

NEW 250 µL/L 
 

+740mV +875mV 7.30 
 

7.39 

 
50 µL/L +740mV +687mV 7.47 

 
6.76 

Tap water 
(60 °C) 

- +430mV +409mV 7.21 6.72 
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Table 3.11: Microbiological assessment of treated samples on day 8 of fresh-cut watermelon 

cubes storage. 

Treatment SPC  Yeast  Mould  
Nontreatment 4.0 <3.0 <3.0 

Water mist 5.0 4.2 <3.0 

Water dipped 4.5 3.6 <3.0 

NEW 50 mist 5.0 <3.0 <3.0 

NEW 50 dip 4.3 4.4 <3.0 

NEW 250 mist 4.5 4.2 <3.0 

NEW 250 dip 3.0 <3.0 <3.0 

Bioxysan 50 mist 5.0 4.2 <3.0 

Bioxysan 50 dip 4.4 3.0 <3.0 

Bioxysan 150 mist 4.8 3.8 <3.0 

Bioxysan 150 dip 3.9 <3.0 <3.0 

Commercial retention ~5.9 4.4 3.5 

Tests included standard plate count, yeast, and mould count in log CFU/g. Samples were sent for 
assessment on day 2 and day 8 of fresh-cut storage, with 3 samples combined and assessed as a 
composite sample. SPC commercial limit is 6 log CFU/g of food sample. NEW: Neutral pH electrolysed 
water, Bioxysan: peroxyacetic acid-based sanitiser 
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Table 3.12: Respiration rates of fresh-cut watermelon cubes.  

Type O2 consumption CO2 production 

 D2 D7 D2 D7 

Method     
Dip 0.61 0.68 0.74 0.80 
Mist 0.59 0.70 0.69 0.80 
Nontreatment 0.66 0.82 0.72 0.86 
SE     
Sanitiser type     
NEW 0.63 0.77 0.75 0.85 
Bioxysan 0.59 0.66 0.71 0.79 
Water 0.55 0.74 0.66 0.60 
SE     
     
Interaction     
Bioxysan 150 dip 0.66 0.56 0.78 0.70 
Bioxysan 50 dip 0.56 0.64 0.76 0.78 
EW 50 dip 0.76 0.90 0.82 1.03 
EW 250 dip 0.40 0.68 0.56 0.74 
Water dip 0.66 0.66 0.80 0.82 
Bioxysan 150 mist 0.52 0.76 0.62 0.90 
Bioxysan 50 mist 0.62 0.68 0.68 0.78 
EW 50 mist 0.68 0.84 0.86 0.90 
EW 250 mist 0.68 0.68 0.76 0.78 
Water mist 0.44 0.54 0.52 0.66 
none 0.66 0.82 0.72 0.86 
     
Overall mean 0.60 0.70 0.72 0.81 
 0.03 0.03 0.02 0.03 

Values are mean mL/kg/hr. Assessments were done on day 2 and 7 of fresh-cut storage 

 

 

 

 

  



Page | 216  
 

Actual ethylene flush concentrations across the different batches trialled, as 

measured from the line outputs, are included in Table 4.8.  

Table 4.8: Ethylene concentrations in experimental batches 

Batch Actual ethylene concentrations (treatment group) 

1  
 

0.70 µL/L (1 µL/L); 0.20 µL/L (0.1 µL/L); <0.001 µL/L (0.001 µL/L) 

2 0.67-1.34µL/L (1 µL/L); 0.013-0.250 µL/L (0.1 µL/L); 0.008-0.045 µL/L (0.01 µL/L) 

3 1.28-1.59 µL/L (1 µL/L); 0.013µL/L (0.01 µL/L), <0.001 µL/L (0.001 µL/L) 

4-6 0.59-1.74 µL/L; 0.11-0.16 µL/L; 0.02-0.08 µL/L; <0.001-0.005 µL/L 
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Table 4.9 provides the complete dataset for effects of ethylene concentration on the different fresh-cut watermelon quality parameters, 

separated by the batches and days. Table 4.10 - 4.20 provides the mean and standard deviation values for each fresh-cut watermelon 

quality parameters treated with different ethylene concentrations. Data tabulated by different assessment days and batches.  

 

Table 4.9: Effect of ethylene concentration on quality attributes of fresh-cut watermelons.  

Values are p-values from one-way ANOVA with “batch” as independent variable. B1-B6 indicate batches that were trialled. In all batches, cut watermelon 
cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed 
after day 3, 6, and 9 of storage at 3.5-4.5 °C. “na”: not assessed 

  

Attributes  B1    B2   B3   B4  B5  B6  
  D3 D6 D9 D3 D6 D9 D3 D6 D9 D3 D6 D4 D8 D4 D8 
Respiration   0.150 0.236 0.315 0.619 0.727 0.833 0.016 0.412 0.560 0.062 <.0001 <0.0001 0.381 na na 
Ethylene  na na na na na na na na na 0.905 0.221 0.016 0.499 na na 
Appearance score   0.949 0.824 0.579 0.422 0.547 0.086 0.689 0.461 0.915 0.787 0.103 0.331 0.283 0.894 0.210 
Watersoaking  na na na na na na na na na 0.030 0.417 0.279 0.227 0.531 0.056 
Aroma score   0.579 0.906 0.630 na 0.422 0.880 0.296 0.125 0.842 0.052 0.441 0.550 0.629 0.086 0.211 
L  0.581 0.776 0.157 0.755 0.800 0.833 0.364 0.391 0.107 0.328 0.736 0.241 0.598 0.386 0.637 
a*  0.396 0.880 0.959 0.382 0.593 0.507 0.592 0.273 0.721 0.815 0.646 0.582 0.090 0.394 0.923 
b*  0.207 0.765 0.591 0.298 0.416 0.561 0.342 0.912 0.901 0.956 0.679 0.789 0.087 0.232 0.525 
Chroma  0.282 0.825 0.736 0.079 0.535 0.562 0.495 0.178 0.945 0.901 0.859 0.697 0.090 0.300 0.806 
Hue angle (°)  0.481 0.822 0.817 0.817 0.721 0.152 0.793 0.666 0.266 0.532 0.171 0.301 0.175 0.737 0.860 
pH  0.009 0.181 0.755 0.692 0.744 0.739 0.296 0.037 0.287 na 0.616 0.431 0.191 0.891 0.143 
SSC (°Brix)  0.142 0.496 0.152 0.346 0.694 0.174 0.394 0.816 0.177 na 0.556 0.690 0.493 0.505 0.483 
Ion leakage (% total 
conductivity) 

 0.819 0.876 0.236 0.126 0.113 0.506 0.116 0.490 0.964 na 0.038 0.024 0.049 0.836 0.233 

Conductivity (juice 
µS/cm) 

 0.552 0.874 0.648 0.487 0.356 0.958 0.493 0.993 0.638 na 0.886 0.953 0.226 0.107 0.119 

Firmness (kg)  0.090 0.531 0.547 0.843 0.609 0.208 0.339 0.317 0.210 na 0.398 0.301 0.563 na na 
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Table 4.10: Effect of batch on quality attributes of fresh-cut watermelons stored for 8-9 days at 3.5-4.5 °C 
Attributes B1 B2 B3 B5 B6 p-value Partial  

eta squared 
Respiration rate (mL CO2/kg/hr) 46.6 ± 16.2 56.6 ± 11.1 75.7 ± 13.6 67.0 ± 14.7 na 0.0006a 0.388 

Appearance score 3.2 ± 0.6 2.5 ± 0.5 2.3 ± 0.3 3.1 ± 0.4 3.5 ± 0.2 <0.0001a 0.533 

Aroma score 1.1 ± 0.2 2.5 ± 0.7 2.2 ± 0.6 1.8 ± 0.5 2.7 ± 0.6 <0.0001a 0.553 

L* 46.6 ± 5.9 41.9 ± 4.5 45.4± 6.7 44.6 ± 3.6 45.7 ± 2.2 0.181a 0.095 

A 17.6 ± 2.0 23.7 ± 3.3 20.3 ± 2.3 19.6 ± 3.5 19.4 ± 2.2 <0.0001 0.369 

B 21.8 ± 1.9 19.5 ± 1.8 20.5 ± 2.7 19.7 ± 2.8 17.1 ± 1.4 <0.0001 0.389 

Chroma 28.0 ± 2.2 30.8 ± 3.6 28.9 ± 3.3 27.8 ± 4.4 25.8 ± 2.5 0.018 0.192 

Hue angle (°) 51.0 ± 3.4 39.6 ± 1.9 45.3 ± 2.5 45.4 ± 1.2 41.5 ± 2.1 <0.0001a 0.755 

pH 6.1 ± 0.5 5.2 ± 0.2 5.9 ± 0.3 4.3 ± 0.3 4.8 ± 0.3 <0.0001 0.787 

SSC 9.3 ± 1.2 9.6 ± 0.5 10.1 ± 2.0 10.5 ± 1.2 8.2 ± 1.4 0.001 0.307 

Ion leakage 29.9 ± 3.2 25.6 ± 3.1 33.8 ± 4.0 34.2 ± 4.7 40.4 ± 5.0 <0.0001 0.607 

Conductivity 3.16 ± 0.6 3.18 ± 0.1 2.74 ± 0.4 3.36 ± 0.34 3.32 ± 0.6 0.034a 0.197 

Firmness 1.76 ± 0.37 1.75 ± 0.22 1.83 ± 0.24 2.00 ± 0.49 na 0.318 0.076 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values or Kruskal-Wallis χ2 if variances unequal (denoted by a); partial eta squared shows 
proportion of variance explained by batch (out of 1.000). B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and 
flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of 
storage at 3.5-4.5 °C. n = 9 for batch 1-3, n = 12 for batch 4-6. 
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Table 4.11: Effect of ethylene concentration on respiration of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA  Partial eta 

squared 
B1 D0 39.7 ± 7.6 39.7 ± 7.6 39.7 ± 7.6 39.7 ± 7.6   
 D3 4.9 ± 1.3 n/a 3.2 ± 1.1 3.3 ± 0.4 0.150 0.469 
 D6 43.5 ± 20.6 n/a 25.6 ± 2.1 27.8 ± 5.6 0.236 0.382 
 D9 55.7 ± 9.1 n/a 35.0 ± 20.2 49.1 ± 14.9 0.315 0.320 
        
B2 D0 41.6 ± 8.9 41.6 ± 8.9 41.6 ± 8.9 41.6 ± 8.9   
 D3 n/a 15.0 ± 2.4 15.3 ± 2.2 13.6 ± 2.1 0.619 0.148 
 D6 n/a 17.1 ± 1.8 16.2 ± 1.6 15.8 ± 2.5 0.727 0.101 
 D9 n/a 53.2 ± 12.0 57.4 ± 10.0 59.3 ± 14.6 0.833 0.059 
        
B3 D0 44.6 ± 8.2      
 D3 19.0 ± 1.0b 33.0 ± 6.1a n/a 22.3 ± 4.0b 0.016 0.747 
 D6 48.3 ± 5.0 61.7 ± 26.7 n/a 42.7 ± 9.6 0.412 0.256 
 D9 83.0 ± 8.5 73.7 ± 12.5 n/a 70.3 ± 19.4 0.560 0.176 
        
B4 D0 36.1 ± 7.2 36.1 ± 7.2 36.1 ± 7.2 36.1 ± 7.2   
 D3 38.1 ± 3.3 35.9 ± 2.7 29.8 ± 5.0 31.3 ± 2.5 0.062 0.581 
 D6 8.0 ± 1.1b 8.1 ± 0.6b 11.5 ± 0.3a 12.4 ± 0.6a <0.0001 0.924 
        
B5 D0 n/a n/a n/a n/a   
 D4 9.3 ± 1.6b 15.1 ± 6.9a 9.0 ± 1.4b 8.6 ± 1.4b <0.0001 0.973 
 D8 74.7 ± 9.8 65.9 ± 12.0 72.6 ± 23.9 54.9 ± 33.3 0.381 0.304 

Values are mean and standard deviation (mL CO2/kg/hr); post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by 
batch (out of 1.000). B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 
0.001 µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-
3, n = 4 for batch 4-6. 
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Table 4.12: Effect of ethylene concentration on ethylene production of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-value Partial eta 

squared 
        
B4 D3 170.3 ± 46.2 181.0 ± 39.5 197.7 ± 50.4 188.0 ± 50.0 0.905 0.064 
 D6 32.3 ± 18.1 28.0 ± 10.8 48.3 ± 21.7 53.0 ± 6.9 0.221 0.406 
        
B5 D0 n/a n/a n/a n/a   
 D4 170.0 ± 32.1a 89.0 ± 33.2b 184.3 ± 30.0a 136.0 ± 17.5ab 0.016 0.708 
 D8 81.3 ± 47.4  116.7 ± 45.4 99.3 ± 49.0 138.7 ± 40.4 0.499 0.244 
        
B6 D0 0.07 ± 0.05 0.07 ± 0.05 0.07 ± 0.05 0.07 ± 0.05   

Values are mean and standard deviation (nL C2H4/kg/hr); post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch 
(out of 1.000). B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 
µL/L, 0.01 µL/L, 0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 
for batch 4-6. 
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Table 4.13: Effect of ethylene concentration on lightness of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-value Partial eta 

squared 
B1 D0 41.5 ± 1.2 41.5 ± 1.2 41.5 ± 1.2 41.5 ± 1.2   
 D3 42.1 ± 5.3 n/a 41.1 ± 3.2 44.3 ± 7.1 0.581 0.070 
 D6 50.6 ± 5.1 n/a 50.0 ± 3.7 51.6 ± 1.9 0.776 0.033 
 D9 50.2 ± 5.9 n/a 43.8 ± 4.9 45.8 ± 5.7 0.157 0.219 
B2 D0 42.6 ± 4.2      
 D3 n/a 40.9 ± 5.0 42.6 ± 2.4 41.3 ± 4.4 0.755 0.037 
 D6 n/a 41.9 ± 4.5 41.8 ± 1.0 43.5 ± 3.5 0.800 0.071 
 D9 n/a 40.8 ± 5.4 41.8 ± 6.9 43.3 ± 1.1 0.833 0.060 
B3 D0 43.0 ± 3.4 43.0 ± 3.4 43.0 ± 3.4 43.0 ± 3.4   
 D3 46.0 ± 2.5 45.7 ± 1.0 n/a 41.6 ± 6.3 0.364 0.286 
 D6 45.4 ± 5.9 50.2 ± 1.2 n/a 47.4 ± 3.3 0.391 0.269 
 D9 46.7 ± 5.4 39.2 ± 7.5 n/a 50.3 ± 1.1 0.107 0.525 
B4 D0 41.1 ± 6.8      
 D3 45.9 ± 1.8 43.8 ± 0.7 44.6 ± 0.8 43.8 ± 2.1 0.328 0.336 
 D6 43.9 ± 6.3 46.5 ± 2.6 43.5 ± 3.7 45.7 ± 0.3 0.736 0.139 
B5 D0 -      
 D4 40.6 ± 0.3 44.0 ± 5.2 44.4 ± 1.6 40.7 ± 0.4 0.241 0.391 
 D8 42.3 ± 5.7 44.6 ± 1.1 45.2 ± 3.3 46.4 ± 3.3 0.598 0.199 
B6 D0 45.1 ± 3.1      
 D4 48.0 ± 1.8 42.7 ± 6.6 46.3 ± 3.2 50.1 ± 6.7 0.386 0.302 
 D8 46.6 ± 1.4 44.3 ± 3.6 45.7 ± 0.5 46.3 ± 2.6 0.637 0.182 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6.  
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Table 4.14: Effect of ethylene concentration on hue of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-value Partial eta 

squared 
B1 D0 35.7 ± 12.6 35.7 ± 12.6 35.7 ± 12.6 35.7 ± 12.6   
 D3 46.9 ± 1.5 n/a 46.2 ± 2.2 47.5 ± 1.5 0.481 0.092 
 D6 49.6 ± 1.7 n/a 49.2 ± 2.6 50.0 ± 2.0 0.822 0.025 
 D9 51.8 ± 4.5 n/a 50.7 ± 3.7 50.6 ± 2.2 0.817 0.027 
B2 D0 38.3 ± 1.9 38.3 ± 1.9 38.3 ± 1.9 38.3 ± 1.9   
 D3 n/a 37.4 ± 1.6 37.8 ± 0.7 37.4 ± 1.3 0.817 0.003 
 D6 n/a 37.8 ± 0.6 38.5 ± 1.5 38.0 ± 0.9 0.721 0.110 
 D9 n/a 41.3 ± 0.8 38.6 ± 1.7 38.8 ± 2.1 0.152 0.466 
B3 D0 41.5 ± 2.2 41.5 ± 2.2 41.5 ± 2.2 41.5 ± 2.2   
 D3 42.0 ± 1.1 42.2 ± 2.0 n/a 41.3 ± 1.9 0.793 0.074 
 D6 43.3 ± 4.8 44.4 ± 0.7 n/a 45.7 ± 2.3 0.666 0.126 
 D9 46.3 ± 2.3 43.3 ± 1.8 n/a 46.2 ± 2.7 0.266 0.357 
B4 D0 39.8 ± 2.2 39.8 ± 2.2 39.8 ± 2.2 39.8 ± 2.2   
 D3 40.7 ± 1.2 39.4 ± 0.5 39.5 ± 1.7 40.5 ± 1.5 0.532 0.230 
 D6 43.0 ± 2.9 40.3 ± 1.8 39.8 ± 1.4 39.2 ± 1.6 0.171 0.452 
B5 D0 n/a n/a n/a n/a   
 D4 46.1 ± 0.9 44.1 ± 2.0 44.7 ± 1.5 44.0 ± 0.9 0.301 0.350 
 D8 46.0 ± 1.3 44.9 ± 1.4 46.2 ± 0.3 44.4 ± 0.6 0.175 0.444 
B6 D0 38.8 ± 2.0 38.8 ± 2.0 38.8 ± 2.0 38.8 ± 2.0   
 D4 40.1 ± 2.5 39.9 ± 0.7 39.0 ± 1.6 40.4 ± 0.9 0.737 0.140 
 D8 42.4 ± 2.3 40.8 ± 1.6 41.2 ± 3.0 41.5 ± 2.4 0.860 0.085 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6.  
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Table 4.15: Effect of ethylene concentration on chroma of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-value Partial eta 

squared 
B1 D0 26.7 ± 0.2 26.7 ± 0.2 26.7 ± 0.2 26.7 ± 0.2   
 D3 28.7 ± 3.4 n/a 30.3 ± 5.1 32.9 ± 4.9 0.282 0.155 
 D6 32.0 ± 4.4 n/a 32.7 ± 5.2 33.9 ± 6.4 0.825 0.025 
 D9 28.6 ± 1.7 n/a 27.5 ± 2.9 28.1 ± 2.1 0.736 0.040 
B2 D0 33.7 ± 3.5 33.7 ± 3.5 33.7 ± 3.5 33.7 ± 3.5   
 D3 n/a 34.1 ± 3.0 29.1 ± 2.3 31.9 ± 4.8 0.079 0.287 
 D6 n/a 31.1 ± 3.7 31.8 ± 1.3 34.0 ± 3.8 0.535 0.189 
 D9 n/a 29.4 ± 3.9 30.1 ± 2.3 32.7 ± 4.8 0.562 0.175 
B3 D0 32.6 ± 4.9 32.6 ± 4.9 32.6 ± 4.9 32.6 ± 4.9   
 D3 33.1 ± 3.3 29.6 ± 4.4 n/a 28.7 ± 5.5 0.495 0.209 
 D6 34.5 ± 2.1 31.5 ± 1.1 n/a 29.3 ± 4.6 0.178 0.438 
 D9 28.3 ± 3.4 29.2 ± 0.9 n/a 29.2 ± 5.5 0.945 0.018 
B4 D0 28.7 ± 3.4 28.7 ± 3.4 28.7 ± 3.4 28.7 ± 3.4   
 D3 31.0 ± 2.5 32.8 ± 3.2 31.9 ± 1.4 32.2 ± 4.1 0.901 0.066 
 D6 31.7 ± 2.2 31.4 ± 1.8 32.8 ± 2.6 31.5 ± 2.4 0.859 0.084 
B5 D0 -      
 D4 25.5 ± 1.2 26.4 ± 2.3 25.8 ± 4.0 27.9 ± 2.1 0.697 0.156 
 D8 23.7 ± 4.6 31.0 ± 5.3 25.8 ± 0.9 30.6 ± 0.8 0.090 0.535 
B6 D0 29.3 ± 1.9 29.3 ± 1.9 29.3 ± 1.9 29.3 ± 1.9   
 D4 31.6 ± 1.3 27.6 ± 4.4 28.5 ± 3.6 27.0 ± 1.2 0.300 0.352 
 D8 26.8 ± 2.2 25.6 ± 1.0 26.2 ± 3.3 24.7 ± 3.6 0.806 0.110 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6. 
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Table 4.16: Effect of ethylene concentration on firmness of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-value Partial eta 

squared 
Firmness        
B1 D0 1.33 ± 0.06 1.33 ± 0.06 1.33 ± 0.06 1.33 ± 0.06   
 D3 1.55 ± 0.10 n/a 1.82 ± 0.10 1.85 ± 0.10 0.090 0.271 
 D6 1.43 ± 0.21 n/a 1.70 ± 0.30 1.57 ± 0.31 0.531 0.196 
 D9 1.67 ± 0.41 n/a 1.72 ± 0.23 1.90 ± 0.46 0.547 0.077 
B2 D0 1.46 ± 0.24 1.46 ± 0.24 1.46 ± 0.24 1.46 ± 0.24   
 D3 n/a 1.73 ± 0.31 1.60 ± 0.26 1.63 ± 0.29 0.843 0.058 
 D6 n/a 1.87 ± 0.40 1.67 ± 0.32 1.97 ± 0.35 0.609 0.152 
 D9 n/a 1.72 ± 0.24 1.92 ± 0.13 1.60 ± 0.20 0.208 0.410 
B3 D0 1.54 ± 0.30 1.54 ± 0.30 1.54 ± 0.30 1.54 ± 0.30   
 D3 1.53 ± 0.12 1.80 ± 0.26 n/a 1.83 ± 0.32 0.339 0.296 
 D6 1.47 ± 0.12 1.67 ± 0.15 n/a 1.60 ± 0.17 0.317 0.300 
 D9 1.70 ± 0.26 1.77 ± 0.21 n/a 2.03 ± 0.15 0.210 0.413 
B4 D0 1.39 ± 0.31 1.39 ± 0.31 1.39 ± 0.31 1.39 ± 0.31   
 D3 n/a n/a n/a n/a n/a n/a 
 D6 1.57 ± 0.29 1.63 ± 0.06 1.57 ± 0.21 1.37 ± 0.12 0.398 0.293 
B5 D0 -      
 D4 1.43 ± 0.21 1.57 ± 0.35 1.60 ± 0.14 1.93 ± 0.38 0.301 0.400 
 D8 2.33 ± 0.70 1.83 ± 0.12 1.78 ± 0.53 2.03 ± 0.49 0.563 0.231 
B6 D0 n/a n/a n/a n/a n/a n/a 
 D4 n/a n/a n/a n/a n/a n/a 
 D8 n/a n/a n/a n/a n/a n/a 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6. 
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Table 4.17: Effect of ethylene concentration on electrolyte leakage of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L  ANOVA p-value Partial eta 

squared 
B1 D0 24.3 ± 1.5 24.3 ± 1.5 24.3 ± 1.5 24.3 ± 1.5   
 D3 29.3 ± 4.5 n/a 32.3 ± 4.2 31.3 ± 8.0 0.819 0.064 
 D6 22.0 ± 1.0 n/a 21.7 ± 3.8 20.3 ± 6.0 0.876 0.013 
 D9 31.7 ± 2.3 n/a 27.3 ± 2.3 30.7 ± 3.8 0.236 0.382 
        
B2 D0 19.6 ± 4.4 19.6 ± 4.4 19.6 ± 4.4 19.6 ± 4.4   
 D3 n/a 26.7 ± 3.2 31.0 ± 6.1 23.0 ± 1.0 0.126 0.497 
 D6 n/a 21.6 ± 3.9 29.2 ± 3.9 27.8 ± 3.9 0.113 0.519 
 D9 n/a 26.6 ± 3.4 23.7 ± 2.3 26.4 ± 3.8 0.506 0.208 
B3 D0 26.9 ± 3.2 26.9 ± 3.2 26.9 ± 3.2 26.9 ± 3.2   
 D3 28.0 ± 3.6 29.7 ± 4.5 n/a 23.0 ± 1.0 0.116 0.511 
 D6 27.3 ± 1.5 33.0 ± 7.9 n/a 32.0 ± 6.1 0.490 0.212 
 D9 33.3 ± 2.9 34.3 ± 4.7 n/a 33.7 ± 5.7 0.964 0.012 
B4 D0 29.5 ± 3.3 29.5 ± 3.3 29.5 ± 3.3 29.5 ± 3.3   
 D3 n/a n/a n/a n/a n/a n/a 
 D6 35.2 ± 3.7 34.9 ± 2.1 32.6 ± 1.7 39.5 ± 1.0 0.038 0.630 
B5 D0 n/a n/a n/a n/a   
 D4 41.0 ± 4.6 32.0 ± 1.7 38.7 ± 4.5 30.7 ± 3.2 0.024 0.677 
 D8 37.3 ± 0.6 38.0 ± 3.6 31.3 ± 4.0 30.0 ± 4.4 0.049 0.605 
B6 D0 34.3 ± 4.8 34.3 ± 4.8 34.3 ± 4.8 34.3 ± 4.8   
 D4 33.0 ± 0.8 34.3 ± 3.2 31.1 ± 7.6 30.6 ± 7.4 0.836 0.096 
 D8 40.4 ± 2.7 45.2 ± 4.4 38.5 ± 7.1 37.3 ± 2.7 0.233 0.397 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6. 
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Table 4.18: Effect of ethylene concentration on aroma of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-value Partial eta 

squared 
Aroma        
B1 D0 4.0 ± 0.0 4.0 ± 0.0 4.0 ± 0.0 4.0 ± 0.0   
 D3 3.7 ± 0.6 n/a 3.2 ± 0.8 3.2 ± 0.6 0.579 0.167 
 D6 3.2 ± 0.6 n/a 3.0 ± 0.5 3.0 ± 0.5 0.906 0.035 
 D9 1.2 ± 0.3 n/a 1.0 ± 0.0 1.2 ± 0.3 0.630 0.154 
B2 D0 4.0 ± 0.0 4.0 ± 0.0 4.0 ± 0.0 4.0 ± 0.0   
 D3 n/a 4.0 ± 0.0 4.0 ± 0.0 4.0 ± 0.0 - - 
 D6 n/a 3.8 ± 0.3 4.0 ± 0.0 4.0 ± 0.0 0.422 0.272 
 D9 n/a 2.7 ± 0.6 2.5 ± 0.5 2.3 ± 1.2 0.880 0.050 
B3 D0 4.7 ± 0.3 4.7 ± 0.3 4.7 ± 0.3 4.7 ± 0.3   
 D3 3.5 ± 0.0 3.7 ± 0.3 n/a 3.3 ± 0.3 0.296 0.400 
 D6 2.8 ± 0.3 3.3 ± 0.3 n/a 3.3 ± 0.3 0.125 0.500 
 D9 2.2 ± 0.3 2.0 ± 1.0 n/a 2.3 ± 0.6 0.842 0.067 
B4 D0 4.7 ± 0.3 4.7 ± 0.3 4.7 ± 0.3 4.7 ± 0.3   
 D3 4.0 ± 0.0 4.0 ± 0.0 4.0 ± 0.0 4.3 ± 0.3 0.052 0.595 
 D6 3.3 ± 0.3 3.7 ± 0.3 3.7 ± 0.3 3.7 ± 0.3 0.441 0.272 
B5 D0 n/a n/a n/a n/a   
 D4 3.8 ± 0.3 3.2 ± 1.0 3.2 ± 0.3 3.3 ± 0.6 0.550 0.220 
 D8 2.0 ± 0.5 1.8 ± 0.8 1.5 ± 0.0 1.7 ± 0.3 0.629 0.174 
B6 D0 4.4 ± 0.5 4.4 ± 0.5 4.4 ± 0.5 4.4 ± 0.5   
 D4 3.8 ± 0.3 3.5 ± 0.0 3.8 ± 0.3 4.0 ± 0.0 0.086 0.571 
 D8 2.9 ± 0.1 3.1 ± 0.4 2.2 ± 0.6 2.7 ± 0.8 0.211 0.414 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6. 
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Table 4.19: Effect of ethylene concentration on appearance of fresh-cut watermelons.   

  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-value Partial eta 

squared 
B1 D0 4.2 ± 0.3 4.2 ± 0.3 4.2 ± 0.3 4.2 ± 0.3   
 D3 3.5 ± 0.0 n/a 3.3 ± 0.8 3.5 ± 1.0 0.949 0.016 
 D6 3.5 ± 0.5 n/a 3.7 ± 0.3 3.7 ± 0.3 0.824 0.056 
 D9 3.0 ± 0.5 n/a 3.0 ± 0.9 3.5 ± 0.5 0.579 0.167 
B2 D0 4.1 ± 0.2 4.1 ± 0.2 4.1 ± 0.2 4.1 ± 0.2   
 D3 n/a 3.8 ± 0.3 3.8 ± 0.3 4.0 ± 0.0 0.422 0.256 
 D6 n/a 3.7 ± 0.3 3.6 ± 0.3 3.4 ± 0.4 0.547 0.185 
 D9 n/a 2.8 ± 0.3 2.7 ± 0.4 2.0 ± 0.5 0.086 0.545 
B3 D0 4.2 ± 0.4 4.2 ± 0.4 4.2 ± 0.4 4.2 ± 0.4   
 D3 3.8 ± 0.0 3.6 ± 0.4 n/a 3.8 ± 0.2 0.689 0.125 
 D6 3.3 ± 0.2 3.5 ± 0.5 n/a 3.7 ± 0.2 0.461 0.222 
 D9 2.4 ± 0.1 2.3 ± 0.4 n/a 2.3 ± 0.3 0.915 0.037 
B4 D0 4.6 ± 0.3 4.6 ± 0.3 4.6 ± 0.3 4.6 ± 0.3   
 D3 4.0 ± 0.1 4.0 ± 0.2 4.1 ± 0.1 n/a 0.787 0.083 
 D6 3.5 ± 0.3 3.8 ± 0.3 3.3 ± 0.2 3.7 ± 0.2 0.103 0.545 
B5 D0 n/a n/a n/a n/a   
 D4 3.5 ± 0.3 3.1 ± 0.4 3.2 ± 0.1 3.4 ± 0.1 0.331 0.329 
 D8 3.1 ± 0.4 2.7 ± 0.7 3.4 ± 0.1 3.2 ± 0.2 0.283 0.350 
B6 D0 4.2 ± 0.3 4.2 ± 0.3 4.2 ± 0.3 4.2 ± 0.3   
 D4 3.9 ± 0.5 4.1 ± 0.4 3.9 ± 0.4 3.9 ± 0.1 0.894 0.068 
 D8 3.4 ± 0.1 3.6 ±0.2 3.3 ± 0.2 3.7 ± 0.3 0.210 0.415 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6. 
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Table 4.20: Effect of ethylene concentration on watersoaking of fresh-cut watermelons.   
  Ethylene concentration 
  0.001 µL/L 0.01 µL/L 0.1 µL/L 1 µL/L ANOVA p-

value 
Partial eta 
squared 

Watersoaking        
        
B4 D0 n/a n/a n/a n/a   
 D3 0.04 ± 0.03b 0.10 ± 0.03ab 0.07 ± 0.02ab 0.11 ± 0.03a 0.030 0.667 
 D6 0.15 ± 0.12 0.07 ±0.02 0.19 ± 0.06 0.14 ± 0.10 0.417 0.250 
        
B5 D0 n/a n/a n/a n/a   
 D4 0.14 ± 0.04 0.21 ± 0.10 0.26 ± 0.10 0.17 ± 0.06 0.279 0.429 
 D8 0.20 ± 0.10 0.26 ± 0.08 0.13 ± 0.10 0.11 ± 0.05 0.227 0.400 
        
B6 D0 n/a n/a n/a n/a   
 D4 0.11 ± 0.02 0.07 ± 0.05 0.16 ± 0.13 0.09 ± 0.01 0.531 0.200 
 D8 0.15 ± 0.03ab 0.15 ± 0.04ab 0.21 ± 0.04a 0.12 ± 0.03b 0.056 0.583 

Values are mean and standard deviation; post-hoc by Tukey HSD p-values; partial eta squared shows proportion of variance explained by batch (out of 1.000). 
B1-B6 indicate batches that were trialled. In all batches, cut watermelon cubes were prepared and flushed immediately with ethylene at 0.001 µL/L, 0.01 µL/L, 
0.1 µL/L, and 1 µL/L (18-25 mL/min). Quality attributes were assessed after day 3, 6, and 9 of storage at 3.5-4.5 °C. n = 3 for batch 1-3, n = 4 for batch 4-6.
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Figure 5.10 shows watersoaking symptoms in watermelon placental tissue. It is 

defined by a darkened translucent characteristic, which is also known as jelly flesh in 

the local industry. 

 
Figure 5.10: Watersoaked in whole watermelons purchased from supermarkets 

 
Figure 5.11: Arrangement of bins when loaded onto road train at Ali Curung  

Bins were loaded onto same side of the road train to remove potential differences due to heat 
accumulated from sun direction. 
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Table 5.8: Whole watermelon assessment – SSC, pH, and conductivity.  

Initial fruit quality was 14.0 °Brix, pH 5.4, 3.4 mS/cm conductivity. n = 20 and 10 for individual factors 
and interaction respectively on day 5, 11 and 18 (day 11: n = 16 and 8). SE: standard error; ns: non-
significant. Units: °Brix for SSC, mS/cm for conductivity. 

 

  

  Quality parameters 
  SSC   pH  conductivity 
Day 5 11 18 5 11 18 5 11 18 
Temperature (T)          
  Chill 11.7 12.2 11.3 5.2 5.5 5.8 4.0 3.7 3.6 
  Dry 12.1 11.7 10.9 5.3 5.5 5.8 4.0 4.0 3.7 
  SE 0.2 0.28 0.19 0.05 0.04 0.05 0.1 0.14 0.07 
Ethylene removal sachet (ER) 
  No 12.2 11.9 11.1 5.3 5.4 5.8 4.1 4.1 3.7 
  Yes 11.7 12.0 11.2 5.2 5.5 5.9 3.9 3.6 3.6 
  SE 0.2 0.29 0.2 0.05 0.04 0.05 0.09 0.14 0.07 
Interaction (T x ER) 
 CN 11.7 11.8 11.3 5.1 5.4 5.8 4.1 3.9 3.6 
 CY 11.7 12.6 11.3 5.2 5.6 5.8 3.9 3.5 3.6 
 DN 12.6 11.9 10.8 5.4 5.5 5.7 4.2 4.2 3.7 
 DY 11.7 11.4 11.0 5.2 5.4 6.0 3.9 3.7 3.7 
SE 0.13 0.39 0.27 0.06 0.05 0.07 0.13 0.19 0.1 
Overall Mean 11.9b 12.0b 11.1c 5.2a 5.5b 5.8c 4.0 3.8 3.7 
ANOVA 
D <0.0001   <0.0001   0.003   
  T ns ns ns 0.020 ns ns ns ns ns 
  ER ns ns ns ns ns ns ns 0.03 ns 
  T x ER ns ns ns 0.015 0.007 ns ns ns ns 
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 Table 5.9: Fruit quality parameters under effects of transport temperature and ethylene 
removal.  

 Ion leakage Crispness Rind thickness 
Day 11 18 11 18 11 18 
Temperature (T) 
Chill 40.7 40.0 0.6 0.2 1.1 0.7 
Dry 41.1 40.2 0.6 0.2 1.2 0.9 
SE 1.4 0.9 0.05 0.04 0.04 0.05 
Ethylene reduction (ER) 
No 39.7 39.8 0.6 0.2 1.2 0.8 
Yes 42.3 40.3 0.6 0.2 1.1 0.8 
SE 1.3 0.9 0.05 0.04 0.05 0.05 
Interaction (T x ER) 
CN 39.4 39.2 0.6 0.2 1.1 0.8 
CY 42.0 40.7 0.7 0.2 1.1 0.7 
DN 39.9 40.4 0.6 0.2 1.3 0.9 
DY 42.6 39.9 0.6 0.1 1.1 0.9 
SE (n) 2.03 1.2 0.07 0.06 0.08 0.09 
ANOVA       
T 0.83 0.87 0.72 0.87 0.20 0.03  
ER 0.18 0.68 0.79 0.51 0.06  0.89 
T x ER 0.62 0.83 0.72 0.70 0.09 0.15 

Units: - Ion leakage:  % of total conductivity; crispness: 1 max crispness, 0 min crispness; rind thickness: 
centimetre. n = 20 and 10 for individual factors and interaction respectively on day 11 and 18 after 
harvest (day 11: n = 16 and 8). SE: standard error. 
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Figure 5.12: Logged temperature plot of whole watermelon bins (boxes) across the supply chain from Ali Curung, Northern Territory 
to Western Junction, Tasmania. 

ES: BION potassium permanganate-based ethylene removal sachets; Refri: refrigerated transport; Dry: non-refrigerated transport.  
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Figure 5.13: Logged temperature plot of whole watermelon core across the supply chain from Ali Curung, Northern Territory to 
Western Junction, Tasmania. “Dry”: non-refrigerated.
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Figure 5.14: (top) Australian red desert conditions similar to where whole watermelons for this 
trial were grown and harvested. (bottom) Fruits ready for harvest will have easily removable 
stems. 
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Figure 5.15: Harvest of watermelons.  

 

 

Figure 6.16: Day 3 ethylene in headspace of samples (mean and standard deviation in µL/L, 
n=5).  

Note: not absolute values. Significant difference with p-value = 0.021. 
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Table 6.14: Effects of shock treatments on ethylene production of fresh-cut watermelon cubes.  

Treatment  Day 5 Ethylene production (nL/kg/hr)  
Control   228 a  

5% CO2  233 a  

H2S 250ppm + 5% CO2  362 b  

H2S 250ppm  572 c  

Biocon + 5% CO2  252 a  

Biocon   232 a  

Values are mean. Significant differences indicated with different letters from Tukey HSD. Standard error: 7.1 for control, 6.2 for treatment groups.  

 

 

Table 6.15: Effects of MAP on pH, SSC, conductivity, and firmness of fresh-cut watermelon cubes.  

 pH Conductivity 
mS/cm 

SSC  
°Brix 

Firmness 
kg 

Treatment Day 0 Day 9 Day 0 Day 9 Day 0 Day 9 Day 0 Day 9 
Air 5.6 4.5 ± 0.2 3.4 3.3 ± 0.1 11 8.6 ± 0.9 2 1.7± 0.2 
7 kPa% CO2 + 18 
kPa% O2 

5.6 4.7 ± 0.2 3.4 3.2 ± 0.2 11 8.7 ± 0.4 2 1.8 ± 0.2 

Values in mean and standard deviation with n=5. Day 8 p = 0.2316 (pH), 0.3 (conductivity), 0.83 (SSC), 0.50 (firmness). 
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Table 6.16: Effects of gas treatments on fresh-cut watermelon quality parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ad-hoc significance test by Tukey-Kramer HSD, with different letters indicating significant differences (p ≤ 0.05). “*”: P>ChiSq with Kruskal-Wallis test due to 
unequal variances.

 Quality parameters 
      
 Juice leakage 

(mL/100g) 
Ion leakage 

(% total) 
Crispness 

(least soggy at 
3/3) 

CO2 production 
(mL/kg/hr) 

O2 consumption 
(mL/kg/hr) 

   
Time (L)      
5hrs 1.3 ± 0.9a 45.1 ± 4.7b 1.8 ± 0.8 34.4 ± 6.1ab 37.2 ± 9.2ab 
Continuous 0.7 ± 0.8a 38.6 ± 3.8a 1.9 ± 0.7 39.6 ± 6.2b 42.1 ± 6.3b 
Control 3.2 ± 1.6b 39.6 ± 4.0ab 1.1 ± 0.4 27.8 ± 3.5a 27.7 ± 5.0a 
SE 0.5 1.9 0.3 2.5 3.3 
Type (T)      
7 kPa CO2 + 18 kPa O2  0.7 ± 0.7a 43.1 ± 3.4 1.8 ± 0.6 39.0 ± 6.3b 40.5 ± 7.7b 
Potassium permanganate (KMnO4) 1.3 ± 1.0a 41.0 ± 6.7 1.9 ± 0.8 35.1 ± 6.6ab 38.6 ± 8.8b 
Control 3.2 ± 1.6b 39.6 ± 4.0 1.1 ± 0.4 27.8 ± 3.5a 27.7 ± 5.0a 
SE 0.5 1.7 0.3 2.7 3.5 
Interaction (L x T)      
7 kPa CO2 + 18 kPa O2 5hrs 0.5 ± 0.2a 45.0 ± 3.2b 2.1 ± 0.5ab 38.1 ± 6.1ab 42.6 ± 9.2bc 
KMnO4 5hrs 2.1 ± 0.5ab 45.2 ± 1.9b 1.5 ± 0.9ab 30.8 ± 3.6ab 31.8 ± 5.3ab 
7 kPa CO2 + 18 kPa O2 continuous 1.0 ± 1.0a 40.8 ± 2.1ab 1.4 ± 0.5ab 40.0 ± 7.3b 37.9 ± 5.3abc 
KMnO4 continuous 0.7 ± 0.3a 36.8 ± 4.2a 2.3 ± 0.4a 39.3 ± 6.1b 45.5 ± 5.1c 
Control 3.2 ± 1.6b 39.6 ± 1.9ab 1.1 ± 0.4b 27.8 ± 3.5a 27.7 ± 5.0a 
SE 0.5 2.1 0.3 2.7 3.2 
Overall Mean (D)      
ANOVA      
L 0.0138* 0.0077 0.1149 0.0050 0.0088 
T 0.0203* 0.4552 0.1108 0.0114 0.0206 
L x T 0.0063* 0.0438* 0.0276 0.0062 0.0014 
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Table 6.17: Effects of hydrogen gas treatment on pH, conductivity, and SSC of fresh-cut 
watermelon  

n = 8 and 4 for individual factors and interaction respectively on day 4 and 8. n = 3 on day 0. SE: 
standard error. Ad-hoc significance test by Tukey-Kramer HSD, with different letters indicating 
significant differences (p ≤ 0.05) 

 
 

 pH Conductivity (µS/cm) 
   
Day 0 4 8 0 4 8 
Time       
4hrs  5.9 5.7a  2.5 2.3 
Continuous  6.0 6.1b  2.5 2.5 
Control  5.9 6.1ab  2.6 2.2 
SE  0.2 0.1  0.2 0.2 
Concentration       
4  6.0 5.9  2.5 2.4 
40  5.9 6.0  2.5 2.5 
0  5.9 6.1  2.6 2.2 
SE  0.1 0.2  0.2 0.2 
Interaction       
4.2 µL/L 4hrs  5.9 5.7  2.3 2.3 
42 µL/L 4hrs  5.9 5.8  2.6 2.4 
4.2 µL/L continuous  6.0 6.1  2.7 2.6 
42 µL/L continuous  5.9 6.2  2.4 2.5 
Control  5.9 6.1  2.6 2.2 
SE  0.2 0.1  0.2 0.2 
       
Mean (D)  6.8 5.9 6.0 2.4 2.5 2.4 
ANOVA       
D <.0001   0.41   
T  ns 0.03  ns 0.19 
C  ns ns  ns 0.37 
T x C  ns 0.09  ns ns 


