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Abstract 

Internal fruit quality is crucial for export markets to maintain consumer satisfaction and repeat 

purchase. In 2021-22, the Australian mango export accounted for only 7% of the total crop 

production. For ‘B74’ (Calypso™) mango, postharvest vapour heat treatment (VHT) remains the 

preferred fruit fly disinfestation protocol for access to Asian markets.  

If fruit are not inherently robust at harvest, then protocol treatments may reduce internal quality. VHT 

has been associated with expression of physiological disorders in mango, including ‘B74’ fruit, 

particularly heat-related injuries like fruit flesh cavities and/or browning. Fruit robustness is 

determined by production factors including, but not limited to, mineral nutrition, crop load, and 

seasonal environment variation. Hence, the potential role of preharvest factors on fruit robustness was 

investigated, with a focus on the putative role of fruit mineral composition, on the susceptibility to 

internal disorders (IDs) in VHT-treated ‘B74’ mango. Export quality ‘B74’ fruit were sourced from 

three different growing regions, these being in the Northern Territory (NT), Far-North Queensland 

(FNQ), and South-East Queensland (SEQ). The study captured two serial fruiting seasons. Fruit were 

assessed for internal defects in relation to mesocarp mineral status.  

Flesh Browning (FB) and Flesh Cavity with White Patches (FCWP) were the principal defects. FCWP 

presented as dry white honeycomb-like cavities in the inner mesocarp near the seed. It was observed 

only in VHT fruit. FB was characterised as darkening and discolouration of fruit inner flesh near seed. 

FB presented in VHT and non-VHT fruit as darkening of the fruit mesocarp at eating ripe. Overall, 

highest incidence of FB was in NT fruit. Highest incidence of FCWP was in fruit from FNQ. These 

observations were consistent over the two fruiting seasons. FB was not observed in either season for 

fruit from SEQ. Consistent significant (p ≤ 0.05) positive correlations between FCWP and fruit flesh 

(K+Mg)/Ca ratios and negative correlation between FB and fruit flesh boron concentration (mg/kg 

D.W.) were discerned by linear correlation and principal component (PCA) analyses. However, 

correlation strengths and significance varied considerably across regions and seasons. Relative 

inconsistency suggests that deterministic factors additional to mineral composition likely influence 

‘B74’ susceptibility to IDs. 

The putative role of preharvest factors was further explored in a multi-year experiment over three 

serial fruiting seasons in the SEQ region. It primarily sought to explore effects of N- and Ca-based 

fertilisers on fruit mineral status and postharvest performance towards high fruit quality for export 

markets. Five treatments in season 1 and a sixth in seasons 2 and 3 were applied in addition to the 

farm-wide base fertiliser program. Supplementary N and Ca fertiliser treatments generally did not 

influence nutrient availability as judged by soil and leaf tests. An exception was that a low-N, high-
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Ca combination of 50 g N/tree plus 690 g Ca/tree increased exchangeable soil [Ca]. This combination 

also increased fruit mineral status and reduced FCWP incidence.  

Overall, mineral status of the fruit was evidently driven ‘more’ by crop load and ‘less’ or ‘not’ by 

supplementary N and Ca supply. Crop load (fruit number/tree) showed linear positive correlations  (p 

≤ 0.001) with fruit [Ca mg/kg D.W.] (r = 0.68), [Mg mg/kg D.W.] (r = 0.81) and [B mg/kg D.W.] (r 

= 0.50), and negative correlations with fruit [K mg/kg D.W.] (r = -0.57), K/Ca (r = -0.74), and 

K+Mg/Ca (r = -0.73).  

Crop load effect was explored further at tree level upon categorising trees into four categories; viz., 

very low (<50 fruit), low (50-100 fruit), medium (100-150 fruit), and high (>150 fruit) per tree. It 

was assessed for three seasons over which irregular bearing was observed, with low to medium 

cropping in season 1, high cropping in season 2, and low cropping in season 3. With data pooled 

across the three seasons, trees with high crop load (>150 fruit) had a significantly (p ≤ 0.05) lower 

incidence (9%) of FCWP disorder in association with higher [Ca mg/kg D.W.], [Mg mg/kg D.W.], 

and [B mg/kg D.W.] and lower K/Ca and K+Mg/Ca ratios. 

Serial ‘B74’ fruit sampling during growth and development over two fruiting seasons suggested that 

mineral nutrient ratios were stable. That is, they did not change significantly (p > 0.05) after stone 

hardening stage at ca. 5-7 weeks before commercial harvest within the overall growth and 

development period of ~16 weeks from fruit set.  

Dye tracing revealed relatively higher xylem functionality at early development stages than at hard 

green mature. Xylem functionality declined as fruit matured to the degree of complete cut-off from 

the fruit mesocarp. X-ray fluorescence microscopy (µXRF) revealed higher [Ca] closer to the fruit 

skin and proximally, adjacent to the pedicel base. 

Collectively considering the findings above, decisions to export ‘B74’ fruit might consider targeting 

fruit from high crop load trees with inherently low K+Mg/Ca (≤ 20) toward relatively more robust 

fruit likely to better tolerate stressful phytosanitary treatment in terms of reduced IDs, like FCWP.   
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Chapter 1 General introduction  

1.1 Research background 

Mango is a member of family Anacardiaceae, genus Mangifera (Bally 2006). Mangifera indica is 

the most commercialised mango species in the world. It originated from Southeast Asia (Indo-Malay) 

(Mukherjee 1997). Over 103 countries produce Mangifera indica cultivars in subtropical and tropical 

regions (Dillon et al. 2013). Fruit of various cultivars range in weight, colour, size, shape, taste, and 

aroma (Singh et al. 2013b). Mango fruit have many nutrients, including vitamins A and C, folate, B6, 

iron, and potassium (Mirta & Baldwin 1997). They are also a source of antioxidants and 

phytochemicals e.g., mangiferin (Lizada 1993; Ribeiro et al. 2007). 

Mango fruit have a kidney or oblong oval-shaped seed in their centre (Rajan 2012). Immature fruit 

typically have green skin. Depending on cultivar, it turns red, yellow, orange or a combination of 

colours during maturation and ripening (Vithana et al. 2019). The fruit growth and maturation period 

is dependent on growing region and cultivar, but is typically 12 to 16 weeks from fruit set to fully 

mature (Singh et al. 2013a; Singh et al. 2013b). Pre-harvest growth and post-harvest quality of mango 

fruit reflect the combination of genotype (G) (viz., scion, rootstock), environment (E) (e.g., 

temperature, humidity, vapour pressure deficit, rain), and management (M) practices (e.g., nutrition, 

irrigation, soil properties, and root and canopy management practices (Léchaudel & Joas 2007)). 

Environmental fluctuations impact mango fruit development and phenology, primarily by affecting 

growth cycles, viz., flowering, fruit set, and maturation (Hofman 1998). A highly influential factor is 

temperature, which modulates flowering, fruit set, and fruit qualities, including skin colour 

development (Kulkarni 1992). Prolonged temperatures below 10 °C and above 33 °C can adversely 

affect pollination and fruit set and also contribute to sunburn (Maria Gloria Lobo 2017). Certain 

cultivars are relatively tolerant of high temperatures, including ‘Tommy Atkins’, ‘Kensington Pride’, 

and ‘Irwin’. By contrast, less tolerant cultivars include ‘Keitt’, ‘Edward’, and ‘Sensation’ (Morton 

1987). Mango fruit tend to develop brighter attractive skin colour at 12 - 25 °C under cool nights and 

hot day conditions (Morton 1987). 

Rainfall and humidity also impact fruit development cycle (Rajan 2012). Mango fruit can grow in 

both low and high-rainfall areas. However, they are afflicted more so by diseases, like anthracnose 

(Colletotrichum gloeosporioides) in high-rainfall regions (Lim & Khoo 1985; Ploetz 2003). Monthly 

distribution and annual amount of rainfall influence fruit yield and quality (Zagade & Chaudhari 

2010). Heavy rains up to and during flowering negatively affect pollination and limit fruit set. Low 

rainfall and humidity at early stages of flowering, fruit set, and harvest are conductive of good fruit 

yield and quality (Rajan 2012). 
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Light exposure also influences fruit growth, development, and quality. Light stimulates production 

of blush pigments in the fruit skin (viz., anthocyanins), which constitute an attractive quality trait 

(Montanaro et al. 2007; He et al. 2010). Skin colour and blush are attractive to consumers, being 

conducive to repeat purchases, and attendant profits.  

Irrigation in conjunction with environment is important in determining crop quality and yield. 

Withholding irrigation before flowering can initiate good flowering and fruit set (Spreer et al. 2009). 

During fruit development, irrigation is important to promote size and quality, and to prevent fruit 

drop (Hofman 1998). Canopy management deals with maintaining crop load by optimising the leaf-

to-fruit ratio (L: F). High L: F ratio is associated with reduced firmness, higher sugar content, and 

increased size, but can make fruit relatively more susceptible to internal disorders (IDs) (Simmons et 

al. 1996; Simmons et al. 1998b; Singh et al. 2006b). Irregular, biennial, or alternate bearing is the 

tendency of mango trees to bear no or very little crop in one year and a heavy crop in the following 

year (El-Motaium et al. 2019). The condition occurs more when a cultivar is not fit for a region or 

climate. In turn, biennial bearing affects annual vegetative growth and fruit set (El-Motaium et al. 

2019). 

These pre-harvest environmental and management factors directly or indirectly affect nutrient 

availability to and uptake by fruit (Léchaudel & Joas 2007). Combined effects of pre-harvest factors 

result in the development of intrinsic characteristics at the time of harvest that determine fruit quality. 

Analysing single-factor effects in relation to yield and quality is insufficient to predict outturn quality 

for consumers (Rehman et al. 2015). 

In Australia, around 68,600 tonnes of mango, worth approximately $217.9 million (AUD), are 

produced annually (Hort. Innovation Australia 2023). The main cultivars are ‘R2E2’, ‘Honey Gold’, 

‘Kensington Pride’, and ‘B74’. Only 7% of total Australian production (4,747 tonnes) was exported 

in 2022 (Hort. Innovation Australia 2023).  

Mango producing regions in Australia span several provinces, including New South Wales, 

Queensland, Western Australia, and the Northern Territory (Hort. Innovation Australia 2023). Major 

mango growing regions include Bundaberg, Bowen, and Mareeba in Queensland, Katherine and 

Darwin in the Northern Territory, and Kununurra in Western Australia (Hort. Innovation Australia 

2021) (Figure 1.1). ‘Kensington Pride’ is the predominant mango cultivar, comprising about 43% of 

total mango production in 2019/2020 (Hort. Innovation Australia 2021). The second cultivar is ‘B74’, 

marketed under the trade-name ‘Calypso’ (Marques et al. 2016).  

‘B74’ originated in Queensland from a cross between the Australian cultivar ‘Kensington Pride’ and 

the American cultivar ‘Sensation’. It was registered and commercialised in 1999 (Hofman et al. 
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2010b). In 2019/2020 season, ‘B74’ was 25% of total production, with consistent supply from 

September to February (Hort. Innovation Australia 2021). At eating ripe, ‘B74’ has bright yellow 

skin colour with red blush on ‘shoulders’ (Figure 1.2). Other compelling features are its good texture, 

flavour, small seed, and fibre-free flesh (Hofman et al. 2010b). 

 

Figure 1.1: Major mango producing regions in Australia. 
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Figure 1.2: a. ‘B74’ mango tree bearing green mature fruit with pink blush over the shoulders, and 

b. fruit at eating ripe stage. 

Mango is a perishable fruit that exhibits relatively short shelf life at room temperature after harvest 

(Mukherjee 1997). An issue limiting post-harvest life is physiological disorders that develop 

externally or internally (Sauco 2009). Mango fruit suffer disorders across cultivars and production 

regions (Wainwright & Burbage 1989). Cultivars vary in susceptibility and symptoms (Cracknell 

Torres et al. 2004).  

Internal disorders (IDs) are primarily the result of failure of normal physicochemical functions pre-

harvest and/or post-harvest (Oak et al. 2019). Pre-harvest factors include orchard site characteristics, 

cultivar, plant nutrient and water status, and environmental fluctuations during fruit development 

(Ferguson et al. 1999). Post-harvest factors include storage time and temperature, oxygen and carbon 

dioxide concentrations, and post-harvest treatments, such as surface coatings, hot water treatment, 

and vapour heat treatment (Wills et al. 1999; Brecht et al. 2020). Unlike the symptoms of pathogenic 

diseases, causal agents of IDs can be more obscure due to complex interactions of multiple factors 

(Léchaudel & Joas 2007). Some common IDs of mango include soft nose (Torres & Saúco 2004), 

spongy tissue (Oak et al. 2019), stem-end cavity (Raymond et al. 1998a), jelly seed (Njuguna et al. 

2016), internal browning (Lo'ay 2009), and insidious fruit rot (Tarmizi et al. 1993). It is uncertain 

whether these are all different disorders or represent different or variously advanced symptoms of 

some common disorders. In any case, correct identification of a particular disorder is essential in 

determining the role of key contributing factors involved in triggering and/or inhibiting the disorder 
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expression. 

Mango disorders may present as uneven and/or premature mesocarp ripening (Raymond et al. 1998a). 

IDs were reported early by Cheema and Dani (1934). A comprehensive work was published on 

‘Tommy Atkins’ by Malo and Campbell (1978). Wainwright and Burbage (1989) described 

symptomology and changes associated with internal physiological disorders in various other 

cultivars. Incidence and severity of physiological disorders vary among cultivars and geographical 

regions (Subraman et al. 1971; Malo & Campbell 1978; Torres & Saúco 2004). For ‘B74’ mango, 

the present study is focused on causal factors associated with IDs expressed in export supply chains 

wherein phytosanitary treatment, like vapour heat treatment (VHT), can be mandatory (Jacobi & 

Giles 1997; Singh & Saini 2014). 

1.2 Research approach 

The objective of this study was to better understand the role of environmental and management factors 

to determine ‘B74’ mango susceptibility to IDs. Environmental influences cannot easily be 

controlled, but can typically be monitored with appropriate measures then taken to maintain fruit 

quality, including robustness, at harvest (Chagne et al. 2014).  

Mineral nutrients like calcium (Ca) have roles in maintaining cellular integrity (Shear 1975a; Fallahi 

et al. 1997; Hocking et al. 2016). In the context of producing fruit that are more robust, better 

understanding of how complex relationships across the soil-plant-atmosphere-continuum play out 

towards enhanced fruit quality, including tolerance of supply chain rigours, like VHT.  

The objectives of this work on ‘B74’ mango were:  

1. Generate a detailed literature of the physiochemistry of IDs and key contributing factors in 

maintaining mango fruit quality. 

2. Characterise IDs in ‘B74’ mango fruit in relation to mineral nutrient levels across different 

regions and growing seasons. 

3. Modulate ‘B74’ mineral nutrient status through pre-harvest fertiliser applications at early fruit 

development stages to reduce IDs. 

4. Characterise fruit quality and mineral nutrient status at tree level towards minimising 

variation.  

5. Determine the optimal fruit sampling time to predict mineral status at-harvest. 

1.3 Thesis structure 

Chapter 1 offers a general introduction to mango fruit, including status in Australia, and the research 
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problem focusing on thesis aims and objectives. Chapter 2 offers a literature review on mango 

physiology, including the biochemistry of internal physiological disorders and other quality attributes. 

Chapter 3 presents a systematic analysis of the published literature on IDs of mango across the world 

and factors governing disorder expression and management. Chapter 4 assesses ‘B74’ mango fruit 

quality and mineral nutrient variation across regions and growing seasons in association with 

incidence of IDs. Chapter 5 examines fertilisation, particularly nitrogen (N) and Ca, in relation to 

fruit quality, including physiological disorders. Chapter 6 explores fruit quality and mineral variation 

at orchard level and within canopy position of fruit. Chapter 7 considers fruit growth dynamics and 

Ca uptake capacity of ‘B74’ mango in relation to fruit development and xylem functionality. Finally, 

chapter 8 concludes the thesis with general discussion and conclusions with recommendations for 

future research. 
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Chapter 2 Literature review: Internal disorders of mango fruit - 

physiology, biochemistry, and role of mineral nutrients 

2.1 Abstract 

Mango (Mangifera indica L.) is a popular fruit in tropical and subtropical regions with distinctive 

aroma, flavour, and nutrition properties. Annual global mango production is > 50 million tonnes 

(FAO, 2019). Major producers of mango are India, Bangladesh, China, Mexico, Pakistan, Indonesia, 

Brazil, Thailand, and the Philippines. Harvested mango fruit are highly perishable, with short shelf 

life. Physiological disorders are among the major factors limiting the post-harvest quality and shelf 

life, including when fruit need phytosanitary treatments, such as hot water treatment, vapour heat 

treatment, and irradiation. This review focuses on important internal physiological disorders of 

mango flesh, including physiology and biochemistry. It discusses factors contributing to development 

and/or exacerbation of the disorders. Improved production practices, including pruning, nutrient 

application, irrigation, and environmental factors (temperature, humidity, and vapour pressure deficit) 

monitoring can enhance fruit robustness to help tolerate post-harvest operations. Considerable 

demand for mangoes on international markets is compromised by internal quality issues and so 

threatens exports. Optimum quality is crucial to retain existing markets and to gain new consumer 

markets around the world. 

Keywords: Mangifera indica L., internal quality, flesh disorders, internal breakdown, nitrogen, 

calcium, irrigation, maturity  
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2.2 Introduction 

Fruit quality refers to a set of valuable characteristics that augment the worth of fruit. The ‘concept’ 

differs from perspectives of producers and consumers. Producers favour enhanced shelf life, yield, 

disease resistance, and low susceptibility to disorders as key characteristics of fruit quality, while 

consumers are interested in flavour and visual appeal of fruit (Kiloes et al. 2022). Reduced shelf life, 

skin damage, lenticel spotting, development of off-flavours, post-harvest diseases (e.g., anthracnose, 

stem-end rot) (Xu et al. 2017), and flesh breakdown are some major problems that compromise fruit 

quality (Mishra et al. 2016). They negatively affect fruit texture, visual appeal, marketability, and 

consumer satisfaction.  

In mango, generalised physiological disorders affecting commercially important mango cultivars are 

blacktip (Zhang et al. 1995), fruit splitting (Lim & Khoo 1985), internal necrosis (Ram 1985), and 

internal breakdown (Ma et al. 2018). Internal breakdown (or disorders) covers more specific 

symptoms like soft nose (Torres & Saúco 2004), spongy tissue (Oak et al. 2019), stem-end cavity 

(Raymond et al. 1998a), jelly seed (Njuguna et al. 2016), and internal browning (Lo'ay 2009). Internal 

disorders (IDs) often lack any external symptoms which make them difficult to detect (Bally & Owens 

2001).  

Various factors have been identified as being associated with development of IDs, including 

management practices, environmental and edaphic factors, fruit characteristics (size, weight, specific 

gravity), and nutritional imbalance (Krishnamurthy 1980; Raymond et al. 1998b; Njuguna et al. 

2016). Nutrient deficiency is considered a key contributing factor to physiological dysfunction at pre- 

and/or post-harvest (Oak et al. 2019). Measures to identify susceptible fruit are desired towards better 

understand the causes of physiological disorders and their prevention. 

2.3 Common IDs of mango 

Major IDs of mango fruit include soft nose, jelly seed, stem-end cavity, flesh cavity, flesh browning, 

and spongy tissue (Figure 2.2). 

• Soft nose was characterized by Young (1960) as flesh softening and yellowing at the fruit 

apex due to mesocarp breakdown (Figures 2.1 and 2.2a). In soft nose, the ‘beak end’ of the 

fruit appears over-ripe, indicating rapid localised ripening (Burdon et al. 1992). Soft nose may 

be assessed by touching the beak end which would be softer than the rest of the fruit (Mead 

& Winston 1989). Soft nose incidence is cultivar dependent and is less prevalent in alkaline 

soils than in acidic sandy soils (De la Cruz Medina & Garcia 2002). 

• Stem-end cavity is characterized by cavity formation in the proximal area between the 



9 
 

peduncle and the mesocarp, primarily due to vascular tissue deterioration (Figures 2.1 and 

2.2b) (Raymond et al. 1998a). In the early stages of development, tissues at the proximal end 

of affected fruit turn brown, followed by cavity formation and necrosis (Mead & Winston 

1989). In advanced stages, necrosis around the cavity affects the internal mesocarp with 

symptoms like spongy tissue and jelly seed. Microscopic analysis revealed xylem 

deterioration, procambium tissue damage, and calcium oxalate crystal accumulation in the 

cavity (Raymond et al. 1998a).  

• Jelly seed occurs as flesh breakdown in the mesocarp around the fruit seed/endocarp (Figure 

2.2c). It produces a jelly-like mass around the fruit stone with complete tissue disintegration. 

In extreme cases, tissue browning and watery translucent appearance arise (Van Lelyveld & 

Smith 1979). The onset of jelly seed symptoms varies between cultivars. ‘Van Dyke’ and 

‘Tommy Atkins’ showed jelly seed symptoms after 8 weeks from fruit set while, symptoms 

in ‘Irwin’ appeared 12 weeks after fruit set (Raymond et al. 1998a). To avoid jelly seed 

incidence, harvesting early fruit is recommended (Singh et al. 2011).  

• Internal flesh browning is one of the more important physiological disorders of fleshy fruit 

(Figure 2.2d). It is associated with long-term storage-related physiological changes in fruit 

(Selvarajah et al. 2001; Pusittigul et al. 2012; Mogollon et al. 2020). It is considered a result 

of cell wall and membrane degradation with release of enzymes associated with browning, 

namely polyphenol oxidase and phenylalanine ammonia-lyase, and of phenolic compounds. 

These enzymes and phenolics are normally localised in different cellular compartments to 

prevent mixing. Upon cell degradation, phenolic compounds are oxidised into coloured O-

quinones (Huang et al. 2020). Cell wall weakening is often associated with low Ca 

concentration in fruit mesocarp (Chitarra et al. 1997). Lo’ay and Ameer (2019) discerned 

positive effects of ascorbic acid blended Ca nanoparticles towards alleviation of internal flesh 

browning in low temperature stored ‘Hindi Be-Sennara’ mango by inhibition of cell wall 

degrading enzymes.  

• Spongy tissue disorder is most common in Indian mango cultivars, particularly ‘Alphonso’. 

Affected tissue displays symptoms similar to soft nose and jelly seed, with spongy mesocarp, 

off-odour, and pale-yellow or off-white flesh, with or without cavities (Katrodia 1979; 

Katrodia 1988). Early studies implicated nutritional imbalance and environmental factors in 

this disorder (Rane et al. 1976; Katrodia 1988), which ultimately results in shift from aerobic 

to anaerobic respiration. Attendant include an acidic pH shift, cell wall degradation, and free 

radicals synthesis (Ravindra & Shivashankar 2004).  
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Similarities among symptoms of jelly seed, spongy tissue, stem-end cavity, and soft nose disorders 

suggest commonalities at some level(s). Raymond et al. (1998a) concluded that they all commence 

with cellular disorganisation and cell wall degradation. Nevertheless, the temporospatial distribution 

of symptoms in different parts of the fruit distinguishes each disorder, hence their specific 

symptomologies. Progressive expression of visual symptoms makes early detection of these disorders 

difficult (Oosthuyse 1993). 

 

Figure 2.1: Morphological features of the mango (Cultivar 'B74') 
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Figure 2.2: Internal disorders in ‘B74’ mango: a. Soft nose, b. Stem-end cavity, c. Jelly seed, d. 

Internal flesh browning (From Hofman et al. (2010a). 

2.4 Anatomy and biochemistry of IDs 

Macroscopic differences have been observed among different IDs based on spatial distribution of 

symptoms and their visual appearance. Information in the literature on the anatomy of different IDs 

in mango is otherwise limited. Generally, however, cell disintegration and cell wall rupture appear to 

be the first indication of the onset of such disorders. Histological studies showed differences among 

cultivars affected by different disorders. Torres and Saúco (2004) observed severe xylem 

deterioration and cell wall disintegration in the internal breakdown-affected mesocarp of highly 

susceptible ‘Tommy Atkins’ as compared to less susceptible ‘Lippens’, which showed translucent 

mesocarp with intact cell walls. 

Raymond et al. (1998a) characterised early symptoms of stem end cavity in cultivars ‘Tommy 

Atkins’, ‘Irwin’, and ‘Van Dyke’ as tannin deposition in resin ducts and xylem that leads to the 

discolouration of flesh around the cavity. Continuous accumulation of tannins eventually causes 

toxicity and necrosis in advanced stages of stem-end cavity (Raymond et al. 1998a). Ca accumulates 

in stem-end cavity in the form of oxalate crystals and creates localised deficiency in the cells because 

it is not available for biochemical functions even though total pulp Ca concentrations may be high 
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(Raymond et al. 1998a; Hocking et al. 2016). This vascular disruption markedly limits the nutrient 

supply to inner mesocarp cells and weakens the flesh cellular integrity, proximal to the seed. 

Biochemical changes associated with physiological disorders in mango fruit have been studied by 

Chitarra et al. (1997) and De Oliveira Lima et al. (1999). Mesocarp of spongy tissue-affected 

‘Alphonso’ mango fruit showed increased pectin methylesterase and malic enzyme activities (Murthy 

1981) and reduced invertase and amylase activities. A study on ‘Dashehari’ and ‘Langra’ mango 

revealed higher activities of polymethyl esterase and cellulase in jelly seed-affected flesh (Krishna et 

al. 2020). Enzymes associated with biochemical changes in mango flesh affected by various IDs are 

presented in Table 2.1. 

Previous studies also indicated a role of gas exchange in development of IDs (Lammertyn et al. 2001). 

In particular, the shift in metabolic processes from aerobic to anaerobic due to the low availability of 

oxygen inside mango fruit (Mitcham & McDonald 1993). Consequently, cell membrane integrity 

may decrease to result in internal quality defects, including cavities, flesh gelation, and tissue 

browning. Over-mature fruit tend to accumulate more anaerobic metabolites, such as acetaldehyde 

and ethanol, in the mango fruit flesh over time (Jacobi et al. 2001). Accumulation of such metabolites 

in muskmelon fruit has been associated with reduced sugar content and water-soaked tissue 

appearance (Nishizawa et al. 1998). A similar response in late-harvested litchi fruit compared to early-

harvested under modified atmosphere storage has been reported (Pesis et al. 2002). It was ascribed to 

fermentation leading to flesh deterioration. Reduced mitochondrial activity due to membrane damage 

may render cells incapable of producing sufficient energy to sustain normal cell activity (Pesis 2005). 

Table 2.1. Enzyme activities in mango flesh afflicted by various IDs. 

Cultivar  Disorder Enzyme  Activity  Reference 

‘Alphonso’ Spongy tissue Superoxide dismutase, 

Catalase, Peroxidase, 

Polyphenol oxidase 

Lower (Nagamani et al. 2010) 

‘Tommy 

Atkins’ 

Spongy tissue  Amylase Lower (Lima et al. 2001) 

‘Alphonso’ Spongy tissue α-amylase, Invertase Lower (Katrodia 1979) 

‘Tommy 

Atkins’ 

Spongy tissue Peroxidase, Polyphenol 

oxidase 

Higher (De Oliveira Lima et al. 

1999) 

‘Chiin 

Hwang’ 

Jelly seed, Lumpy 

tissue, Soft nose, 

α-amylase activity  Lower (Lin et al. 2013) 

‘Langra’ Jelly seed α-amylase, Pectin methyl 

esterase, Cellulase, 

Polyphenol oxidase 

Higher (Krishna et al. 2020) 

‘Dashehari’ Jelly seed α-amylase, Pectin 

methylesterase, Cellulase, 

Polyphenol oxidase 

Higher (Krishna et al. 2020) 

‘Amrapali’ Jelly seed Pectin methyl esterase, 

Pectate lyase, 

Polygalacturonase 

Higher (Shivashankar et al. 

2016) 
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‘Alphonso’ Internal breakdown Pectin methyl esterase, 

Malic enzyme 

Higher (Murthy 1981) 

2.5 Factors affecting fruit quality and robustness 

Fruit quality attributes are largely determined and influenced by pre-harvest factors and early fruit 

development conditions (Rehman et al. 2015). Fruit susceptibility to physiological disorders depends 

upon cultivar type, untimely environmental fluctuations, poor management practices, and post-

harvest handling conditions (Hofman et al. 2012). Table 2.2 lists factors that directly and/or indirectly 

influence fruit quality and physiology.  

Table 2.2. Pre-harvest factors affecting mango fruit quality (adapted from Joyce (2001)). 

Genotype ✓ Cultivar (rootstock, scion) 

Environment 

✓ Soil type (pH, cation exchange capacity, water holding capacity) 

✓ Temperature (heat injury, chilling injury) 

✓ Moisture (rain, relative humidity, precipitation) 

✓ Radiation (day-length, wavelength, intensity) 

Management 

✓ Canopy management (pruning, thinning, plant growth regulators) 

✓ Nutrition (calcium, nitrogen, potassium, boron) 

✓ Irrigation (time, amount, frequency) 

✓ Harvest (maturity, timing, method) 

2.5.1 Role of mineral nutrients in fruit flesh 

Imbalance in mineral nutrients such as nitrogen (N), Ca, potassium (K), magnesium (Mg), and boron 

(B) is a major contributing factor in fruit susceptibility to IDs (Table 2.3). Many studies conclude that 

low [Ca], high [N], and high N/Ca ratio in fruit flesh predispose fruit to disorders. There are also 

conflicting reports implicating fruit flesh [K], [Mg], [P], and [B] in disorders (Table 2.3). Irrespective 

of differences in type of disorders, if fruit are inherently robust in terms of optimal mineral balance, 

they are likely to tolerate postharvest rigours and susceptibility to IDs. 

In view of Table 2.3, the following discussion primarily focuses on the roles of Ca and N in internal 

quality of mango fruit. It explores challenges associated with their transport, accumulation, and 

analysis in the soil-plant-fruit pathway. Because of variability across cultivars and regions, there are 

no specific threshold values for these elements ratios to be used as standards for fruit quality (Tarmizi 

et al. 1993; Torres & Saúco 2004; Bally 2006).  

Table 2.3. Mineral nutrients associated with increased (+) or decreased (-) expression of some major 

IDs in mango flesh.  ‘+/-’ denotes associations with both increased and decreased defect expression. 

Defect N Ca K P Mg B N/Ca Reference 
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Spongy tissue + -   +  + (Katrodia 1979; Selvaraj et al. 

2000; Cracknell Torres et al. 

2004) 

Jelly seed + -     + (Cracknell Torres et al. 2004; 

Lin et al. 2013; Bitange et al. 

2020) 

Internal flesh breakdown + - +/- + +/- - + (Murthy 1981; Hermoso et al. 

1997; Torres et al. 2004a; 

Torres & Saúco 2004; Bally 

2006; Ma et al. 2018) 

Soft nose + -   -  + (Burdon et al. 1991, 1992; Lin 

et al. 2013) 

Balance among nutrients improves fruit robustness at harvest and subsequent attendant ability to 

withstand the rigours of post-harvest handling. Innate fruit robustness cannot be improved after 

harvest. It is, therefore, important to focus on pre-harvest best management strategies. Studies on pre-

harvest N and Ca application on internal fruit breakdown are collated in Table 2.4. Application of N 

and Ca nutrient solutions reduced internal breakdown in ‘Tommy Atkins’ mango and the incidence 

was relatively low when both flesh [N] and [Ca] were high versus high [N] and low [Ca] (Torres & 

Saúco 2004). Silva et al. (2008) applied foliar Ca as CaCl2 during fruit development in ‘Tommy 

Atkins’. Their analysis in peel and flesh tissues at eating ripe stage revealed an inverse correlation 

between [Ca] and incidence of internal breakdown. Correlations of fruit N and Ca concentrations 

have been associated with the incidence and severity of IDs. However, most studies do not take 

important aspects of N and Ca analysis into consideration. These are discussed below. 

Table 2.4. Mineral nutrition and internal breakdown in mango cultivars. “+” Ca, N, and Mg in the 

results column indicate a higher concentration in flesh as a response to their application. “+ or - 

disorder” indicates an increase or decrease in disorder expression, respectively. 

Cultivar Disorder Nutrient Source Method 
Time of 

application 
Results Reference 

‘Sensation’ Spongy 

tissue, 

Jelly seed 

N, Ca NH4NO3, 

CaSO4·2H

2O 

Drip 

irrigation  

Continuous 

throughout 

growing season 

+N = 

+Disorder 

+Ca = -

Disorder 

(Cracknell 

Torres et al. 

2004) 

‘Van Dyke’ Jelly seed Ca CaCl2, 

Ca(NO3)2 

Foliar At fruit set +Ca = -

Disorder 

(Bitange et 

al. 2020) 

‘Tommy 

Atkins’ 

Internal 

flesh 

breakdown 

N, Ca - Drip 

irrigation 

Continuous 

throughout 

growing season 

+N = 

+Disorder 

+Ca = -

Disorder 

(Torres et 

al. 2004a) 

‘Sensation’ Internal 

flesh 

breakdown

, Stem-end 

cavity 

Ca, Mg, 

K, B 

CaCl2, 

MgCl2, 

KCl, 

Solubor®  

(20% B) 

Foliar Weekly from 3 

weeks after fruit 

set to 3 weeks 

before harvest 

No effect (Hermoso 

et al. 1997) 

‘Sensation’ Internal 

flesh 

breakdown

, Stem-end 

Ca Ca-EDTA Stem 

injection 

One month 

before harvest 

+Ca = -

Disorder 

(Hermoso 

et al. 1997) 
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cavity, 

‘Chaunsa’ Soft nose Ca, Mg CaCl2, 

CaSO4, 

Ca(OH)2, 

MgCl2 

Foliar  2 weeks before 

harvest 

+Ca = -

Disorder 

+Mg = -

Disorder 

(Amin et al. 

2007) 

‘Keitt’ Watery 

pulp 

breakdown 

N, Ca NH4NO2, 

CaSO4
-

2.H2O 

Soil Pre- and post-

flowering 

No effect (Bally 

2006) 

2.5.1.1 Calcium 

Ca is critical in fruit development, cell wall strengthening, and signal transduction pathways 

(Kamthan et al. 2015). It’s deficiency is associated with increased fruit susceptibility to physiological 

disorders (Wainwright & Burbage 1989; Burdon et al. 1991; Zhao & Wang 2015). These include 

bitter pit in apple (Kalcsits et al. 2019), blossom end rot in tomato (Ho et al. 1993), and cork spot and 

end spot in pear and avocado, respectively (Shear 1975a; Monselise & Goren 1987; Ferguson et al. 

1994). Ca deficiency in mango fruit can weaken mesocarp cell walls and result in jelly seed (Raymond 

et al. 1998a) and spongy tissue disorders (Gunjate et al. 1979b). Ca import and accumulation in fruit 

varies temporally during development (Joyce et al. 2001; Hirschi 2004; Montanaro et al. 2015). Given 

the importance of Ca in development and signal transduction, its availability, concentration, and 

transport to specific cells need to be regulated and managed (Dodd et al. 2010; Gilliham et al. 2011). 

Excess Ca can result in developmental abnormalities, cell wall rigidity, and cellular phytotoxicity 

(Cybulska et al. 2011; Hocking et al. 2016). Ca deficiency due to low availability and/or limited 

transport can result in cell membrane breakdown (e.g., leakiness) and disorders (Tonetto de Freitas 

& Mitcham 2012).  

Ca also acts as secondary messenger facilitating abscisic acid, auxin, and gibberellic acid hormone 

signalling that regulate biochemical, cellular and morphological functions, including fruit set, and 

cell division expansion up to and including fruit ripening and senescence (Yu et al. 2006; Hocking et 

al. 2016). Ca nutrition can influence phytohormones that modulate its distribution at tissue level. 

Auxins are pivotal in developmental pathways, including fruit set, cell division, and expansion 

processes that involve Ca as a secondary messenger (Banuelos et al. 1987). Auxin export from 

developing tissues increases Ca allocation and partitioning (Witney et al. 1990; Else et al. 2004; Sorce 

et al. 2011). Reduced uptake of Ca during fruit development upon exogenous application of auxin 

transport inhibitor (2,3,5 tri-iodobenzoic acid (TIBA)) was reported for tomato and avocado fruit 

(Cutting & Bower 1989; Brown & Ho 1993). Light-induced higher hydroxycinnamic acid levels in 

kiwifruit increased Ca uptake by reducing auxin degradation (Montanaro et al. 2007). 

Tonetto de Freitas et al. (2014) reported that exogenous application of abscisic acid enhanced Ca 

accumulation by increasing xylem sap flow to fruit, resulting in less susceptibility to blossom-end rot 
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in tomato. Abscisic acid may redirect Ca flow towards fruit by reducing stomatal conductance in 

leaves. Foliar application of abscisic acid increased Ca partitioning into and lessened bitter pit in 

apple fruit (Falchi et al. 2017). Transcriptional analysis of response to foliar abscisic acid application 

revealed down-regulation of MdCAX, MdACA8, and MdCDPK. These three genes are involved in 

the regulation and partitioning of Ca in apples (Falchi et al. 2017). 

2.5.1.1.1 Ca translocation 

Ca uptake, translocation, and accumulation within the canopy among leaves and fruit is controlled or 

regulated by factors depicted in Figure 2.3. Fruit levels depend on the complex interplay of 

availability in the soil, uptake through roots, including competition with other minerals in root system, 

mobility in xylem sap, and competition between vegetative (foliage) and reproductive (fruit) sinks 

(Figure 2.3). Ca in the soil can be tightly bound to negatively charged particles or soluble in the soil 

solution. Plant roots take up Ca that’s present in the soil solution (McLaughlin & Wimmer 1999; 

Taylor & Locascio 2004). Soil solution Ca is influenced by soil type and can change with soil acidity 

and fertiliser application. Root uptake is modulated by root growth rate and it’s transport into xylem 

vessels via symplastic and apoplastic pathways and mass flow of water, triggered by fruit growth and 

transpiration (White 2001; Karley & White 2009). Ca availability in interaction with other cations 

(e.g., K, Mg) affects uptake rate and movement along the soil-root-plant continuum (Taylor & 

Locascio 2004).  

Ca loaded into xylem vessels is transported towards the shoot by the mass flow of water due to more 

negative water potential in the canopy as generated by growth and transpiration (Hirons & Thomas 

2018). Ca partitioning within the canopy and between leaves and fruit is modulated by xylem cation 

exchange capacity, xylem sap Ca content, leaf and fruit growth rates and transpiration into the 

surrounding air (Hocking et al. 2016). Leaves are relatively strong sinks that tend to accumulate more 

Ca due, by virtue of high surface area to volume ratio and high stomatal frequency, to higher 

transpiration rates than fruit (Rogiers et al. 2000). Fruit generally exhibit relatively high transpiration 

during early development stages and then the rate diminishes as they approach harvest maturity (Joyce 

et al. 2001; Montanaro et al. 2015). As fruit reach maturity, water uptake decreases also due to the 

loss of xylem functionality, stomatal conversion into lenticels, and development of waxy cuticles on 

fruit surface (Bally 1999; De Freitas et al. 2011; Nordey et al. 2015).  
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Figure 2.3: Processes of and influences on Ca uptake, translocation, and partitioning in fruit trees. 

2.5.1.1.2 Ca monitoring in mango fruit 

2.5.1.1.2.1 Sampling  

To determine fruit mineral status, it is advised to collect fruit from the middle part of the tree to secure 

a representative sample and avoid higher and lower parts of the canopy (Ferguson & Triggs 1990; 

Saure 2005; Kalcsits et al. 2019). In general, fruit from middle-inside of canopy are more susceptible 

to disorder and disease incidence and has lower [Ca] levels (Woolf et al. 1999; Willingham et al. 

2004; Kimeu et al. 2010; Kalcsits et al. 2019). Disease incidence could be linked to pathogen load in 

the orchard (Everett et al. 2003) and orchard conditions (humidity, rain, tree vigour) (Everett et al. 

2007). In vigorous canopies, fruit tend to develop more disease from canopy middle due to low air, 

light, and spray penetration and higher moisture and humidity which provide ideal conditions for 

pathogens to thrive. Hence, sourcing fruit from canopy middle is ideal to get an estimate of overall 

orchard health and fruit quality. Ferguson and Triggs (1990) suggested analysing fewer fruit from 

many trees than many fruit from fewer trees towards minimising fruit-to-fruit variability. The 

sampling strategy is an important factor to consider in minimising the variability and representative 

estimation of nutrient levels e.g., variation of Ca levels in individual apple fruit from one tree may be 

two-to-three fold (Perring & Jackson 1975). 
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Fruit mesocarp analysis has typically been an indicator of fruit Ca status. However, differences within 

whole fruit are evident in localised Ca levels. For example, temperature differences across fruit may 

exceed ca. 10 °C between sun and non-sun exposed sides of avocado fruit (Woolf et al. 1999). 

Accordingly, sun-exposed tissue may experience different physiology (e.g., transpiration rate) 

compared to other parts of the fruit. As Ca is xylem mobile, it's partitioning within the fruit depends, 

in part at least, on transpiration rate. Temperature differences of ~5 °C between sun-exposed and 

unexposed sides in mango fruit were reported by Katrodia and Sheth (1988) that may differentially 

influence localised Ca partitioning. 

A common means of sampling fruit flesh for mineral analysis is to use fruit corer to take samples 

from skin to seed at the equatorial region (Bally 2006). However, mineral analyses on individual parts 

of mango flesh have shown that skin trends to accumulate more [Ca] than inner flesh. Joyce et al. 

(2001) found 523 mg/kg DW Ca in skin versus 50 mg/kg DW Ca in inner mesocarp of ‘Kensington 

Pride’ mango. Burdon et al. (1991) analysed [Ca] in mango ‘Kent’ and ‘Beverly’ and found that outer 

mesocarp had higher Ca content (9.52 and 7.21 mg/100g FW, respectively) compared to inner 

mesocarp (5.00 and 4.51 mg/g FW, respectively). Similarly, longitudinal spatial variation in Ca 

accumulation is seen from proximal to distal ends of fruit. The proximal end of ‘Kensington Pride’ 

mango showed higher Ca (94 mg/kg DW) levels compared to the distal end (71 mg/kg DW) (Joyce 

et al. 2001). Burdon et al. (1991) also reported such variation for [Ca] from stem-end to apex in 

‘Sensation’ fruit. In ‘Alphonso’, Gunjate et al. (1979a) reported variation in Ca from 122 to 110 

mg/100g DW between stem-end and apex, respectively. Localised Ca deficiency in the inner 

mesocarp and the distal part of the fruit may cause internal breakdown and soft nose, respectively 

(Burdon et al. 1991, 1992; Whangchai et al. 2001). Overall, a general trend is observed in spatial 

variation of Ca accumulation of skin > outer mesocarp ≥ middle mesocarp > inner mesocarp (Table 

2.5) (Shorter & Joyce 1998; Joyce et al. 2001). This variation could be due to physiological difference 

in cell type, size, and Ca movement from the inner mesocarp to the outer mesocarp through vascular 

bundles, partially regulated by transpiration mass flow. 

It is difficult to compare Ca concentrations among different reports due to inadequacies or 

discrepancies in the information provided. For example, region(s) of the fruit sampled and unit of 

measurement (converting mg/g FW to mg/g DW is problematic without moisture percentage of 

sample). It is incumbent to specifically and consistently state flesh mineral sampling position. It is 

also important in the context of predicting post-harvest quality and/or expression of physiological 

disorders. 
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Table 2.5. Ca concentrations reported in different parts of various mango cultivars. 

Cultivars Skin Outer flesh 
Middle 

flesh 
Inner flesh 

Proximal 

flesh 

Distal 

flesh 
Reference 

‘Beverly’ - 

7.21 

mg/100g 

FW 

- 

4.51 

mg/100g 

FW 

- - 
(Burdon et al. 

1991) 

‘Dashehari’ 
4570 

mg/kg dw 
- - 

460 mg/kg 

dw 
- - 

(Singh et al. 

1993) 

‘Glen’ 
1900 

mg/kg dw 
- - 

700 mg/kg 

dw 
- - (Singh 2005) 

‘Haden’ 
2300 

mg/kg dw 
- - 

700 mg/kg 

dw 
- - (Singh 2005) 

’Irwin’ 
3600 

mg/kg dw 
- - 

600 mg/kg 

dw 
- - (Singh 2005) 

‘Keitt’ 
3900 

mg/kg dw 
- - 

1000 mg/kg 

dw 
- - (Bally 2006) 

‘Kent’ - 

9.52 

mg/100g 

FW 

- 

5.00 

mg/100g 

FW 

- - 
(Burdon et al. 

1991) 

‘Kent’ 
3600 

mg/kg dw 
- - 

900 mg/kg 

dw 
- - (Singh 2005) 

‘Kensington 

Pride’ 

523 mg/kg 

dw 

123 mg/kg 

dw 

55 mg/kg 

dw 

50 mg/kg 

dw 

94 mg/kg 

dw 

71 mg/kg 

dw 

(Joyce et al. 

2001) 

‘Kensington 

Pride’ 

1670 

mg/kg dw 
- - 

580 mg/kg 

dw 
- - 

(Hofman et al. 

1999) 

‘Kensington 

Pride’ 

1740 

mg/kg dw 

560 mg/kg 

dw 

400 

mg/kg dw 

410 mg/kg 

dw 
- - 

(Shorter & 

Joyce 1998) 

‘Kensington 

Pride’ 

2400 

mg/kg dw 
- - 

600 mg/kg 

dw 
- - (Singh 2005) 

2.5.1.1.2.2 Ca fractions in fruit 

Ca in fruit tissues can be sub-divided into various fractions based on solubility, availability, and 

biochemical or physiological activity. Exchangeable Ca (adsorbed on proteins and pectin) and soluble 

Ca (associated mainly with nitrates, chlorides, and organic acid) are generally considered active forms 

as compared to tightly bound forms, like Ca oxalate, carbonate, and phosphates (Franceschi & Horner 

1980; Franceschi & Nakata 2005; Hocking et al. 2016). Ca deposited in the form of oxalate crystals 

in parenchyma of developing fruit showed low or no solubility and mobility (Hocking et al. 2016). 

The presence of insoluble Ca may create localised deficiencies of physiologically active Ca, which 

can lead to physiological disorders (Raymond et al. 1998a).  

Pavicic et al. (2004) determined that bitter pit development in apples was associated with low soluble 

Ca concentrations in affected fruit. Studies on cracking resistant and susceptible cultivars of litchi 

determined higher level of cell wall Ca present in the pericarp of resistant cultivars (Huang et al. 

1999; Yuan et al. 2002). However, the presence of Ca-rich bodies in cracking susceptible litchi 

cultivars, as detected by X-ray microanalysis, suggested that Ca deficiency might be due to the 

presence of the insoluble Ca form rather than available Ca (Huang et al. 2001). Accordingly, it can 
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be important to state the Ca form or pool being analysed in reporting associations with physiological 

disorders. 

2.5.1.2 Nitrogen  

2.5.1.2.1 Sources and translocation  

N is an essential component of amino acids, proteins, enzymes, and chlorophyll. It plays a key role 

in cell division during early growth of young tissues, including leaves, buds, and flowers, particularly 

at the onset of flowering and fruit set (Tagliavini et al. 1997; Menino et al. 2007; Neto et al. 2008; 

Stellacci et al. 2013; Zekri & Obreza 2013). N is highly mobile and mostly present as proteins in cells 

(Zekri & Obreza 2013). Fruit trees acquire N for vegetative growth and reproduction by external 

uptake through the roots and internal N cycling. In trees experiencing N deficiency, proteins in older 

cells undergo proteolysis and resultant amino acids move to newer cells (Mengel et al. 2001). 

Proteolysis results in a decline in leaf chlorophyll content and attendant chloroplast collapse. Hence, 

N deficiency is evident as yellowing appears first in older leaves.  

Roots uptake N in both nitrate (NO3
-) and ammonium (NH4

+) forms. However, NO3
- is their preferred 

source in well-aerated soils (Tromp & Ovaa 1979). Both forms are usually derived from applied 

mineral fertilisers or native N mineralization. After absorption, N is translocated to different plant 

organs as required. Sometimes trees do not respond to N fertilisers due to adequate built-up reserves 

in perennial organs from previous years (Millard 1993; Tagliavini et al. 1997; Menino et al. 2007; 

Stellacci et al. 2013). Documentation of seasonal changes in xylem sap amino acid composition in 

apple, grape, and cherry allows distinguishment between N remobilisation and recently absorbed N 

(Marschner 2012; Whiteside et al. 2012). N15 labelled fertilisers have been used to determine the fate 

of recently applied and stored N in fruit trees. N reserves from previous year are generally used to 

support tree N demand and vegetative growth in the following year. Remobilisation depends on the 

amount of N stored, tree size, and age. In apples and other deciduous trees, there typically is intense 

N withdrawal from ‘autumn’ leaves for translocation to perennial root, trunk, and stem storage organs 

(Tagliavini et al. 1997; Grassi et al. 2003; Stellacci et al. 2013). According to Niederholzer et al. 

(2001), about 50% of the N is withdrawn from the leaves of peach trees before their abscission. This 

N is stored in tree trunk or roots. Upon either remobilisation from storage or root uptake, N is 

preferentially allocated to newly developing vegetative and reproductive organs (Roccuzzo et al. 

2017). 

2.5.1.2.2 Effect of N on fruit quality  

An increase in N supply promotes tree vigour and, if managed carefully, can enhance yield (Neilsen 

et al. 1999; Fallahi et al. 2001; Neto et al. 2008). Limited availability slows tree growth and adversely 
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affects crop load (Zekri & Obreza 2013). On the other hand, excess N supply can negatively affect 

fruit quality post-harvest (Musacchi & Serra 2018). The optimum N levels mediate fruit skin colour, 

size, yield, and flavour (Hofman et al. 2012). It is vital to apply appropriate N form to avoid potential 

antagonistic effects on root mediate uptake of other important plant mineral e.g., Bonomelli et al. 

(2021) reported that ammonium excess application significantly inhibited and nitrate excess 

stimulated Ca uptake in tomato seedlings. 

Fruit N concentration is generally high during early development stages and decreases thereafter. 

Fruit response to N application is influenced by timing, method, rate, source, tree phenological stage, 

and edaphic and climate conditions (Bally 2009). Increased tree vigour in response to high N supply 

typically leads to higher leaf-to-fruit ratio and fruit size, and lower fruit Ca concentrations (Crisostol 

et al. 1997; Simmons et al. 1998b). Positive correlations between fruit size and occurrence of IDs 

have been reported for mango (Young et al. 1962; Torres et al. 2004b) and other fruit, such as avocado 

(Marques et al. 2003; Willingham et al. 2006). 

Young (1960) reported that increased N fertilisation was associated with increased soft nose incidence 

in ‘Kent’ mango. Inconsistencies, in later study, were ascribed to unaccounted seasonal effects 

(Young et al. 1962). Murthy (1981) also questioned the pivotal involvement of Ca and/or N in ID 

development with findings on ‘Alphonso’ mango suggesting that high [P] and low [K] were 

responsible for pulp tissue breakdown. However, Tarmizi et al. (1993) discerned higher N/Ca in 

‘Haramanis’ mango with greater incidence of insidious fruit rot. In mango fruit ontology studies from 

fruit set to ripening, Raymond et al. (1998b) found no difference in mineral composition between 

healthy and disordered fruit. Nevertheless, Torres et al. (2004a) determined a positive correlation 

between internal breakdown and N concentration in the ‘Tommy Atkins’ fruit mesocarp and an 

inverse relationship with fruit Ca concentrations. Similarly, in comparing flesh mineral 

concentrations for healthy and disordered ‘Keitt’ mango, Ma et al. (2018) found higher N and lower 

Ca concentrations in the disordered fruit.  

How high N concentration contributes towards IDs in mango fruit remains uncertain. It is possible 

that high vegetative growth in response to excess N redirects Ca flow to leaves, rendering developing 

fruit vulnerable to Ca deficit, worsened upon the co-incident increase in fruit size leading to Ca 

dilution in the flesh (Cull 1991; Willingham et al. 2006). It follows that rapidly growing fruit with 

limited Ca supply are more prone to Ca-mediated physiological disorders during post-harvest 

handling and storage (Ferguson 1984; Monselise & Goren 1987; Ferguson et al. 1994; Simmons et 

al. 1998b; Simmons et al. 2015). 

Such findings suggest that optimising N is as important as is Ca supply to achieve robust high-quality 
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long shelf life fruit (Torres et al. 2004a). Improved understanding around the complex interplay of 

orchard management practices and pre-harvest mineral analyses regarding post-harvest fruit quality, 

storage, and shelf life potential is enabling industry to make more informed decisions. 

In an experiment to determine the long-term effects of N application on apple fruit quality, Fallahi et 

al. (2001) determined that optimum leaf N content should be in the range of 2.05 - 2.30% for 

acceptable quality in ‘Fuji’ apples. Mango orchards in Spain with leaf N of 15 - 18 g/kg DW and Ca 

of 17 - 20 g/kg DW were considered prone to fruit internal flesh breakdown and deterioration (Torres 

et al. 2004b).  

Mineral analysis of leaves has been extensively used in the industry to predict outturn fruit quality 

(Casero et al. 2004; Wang et al. 2015). However, studies question reliability due to poor predictive 

potential and suggest that fruit mineral analysis is the more reliable diagnostic tool for quality 

prediction (Fallahi et al. 1988; Marcelle 1989; Fallahi & Simons 1996; Hamilton et al. 2017). If fruit 

can be characterised by industry as likely to be high or low in certain quality attributes, then it will 

certainly help to make more informed decisions and can enhance profitability (Fallahi et al. 1997). In 

this context, appropriate timing of leaf and possibly inflorescence and/or immature fruit sampling is 

an important consideration (Campisi-Pinto et al. 2017). 

2.5.2 Irrigation and fruit quality 

Depending on amounts and timing during fruit development, rainfall and irrigation play a prominent 

role in fruit growth and sizing (Spreer et al. 2009; Schulze et al. 2013). Water deficit stress from 

flowering up to halfway through the mango rapid cell division period markedly affected growth rate 

and final fruit size (Simmons et al. 1995). Due to lower cell number, a reduction of 34% in fruit size 

was observed by Simmons et al. (1998a) for water-stressed ‘Kensington Pride’ mango trees as 

compared to non-stressed fruit. Thus, limited water supply may lead to lower Ca concentrations in 

developing fruit and can adversely affect post-harvest quality attributes. Additionally, water deficit 

conditions are likely to increase competition between highly transpiring leaves and young developing 

fruit for xylem sap uptake, which may ultimately contribute to decrease in Ca import into the fruit 

rendering it susceptible to postharvest disease and disorders. 

On the other hand, an oversupply of water close to fruit maturity (viz., cell expansion phase) leads to 

increase fruit size and yield and also makes them more susceptible to physiological disorders (Spreer 

et al. 2009; Santos & Martinez 2013). This late-phase fruit expansion leads to Ca dilution which 

negatively affects post-harvest fruit quality (Simmons et al. 1998b; Shivashankara & Mathai 1999).  

Studies on pears, apples, and mangoes reported mixed effects on post-harvest fruit quality of deficit 

irrigation during critical growth phases (Mitchell et al. 1989; Caspari et al. 1994; Ebel et al. 1995; 
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Dos Santos et al. 2015). Nonetheless, managing fruit size through best management practice irrigation 

could help manage fruit Ca and overall quality. 

2.5.3 Temperature 

Temperature modulates fruit metabolism, growth, maturation, and ripening (Paull & Chen 2000; 

Adams et al. 2001; Fonseca et al. 2002). Both pre-harvest and post-harvest storage temperature 

contributes to final fruit quality to consumers, including susceptibility to physiological disorders 

(Siddiqui 2015). Pre-harvest temperatures over the fruit development cannot be controlled but can be 

monitored such that measures can be taken to maintain fruit robustness and quality (Chagne et al. 

2014). Orchard temperatures predominantly affect fruit physiology by influencing water loss through 

transpiration in association with prevailing vapour pressure deficits (Leonardi et al. 2000; Montanaro 

et al. 2012). Transpiration-mediated water loss influences fruit growth rate, diurnal shrinkage, and 

final quality at harvest (Génard & Bruchou 1992; Guichard et al. 2005), including in terms of fruit 

size, taste, and aroma (Génard & Bruchou 1992; Hewett 2006). 

The internal temperature of growing fruit reflects energy exchange associated with fruit metabolic 

activity, energy conductance, and evapotranspiration. Collectively, these define the heat budget of a 

fruit (Cellier et al. 1993). Tertiary factors affecting a fruit’s heat budget include environmental factors 

of temperature, humidity, air speed, and solar radiation and physical properties of fruit volume, skin 

colour and reflectance, pulp density, and skin permeability across serial developmental stages 

(Saudreau et al. 2007).  

Optimum post-harvest handling, treatment and storage temperatures and durations are important at 

each step from farm to consumer in order to maintain quality. Exposure to elevated temperatures, 

especially for relatively prolonged durations, can hasten ripening, inactivate enzymes, inhibit protein 

synthesis, and alter membrane integrity. In afflicted fruit, reactive oxygen species buildup increases 

followed by fruit quality deterioration, including flesh discolouration (Durner 2013), internal 

breakdown, and cavity formation (Ferguson et al. 1999; Bautista & Esguerra 2007). Moreover, 

tropical fruit, including mangoes, are sensitive to low-temperature storage and can develop chilling 

injuries. Maintaining balance in storage time and temperature for specific commodities helps preserve 

quality and longevity of fresh produce (Wills & Golding 2016b). Recent investigations on mango 

fruit postharvest storage indicated low temperature storage (< 10 °C) for extended periods of time 

can promote likelihood of chilling injury and internal browning (de Freitas & Pareek 2019). 

2.5.4 Harvest maturity  

Optimum fruit maturity at harvest is essential to post-harvest quality, shelf life, and consumer 
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preferences (Wills & Golding 2016a). Fruit maturity is classified as physiological maturity and 

commercial maturity. A fruit that has attained maximum growth and development stage, is 

physiologically mature. Commercial maturity is the stage of fruit development when consumers’ 

preferred characteristics have been attained in a commodity (Bautista 1990). ‘Desert’ mango varieties 

must be harvested green mature to ripen fully. ‘Salad’ cultivars are harvested and consumed ‘green’ 

for culinary purposes. Physiologically mature mango fruit are harvested before the onset of their 

ethylene and/or respiratory climacteric rises (Hofman & Whiley 2010). Early harvest physiologically 

immature desert fruit develop poor flavour and are more susceptible to mechanical damage and 

physiological disorders from post-harvest operations, like vapour heat treatment, hot water treatment, 

and irradiation (Jacobi et al. 2001). On the other hand, fruit harvested over-mature can exhibit off-

odours, poor texture, and short shelf life. The severity of IDs, such as jelly seed and watery pulp 

breakdown in mango (Bally 2006) and flesh browning in avocado (Cutting & Bower 1987), is 

characteristically high in over-mature fruit. 

2.6 Control measures and recommendations to minimise IDs 

Mineral nutrient levels change throughout fruit development stages. Towards optimum levels, Young 

and Miner (1961) recommend maintaining <1.2% leaf N and >2.5% leaf Ca concentrations prior to 

flowering with a view to minimising susceptibility to disorders. Hofman and Whiley (2010) 

developed a best management practice guide for ‘B74’mango. They recommended maintaining N at 

1.0 - 1.5% and Ca at 2.0 - 3.5%  in young mature leaves at the bud swelling stage for optimum quality 

fruit. It is considered important to maintain a balance in N and Ca levels to achieve optimum fruit 

quality. Antagonistic effects of N fertilisation on Ca uptake and accumulation in fruit have been 

researched in various fruit crops (Shear 1975b; Lewis et al. 1977; Cracknell Torres et al. 2004). 

Depending on pH, lime or gypsum are recommended to increase Ca levels in low and high pH soils 

in order to improve cation exchange percentage in the soil (Silva et al. 2005).  

Subraman et al. (1971) found IDs in mango fruit to be more prevalent in coastal areas in India 

compared to inland orchards, possibly due to prevailing high humidities. Gunjate et al. (1982) 

suggested that prolonged sun exposure following harvest could alter physiology in favour of 

expression of disorders. Katrodia and Rane (1988) presented a heat convection theory that fruit from 

lower branches were more likely to develop physiological disorders due to heat convection from soil 

to surrounding air near the lower branches of the canopy which results in high-temperature conditions. 

In this regard, orchard management practices such as mulching can lower soil temperatures and 

reduce the incidence of IDs (Katrodia & Sheth 1988; Lad et al. 1992).  

In complex interplay, a range of other factors can influence fruit quality. For example, fruit weight 
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and density are potential contributing factors (Figure 2.4). ‘Alphonso’ mango fruit harvested at 1.0 – 

1.2 relative density were less likely to manifest IDs than fruit at >1.2 relative density (Krishnamurthy 

1980). Harvesting at the green mature stage is recommended to reduce IDs, but it may result in poorer 

eating quality in some cultivars. Late-harvested fruit are more susceptible to internal flesh browning 

and so immediate shift to cooling chambers after harvest is recommended to preserve quality and 

shelf life (Baloch & Bibi 2012). Noticeable differences have been observed in susceptibility and 

tolerance to IDs in different cultivars of mango (Cracknell Torres et al. 2004; Srivastav et al. 2015). 

Selection of compatible rootstock and scions could be another way to reduce disorders as certain 

rootstocks can also improve nutrient uptake and accumulation in fruit (Iyer & Subramanyam 1992; 

Iyer & Degani 1997).  
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Figure 2.4: Major considerations at pre-harvest, harvest, and post-harvest stages across the ‘genotype 

x environment x management’ spectrum to produce robust mango fruit. 

2.7 Conclusion  

Fruit robustness at harvest and post-harvest quality and shelf life are predominantly linked to pre-

harvest nutrient status. Nutrient imbalance like high fruit [N] and low [Ca] can negatively affect fruit 
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quality and the incidence of post-harvest disorders. Increasing Ca concentrations in fruit flesh is a 

challenge as applying more and more Ca to the soil does not guarantee its accumulation in fruit. 

Controlling tree vigour by pruning, managing crop load by thinning, carefully timing irrigation, and 

small frequent nutrient applications can potentially improve Ca levels in fruit, especially during the 

early developmental stages when the Ca accumulation rate is high. While N manipulation is 

achievable due to its mobility, application strategies need to limit fruit N without negatively affecting 

fruit development and yield. Careful monitoring of soil, leaf, and fruit nutrient status is recommended 

and desirable. When sampling and analysing fruit and leaf samples, adoption of recommended 

strategies to minimise variation and avoid ambiguity in results is advised. Other factors including 

temperature, humidity, light radiation, and vapour pressure deficit likely differentially influence fruit 

development and physiology. Considering complex interplays of variables, consistent production of 

robust quality mango fruit requires a holistic approach. Mango fruit quality is an output of a dynamic 

system that integrates influences of growing environment, genotype, and associated management 

practices at pre-harvest, harvest, and post-harvest stages. 
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Chapter 3 Factors contributing to internal disorders of mango 

(Mangifera indica) fruit – A systematic literature review 

3.1 Abstract 

The expression of internal disorders is a complex phenomenon due to the interaction of genotype, 

environment, and management practices at the pre-harvest, harvest, and post-harvest stages. This 

study aims to provide a comprehensive overview of factors associated with, and have been 

investigated in relation to, the susceptibility and expression of internal disorders (IDs) in mango. Six 

hundred and fifty-seven studies were sourced from three databases. Of these, 72 were relevant after 

screening based on exclusion-inclusion criteria. An additional nine relevant studies were identified 

through manual searches and included in the final data synthesis. From the 81 studies, the prevalent 

disorders were spongy tissue and jelly seed, followed by flesh browning and soft nose. ‘Alphonso’ 

expressed only spongy tissue disorder. By contrast, ‘Tommy Atkins’ simultaneously expressed 

multiple disorders, viz., soft nose, jelly seed, and stem-end cavity. Mineral composition of flesh and 

exposure to heat post-harvest (viz., sunlight, phytosanitary heat treatment, and elevated storage 

temperature) were prominent in association with IDs expression. Relatively high [N], N/Ca, Mg/Ca, 

and K/Ca ratios and relatively low [Ca] and [B] were related to most disorders. With [K] and [Mg], 

studies inconsistently suggested positive and inverse relationship with a particular disorder. While 

individual studies suggest casual relationships, there was a relative dearth of pre-harvest work on soil 

characteristics, growing conditions (e.g., temperature, rain, vapour pressure deficit), crop physiology 

(e.g., age, biennial bearing) and management practices (e.g., fertilisation, irrigation) in the literature. 

To address this, future studies might seek to gather and report comprehensive data on edaphic and 

environmental characteristics and post-harvest conditions. Such more comprehensive data sets 

relating to fruit quality would contribute towards better understanding of implications for mango fruit 

quality, including IDs.  

Keywords: Flesh browning, mineral nutrition, physiological disorders, post-harvest quality,   
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3.2 Introduction  

Mango (Mangifera indica L., family Anacardiaceae) is an economically important fruit crop grown 

in tropical and subtropical regions of Asia, Australia, Africa, and Latin America (Litz 2009; Kiloes 

et al. 2022). Mango is known for its sweet taste, distinct aroma, and high carotenoid content 

(Sivakumar et al. 2011; Sivankalyani et al. 2016). 

World mango production is increasing, for example, from 25 million tonnes in 2000 to over 57 million 

in 2021 (FAOSTAT 2022). Furthermore, the volume of mango exports from 2000 to 2021 increased 

from 0.62 to 2.3 million tonnes, with an average annual increase of 26% (FAOSTAT 2022). This rise 

in global demand for mangoes presents challenges associated with fruit quality. For example, the 

internal quality of the fruit towards the end of the supply chain, particularly for export markets. Fruit 

internal quality is often compromised by internal physiological disorders, which frequently arise 

during pre-harvest fruit development and post-harvest storage (Raymond et al. 1998a; Raymond et 

al. 1998b; Mogollón et al. 2020). Such disorders lessen the internal quality of the fruit, potentially 

rendering it unsuitable for human consumption, and posing a problem for the mango industry (Ma et 

al. 2022). 

Mangoes in most of the world's major production areas are susceptible to various physiological 

disorders. They include spongy tissue, jelly seed, soft nose, and insidious fruit rot, to name a few 

(Raymond et al. 1998a; Andrade et al. 2022; Ma et al. 2022). Internal disorders (IDs) are not visible 

to the naked eye, making them nearly impossible to detect at early stages. Although IDs have been 

extensively studied in the literature, underlying mechanisms and causes are dynamic. A range of 

factors across pre-harvest, harvest, and post-harvest stages have been associated with expression of 

IDs (Léchaudel & Joas 2007; Sivakumar et al. 2011).  

This systematic literature review was conducted towards a comparative comprehensive understanding 

of individual disorders affecting mango fruit quality and potential contributing factors. It aimed to 

inform and facilitate future management of these disorders. It also summarises varying terminologies 

used to describe different or similar disorders based on symptoms or pictorial references with the 

intent to establish a ‘common language’ for academic and industry sectors of the mango community. 

The strict inclusion criteria used in this review ensured that the article selection fits the study's 

objective and minimised literature biasness. 

3.3 Methodology 

Methodology utilised in this study followed the standard guidelines of systematic review outlined by 

the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines 
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(PRISMA) (Nightingale 2009). The PRISMA workflow effectively shows information flow through 

different phases. A general workflow of PRISMA involves the following steps: (i) Scoping: 

formulating the study objectives and expected outcomes, (ii) Planning: developing a search strategy 

using specific terminologies and identifying suitable databases for the study, (iii) Identification: 

identifying and examining resulting papers, (iv) Screening and Eligibility: removing duplications, 

irrelevant titles, or abstracts and further elimination based on exclusion/inclusion criteria, (v) Data 

Extraction: extracting relevant data from selected papers in a structured format according to the study 

objectives, and (vi) Interpretation: providing a descriptive summary of the findings, interpretations, 

and limitations. 

Three databases were selected for the initial search: ScienceDirect, Scopus, and Web of Science. The 

search was conducted in November 2022. Search terms used for each database and the results are 

shown in Table 3.1. The search identified 657 potential papers for initial screening. The results were 

saved in RIS format and imported into the Covidence platform, an online screening and data 

extraction tool used for systematic review management (https://www.covidence.org/). Of the full 

total, 123 papers were removed due to duplication across databases. Further 416 papers were excluded 

in the initial screening because the study title and/or abstract was irrelevant to this study’s objectives. 

During the second phase of screening, which involved full-text screening, 46 studies were excluded 

as not meeting the inclusion criteria (Table 3.2). Additional searches were performed manually to 

identify and include papers that might have been missed from previous searches. Nine papers relevant 

to the study objectives were identified through manual search and subsequently included in the final 

set of papers for data extraction. The final result was 81 papers (Figure 3.1) that included scientific 

articles, short communications, and conference papers, if sufficient information was available to meet 

requirements, in an inclusion timeline of 1971 - 2023. 

For data extraction, each paper was read thoroughly and included in a structured extraction sheet 

coded as Title, authors, study year, publication year, country of study, cultivar, publication type, study 

type, post-harvest treatments (if applicable), study length, fertiliser application (if applicable), type 

of disorder studied, and reason of defect (if applicable).  

In the final step, the data was interpreted in a structured report consisting of a descriptive summary 

of the findings, interpretation of findings, discussion, and limitations. Disorders were classified 

through written or pictorial references of symptoms along with factors responsible for their expression 

in mango fruit. Descriptive figures were created by Microsoft Excel (365). ‘Sankey’ diagrams 

depicting association of IDs with cultivars and mineral concentrations were produced in R (4.0.2) 

using ‘d3Network’ package.  

https://www.covidence.org/
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Thereafter, a causal loop diagram (CLD) was developed based on secondary data extracted from 

selected literature to discern the nature of disorder expression in terms of multifactorial associations. 

CLD involves the extensive mapping of the feedback loops within a defined system (Haraldsson 

2004). IDs in mango were considered an output of a complex system and direct and indirect effects 

of various factors positively or negatively influencing the expression of IDs were mapped using 

Stella® Architect systems modelling software considering its user-friendly interface and recognised 

iconography (Walters et al. 2016). Cause-and-effect relationships were represented between variables 

using arrows within the CLD. A positive sign (+) at arrowhead indicated a proportional relationship 

between cause and effect, and a negative sign (-) indicated an inverse relationship.  

Table 3.1. Database searched using specific terminologies. 

Database Search terms Results 

ScienceDirect 

("mango") and ("Internal disorders" OR "Internal breakdown" OR 

"physiological disorders" OR "internal browning" OR "jelly seed" OR "stem 

end cavity"  OR  "spongy tissue" OR "soft nose") 
393 

Scopus 

(TITLE-ABS-KEY ("mango" OR "Mangifera indica") AND TITLE-ABS-

KEY ("Internal disorders" OR "Internal breakdown" OR "flesh breakdown"  

OR "physiological disorders" OR "flesh browning" OR "internal browning"  

OR "jelly seed" OR "stem end cavity" OR "flesh cavity" OR "spongy tissue"  

OR "soft nose" OR "internal darkening" ) ) 

133 

Web of Science 

(TITLE-ABS-KEY ("mango" OR "Mangifera indica") AND TITLE-ABS-

KEY ("Internal disorders" OR "Internal breakdown" OR "flesh breakdown" 

OR "physiological disorders" OR "flesh browning" OR "internal browning" 

OR "jelly seed" OR "stem end cavity" OR "flesh cavity" OR "spongy tissue" 

OR "soft nose" OR "internal darkening") ) 

131 

Table 3.2. The exclusion and inclusion criteria for systematic literature review. 

Criteria Inclusion Exclusion 

Document type Journal article 

Conference papers 

Short communications 

Reviews  

Book chapters 

Thesis 

Language English  Non-English 

Study objective Discussing any aspect of internal disorders of mango  Not discussing internal disorders of mango 

Full text Available through web or library resources Not available  
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Figure 3.1: Step-by-step literature selection process based on PRISMA flow diagram (Nightingale 

2009). 

3.4 Descriptive analysis 

In general, three types of publications were included for data extraction and analysis: scientific papers, 

short communications, and conference papers. Figure 3.2a breakdowns number of publications over 

the past 5 decades, discussing one or more aspects of IDs. An increase in published studies was 

observed after 2000, which may have been associated with the global increase in mango production 

and export (FAO 2022; FAOSTAT 2022). World mango export volume increased from 0.62 to 1.65 

million tonnes over the 2000–2013 period (Evans et al. 2017). Such increase in export demand drives 

increase in quality control management as ‘long’ export supply chains often result in reduced shelf 

life, quality deterioration, and physiological disorders (Le et al. 2022). The highest number of 

publications (n = 40) discussing IDs of mango was conducted in India, followed by Brazil (n = 13), 

Spain (n = 6), China (n = 3), Philippines (n = 3), and USA (n = 3) (Figure 3.2b). When studies were 

categorised based on cultivar, ‘Alphonso’ was the most studied one for expression of IDs (n = 29), 

followed by ‘Tommy Atkins’ (n = 12), ‘Keitt’ (n = 10), and ‘Dashehari’ (n = 7) (Figure 3.3). Some 

studies discussed more than one cultivar for the development of a particular disorder, e.g., Cracknell 

Torres et al. (2004) studied incidence of internal flesh breakdown in 28 different mango cultivars and 

Srivastav et al. (2015) evaluated incidence of jelly seed disorder in 20 mango genotypes. Eleven 

publications highlighted incidence of IDs in ‘not-so-popular cultivars’ as represented by “other 
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cultivars” in Figure 3.3.  

 

Figure 3.2: a. Studies published over five decades discussing the IDs of mango and b. number of 

studies categorised based on country of study around the world. 

 

Figure 3.3: Number of studies discussing the IDs in major mango cultivars over five decades. Some 

studies discussed more than one cultivar for single or multiple disorders within a single publication. 

3.5 Internal disorders: Symptoms and classification 

IDs in mango are also called flesh breakdown or internal physiological disorders. They are 

characterised by any disintegration/abnormality in fruit mesocarp that is non-pathogenic in nature 

(Wainwright & Burbage 1989). Literature on mango IDs uses a range of specific or general 
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terminologies to describe one or more types of defects. Table 3.3 presents a range of general and 

specific terminologies used in the literature and their manifestation as a disorder. 

Specific terminologies are based on nature/appearance and/or location of the disorder within the 

mango fruit flesh. Soft nose is over softening and yellowing of fruit flesh at the distal end of the fruit 

(Figure 3.4b) (Burdon et al. 1991; Raymond et al. 1998a). Spongy tissue is brown/yellowish/white 

corky spots and sponginess in the flesh with or without cavities or air pockets and off-odour (Figure 

3.4c) (Gunjate et al. 1979b). Stem-end cavity is characterised by the presence of a cavity or air pocket 

in the fruit’s proximal region in the mesocarp adjacent to the peduncle (Figure 3.4d) (Raymond et al. 

1998a). Jelly seed is associated with watery and jelly-like appearance of the mesocarp near and around 

fruit seed (Figure 3.4e) (Andrade et al. 2022). Finally, flesh browning is characterised by 

brown/blackish discolouration of the fruit mesocarp around the seed (Figure 3.4f).  

However, the literature is rich with general terminologies, such that when symptoms are compared as 

to their written or pictorial reference, flesh browning is apparently also described as black flesh 

(Mogollón et al. 2020; Andrade et al. 2022), internal browning (Gabriëls et al. 2020), internal 

darkening (Acosta et al. 2000), internal necrosis (Saran & Kumar 2011), and insidious fruit rot 

(Tarmizi et al. 1993). Another general terminology is internal breakdown/defects that collectively 

describe more than one type of disorder in individual fruit e.g., Raymond et al. (1998b) referred soft 

nose, stem-end cavity, and jelly seed as generic term ‘internal breakdown’ in ‘Tommy Atkins’ mango.  

Such discrepancies could create confusion when seeking an understanding of the causal factors of 

IDs and their effective management. Soft nose was mostly attributed to mineral nutrient imbalance in 

the fruit flesh (Burdon et al. 1991, 1992), stem-end cavity was associated with fruit weight at harvest 

(Hermoso et al. 1997; Torres et al. 2004b; Torres et al. 2009), and flesh browning a response to post-

harvest storage temperature and duration (Acosta et al. 2000; Pina et al. 2000) and to post-harvest 

heat treatment at eating ripe stage (Jabbar et al. 2011) (Figure 3.6). Moreover, some cultivars are 

more susceptible to a specific disorder expression than are others. For instance, ‘Alphonso’ and 

‘Dashehari’ are highly susceptible to spongy tissue and jelly seed respectively, and ‘Sensation’ is 

prone to stem-end cavity and spongy tissue disorders (Figure 3.6). ‘Beverly’, ‘Kent’, and ‘Chauns’ 

are susceptible to soft nose. ‘Keitt’ and ‘Tommy Atkins’ express almost all disorders, viz., soft nose, 

jelly seed, spongy tissue, flesh browning, and stem-end cavity (Figure 3.6).  
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Figure 3.4: Internal disorders of mango. a. No disorder (control), b. Soft nose disorder (Lin et al. 

2013), c. Spongy tissue disorder (Oak et al. 2019), d. Stem-end cavity disorder (Asad et al. 

unpublished), e. Jelly seed disorder (Andrade et al. 2022), and f. Flesh browning disorder (Asad et al. 

unpublished). 
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Table 3.3. General and specific terminologies and symptoms as mentioned in the literature to describe different IDs of mango. 

General terminologies Specific terminology Symptoms  Similarity References 

---- Spongy tissue 

Brown/yellowish/white corky 

patches with or without air 

pockets/cavities and sponginess in 

flesh 

---- 

(Gunjate et al. 1979b; Krishnamurthy 1980; Gunjate et al. 1982; Katrodia & 

Rane 1988; Katrodia & Sheth 1988; Thomas et al. 1993; De Oliveira Lima et 

al. 1999; Shivashankara & Mathai 1999; Lima et al. 2001; Ravindra & 

Shivashankar 2004; Torres et al. 2004b; Ravindra & Shivashankar 2006; 

Shinde et al. 2006; Singh et al. 2006a; Vasanthaiah et al. 2006; Shivashankar 

et al. 2007; Janave & Sharma 2008; Vasanthaiah et al. 2008; Burondkar et al. 

2009; Janave 2009; Raja 2009; Shinde et al. 2009; Nagamani et al. 2010; 

Ravindra et al. 2010; Mehta et al. 2013; Shivashankar et al. 2015; Oak et al. 

2019; Shivashankar & Sumathi 2019; Andrade et al. 2022; Oak et al. 2022; 

Ma et al. 2023) 

---- Jelly seed 

Deeper yellow-orange colour/ 

watery and jelly appearance of the 

mesocarp tissue 

---- 

(Raymond et al. 1998a; Whangchai et al. 2001; Torres et al. 2004b; Torres et 

al. 2009; Lin et al. 2013; Srivastav et al. 2015; Shivashankar et al. 2016; 

Krishna et al. 2019; Seshadri et al. 2019; Bitange et al. 2020; Krishna et al. 

2020; Mogollón et al. 2020; Andrade et al. 2022) 

---- Soft nose 
Over softening/breakdown of 

flesh near distal end 
---- 

(Burdon et al. 1991, 1992; Raymond et al. 1998a; Amin et al. 2007; Jabbar et 

al. 2011; Lin et al. 2013) 

---- Stem-end cavity 
Cavity and discolouration at stem-

end in the flesh 
---- 

(Hermoso et al. 1997; Raymond et al. 1998a; Torres et al. 2004b; Torres et 

al. 2009) 

Internal breakdown/ 

flesh breakdown/ 

Internal necrosis 

---- 

Pale yellow/white flesh with air 

pockets/cavities 
Spongy tissue 

(Subraman et al. 1971; Esguerra et al. 1990; Hermoso et al. 1997; Hofman et 

al. 1997b; Kitma & Esguerra 2009; Lizada & Rumbaoa 2017; Ma et al. 

2018; Bizzani et al. 2020; Ma et al. 2022) 

Brown-black flesh and flesh 

discolouration 
Flesh browning 

(Saran & Kumar 2011; Bizzani et al. 2020; Ma et al. 2022; Seehanam et al. 

2022) 

Tissue collapse and watery areas Jelly seed (Oldoni et al. 2022) 

Internal browning/ 

darkening/ 

discolouration/ black 

flesh 

---- Browning in the mesocarp of fruit Flesh browning 

(Tarmizi et al. 1993; Acosta et al. 2000; Pina et al. 2000; Jabbar et al. 2011; 

Gabriels et al. 2019; Lo’ay & Ameer 2019; Gabriëls et al. 2020; Mogollón et 

al. 2020; Andrade et al. 2022) 
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3.6 Major contributing factors in the expression of internal disorders 

Contributing factors associated with the expression of IDs in mango fruit in selected literature are 

shown in Figure 3.5. Mineral nutrient imbalance in terms of access and/or deficiency was the 

dominant factor in disorder expression (n = 22). Other factors were post-harvest temperature 

management, including the storage temperature (n = 5), post-harvest quarantine heat treatment (n = 

4), and sun exposure after harvest in the field (n = 3). Some studies mention multiple reasons for the 

expression of IDs in a single publication. For example, Esguerra et al. (1990) asserted fruit maturity 

and post-harvest vapour heat treatment as being collectively responsible for spongy tissue in 

‘Carabao’ mango. Similarly, Raja (2009) considered pre-harvest high temperatures and humidity and 

mineral nutrient imbalance in the leaves as potential contributing factors to spongy tissue disorder in 

‘Alphonso’ mango. A number of studies in the selected literature (n = 31) had focused mainly on 

molecular and biochemical aspects and/or non-destructive detection of IDs (Thomas et al. 1993; 

Raymond et al. 1998a; Oak et al. 2019; Mogollón et al. 2020; Oak et al. 2022). These did not identify 

nor discuss a factor, per se. Spongy tissue was associated directly and/or indirectly with all of the 

factors discussed in the literature (Figure 3.6). However, jelly seed was only linked to mineral nutrient 

imbalance in the fruit flesh, fruit weight at harvest, and premature seed germination (Torres et al. 

2004b; Torres et al. 2009; Singh & Swati 2011; Shivashankar et al. 2016; Andrade et al. 2022) (Figure 

3.6). The role of each contributing factor is discussed in detail in the following sections. 

 

Figure 3.5: Breakdown of factors discussed in selected literature for expression of mango IDs. ‘*’ 

denotes studies discussing molecular, biochemical aspects, and non-destructive detection of IDs. 
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Figure 3.6: Classification and association of cultivar vs. IDs and respective contributing factors in 

the selected literature. Herein, the term ‘internal breakdown’ refers to the presence of multiple 

disorders all at once in single fruit, i.e., soft nose, jelly seed, stem-end cavity, and/or flesh browning. 

3.6.1 Mineral nutrients 

One of the most important and well-discussed contributing factors in literature to mango fruit ID 

expression is mineral nutrient imbalance, either deficiency or access (n = 22) (Figures 3.5 and 3.6). 

Mangoes require a range of nutrients to grow and develop properly (Bally 2009). Obtaining an 

optimum balance of mineral nutrients is likewise important to define fruit quality, in the context of 

varying genetic (G), management (M), and environmental (E) influences at pre-harvest fruit 

development and post-harvest handling stages (Léchaudel & Joas 2007; Bally 2009).  

Ca deficiency is the mineral most studied and associated with expression of IDs in mango. Ca 

deficiency has been linked to spongy tissue in ‘Alphonso’ (Subraman et al. 1971; Gunjate et al. 1979b; 

Raja 2009) and ‘Keitt’ (Ma et al. 2018; Andrade et al. 2022; Ma et al. 2022; Ma et al. 2023), flesh 

browning (Tarmizi et al. 1993; Andrade et al. 2022), soft nose (Burdon et al. 1991, 1992), and jelly 

seed (Singh & Swati 2011; Bitange et al. 2020; Andrade et al. 2022) (Figure 3.7, Appendix A1). Ca 
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provides membrane stability and cell wall strength through cross-linkages of pectin and carboxylic 

groups (Hocking et al. 2016). Therefore, Ca deficiency weakens the cell wall and renders fruit 

susceptible to breakdown during post-harvest rigours and stresses (Tonetto de Freitas & Mitcham 

2012). Ca concentrations in fruit flesh depends on fruit growth rate and transpiration (Hocking et al. 

2016). Fruit transpires at relatively high rates per unit fresh mass at early development stages, 

particularly during rapid cell division. They thus accumulate much of their Ca during early growth 

phase (Joyce et al. 2001; Montanaro et al. 2010). As fruit develop and mature, they enter the 

predominantly cell expansion stage and Ca intake decreases drastically (Joyce et al. 2001; Montanaro 

et al. 2010). This decline in Ca at later stages is attributed to reduction in xylem sap uptake due to the 

loss of xylem functionality and hydrostatic gradient between fruit and pedicel, generated by fruit 

growth and transpiration (Nordey et al. 2015). Transpiration is restricted at later stages as functional 

stomata turns into lenticels and with the formation of thick cuticle wax on mango fruit surface (Bally 

1999). Therefore, adequate availability of Ca during critical early growth stages may make a major 

difference in overall fruit Ca concentrations and post-harvest quality. 

Boron (B) deficiency was associated with browning and cracking-like symptoms in mango fruit flesh 

(Saran & Kumar 2011), along with spongy-like cavity formation in ‘Keitt’ (Ma et al. 2018). B is 

important for fruit set by regulating pollen tube growth, pollen germination, and flower development 

(Bally 2009). Saran and Kumar (2011) reported significantly (p ≤ 0.05) lower levels of B in fruit flesh 

expressing flesh browning symptoms in ‘Dashehari’ mango fruit. Foliar application of B as disodium 

octaborate tetrahydrate was effective in improving B levels, yield, and reducing disorder.  

Relatively high concentrations of N and phosphorus (P) were associated with mango fruit expressing 

a number of IDs (Subraman et al. 1971; Burdon et al. 1991; Torres et al. 2004a; Andrade et al. 2022; 

Ma et al. 2023). N tends to stimulate vegetative growth and increase fruit set, retention, and weight 

(Nguyen et al. 2004; Bally 2009; Ibell et al. 2017). Untimely application of N may stimulate new 

growth flush during early fruit developmental stages, consequently redirecting Ca influx from fruit 

towards young leaves with high transpiration rates. P is involved in root tip elongation, cell division 

and growth and is an essential component of sugar phosphates that regulate respiratory and other 

cellular energy metabolism mechanisms (Bally 2009).  

The influences of mineral nutrition can be modulated by G x E x M. ‘Keitt’ mango from Brazil had 

Ca concentrations of 1000 mg/kg D.W. in healthy and ~200 mg/kg D.W. in spongy tissue-affected 

fruit (Andrade et al. 2022). Ma et al. (2023) reported Ca concentrations of ~175 mg/kg D.W. in 

healthy and ~125 mg/kg D.W. in spongy tissue affected ‘Keitt’ fruit grown in China (values were 

estimated from graphs). There were conflicting reports of magnesium (Mg) and potassium (K) in 

terms of their associated with spongy tissue disorders (Figure 3.7, Appendix A1). For example, 
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Andrade et al. (2022) reported [Mg] deficiency and Ma et al. (2023) reported [Mg] excess in spongy 

tissue-affected ‘Keitt’ mango from Brazil and China, respectively. Reasons for such discrepancies in 

the literature are elusive and make it impractical to name optimum nutrient levels for robust fruit. 

However, mineral nutrient ratios, like N/Ca, K/Ca, and Mg/Ca, may be more reliable indicators of ID 

susceptibility in mango. There has been a consistent trend of higher ratios of these minerals in fruit 

affected with IDs compared to healthy fruit (Tarmizi et al. 1993; Andrade et al. 2022; Ma et al. 2022; 

Ma et al. 2023). Nevertheless, and as for individual element concentrations, specific ratios are elusive. 

Hence, predicting fruit quality based on mineral nutrient concentrations and ratios may need to be 

optimised for G x E x M.  

 

Figure 3.7: Association of the individual mineral element in mango flesh and their ratios with the 

expression of internal disorders. ‘+’ sign in disorder column indicates an increase in disorder with an 

increase (+) and decrease (-) in mineral element concentrations in mango flesh. Here, the internal 

breakdown term refers to the expression of the combination of soft nose, jelly seed and stem-end 

cavity disorder in single fruit at once. For detailed information on individual studies, see Appendix 

A1. 
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3.6.2 Temperature exposure  

Temperature regulates critical development processes, including growth, maturation, and ripening, 

and mediates post-harvest product quality and shelf life (Paull & Chen 2000; Fonseca et al. 2002). 

Raja (2009) reported a marked increase in spongy tissue in ‘Alphonso’ mango in humid climate ( 

humidity: 60-70%, rainfall: 2500 mm/year) with higher growing temperatures compared to a semi-

arid climate (humidity: 25-30%, rainfall: 650 mm/year). Pre-harvest temperatures modulate 

developmental aspects of mango fruit physiology through transpiration rate and water loss that 

determines nutrient movement, diurnal shrinkage, growth rate, and ultimately fruit quality and 

susceptibility to IDs (Shivashankara & Mathai 1999; Montanaro et al. 2006; Singh et al. 2006b). 

Influences of temperature on the development of important quality traits, such as fruit size, taste, and 

aroma are well documented (Génard & Bruchou 1992; Hewett 2006).  

Post-harvest temperature management includes limited exposure to field temperatures and sunlight 

at harvest, post-harvest phytosanitary heat treatments as a control measure for fruit fly infestation for 

export, and low-temperature storage in transit (Gunjate et al. 1982; Esguerra et al. 1990; Acosta et al. 

2000) (Figure 3.6). Mango fruit exposed to heat after harvest can alter its physiology such as hindering 

normal physiological processes and ripening (Gunjate et al. 1982; Katrodia & Sheth 1988). Studies 

in the 1980s highlighted the critical roles that sunlight and field temperatures play in the development 

of IDs in mango. Gunjate et al. (1982) exposed harvested ‘Alphonso’ mango to a direct sunlight-

induced internal fruit temperature range of 37.5 – 49 °C for 5 – 240 min and observed a linear increase 

of the incidence of spongy tissue disorder from 10% to 100% in control (no exposure) to 240 min 

sunlight exposed fruit. Similarly, the sun-exposed side with internal temperature of 43.8 °C of an 

‘Alphonso’ mango manifested 100% spongy tissue disorder incidence as compared to 0% for the 

unexposed side (39.2 °C) (Katrodia & Sheth 1988). Such studies paved the way for early management 

guidelines to limit direct sunlight exposure and to precool at the earliest convenience after harvest. 

Post-harvest phytosanitary heat treatments, like vapour heat treatment (VHT) and hot water treatment 

(HWT), are important for mango exports to specific protocol countries as a quarantine treatment for 

fruit fly and other pests, like mango seed weevil. In post-harvest heat treatments, the fruit mesocarp 

temperature is raised to 47 °C and maintained for 15 min by hot moist air (VHT) or hot water dips 

(HWT) (Jacobi et al. 2001). Temperature range and duration can vary depending upon a cultivar’s 

susceptibility to heat injury. Both treatments kill fruit fly eggs and larvae, but can induce disorders 

depending upon the cultivar and inherent fruit robustness (Esguerra et al. 1990; Kitma & Esguerra 

2009). Jabbar et al. (2011) reported internal discolouration (flesh browning) and soft nose disorder in 

HW-treated ‘Chauns’ mango. Esguerra et al. (1990) sorted fruit based on maturity using 1% salt 

solution and observed white starchy lesions, termed spongy tissue, in immature (floaters) ‘Carabao’ 
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mango fruit subjected to VHT. Kitma and Esguerra (2009) reported a similar disorder in ‘Carabao’ 

mango upon HWT treatment. However, conditioning the fruit using hot air prior to HWT significantly 

(p ≤ 0.05) reduced the incidence of white starchy lesions or spongy tissue disorder. Since 

phytosanitary treatments are essential for mango export to protocol countries, appropriate measures 

(e.g., resilient maturity stage, conditioning) to ensure that fruit remain free of IDs that otherwise 

would be revealed at the consumer’s end of the supply chain. 

Post-harvest storage and transport, including time and temperature, is also pivotal in maintaining fruit 

quality throughout the supply chain, especially for longer, in terms of time and/or distance, export 

supply chains. Prolonged periods of storage at low temperatures and/or in modified atmosphere 

packaging can lead to internal hypoxia (oxygen starvation) precipitating mesocarp degradation, 

internal breakdown, and browning (Pina et al. 2000; Lizada & Rumbaoa 2017). Acosta et al. (2000) 

reported that the incidence of internal darkening (flesh browning) increased from 6 to 78% and 56 to 

94% with an increase in storage duration from 22 to 28 days at 13 °C and 18 °C, respectively, in 

‘Haden’ mango. Fruit stored at 8 °C didn’t show any such symptoms until day-26 but did suffer low 

temperature-induced chilling injury after 24 days storage. 

Incidence of IDs can be minimised by limiting sun exposure, choosing appropriately mature fruit for 

post-harvest heat treatment, and maintaining a balance in storage time and temperature with respect 

to cultivar so as to preserve the quality and longevity of mango fruit (Wills & Golding 2016b). 

3.6.3 Fruit characteristics (size, maturity) 

Fruit characteristics such as maturity and weight at harvest are essential to meet consumers’ 

preferences, and can markedly alter post-harvest fruit physiology, quality and shelf life (Wills & 

Golding 2016a).  

Mango fruit are usually harvested at the hard green mature stage before the onset of the climacteric 

respiration rise (Hofman & Whiley 2010). Immature and overmature fruit tend to develop poor 

texture, flavour, and aroma. While early harvest immature fruit exhibit longer shelf life, they tend to 

express disorders upon post-harvest heat treatments (Esguerra et al. 1990; Jacobi et al. 2001). On the 

other hand, overmature fruit have shorter shelf life but are also more susceptible to express disorders 

(Bally 2006). Subraman et al. (1971) and Burondkar et al. (2009) reported a higher incidence of 

spongy tissue in middle-to-late harvested ‘Alphonso’ mango compared to early harvest. The 

‘Alphonso’ mango were sorted into three maturity classes based on specific gravity, viz.,  < 1.00, 

1.00 – 1.02, and > 1.02 (Krishnamurthy 1980, 1982). The percent incidence of spongy tissue was 4% 

in <1.00 specific gravity fruit compared to 33% and 63% in 1.00-1.02 and >1.02 respectively, 

indicating higher susceptibility in more mature fruit.  
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Fruit weight is another particularly important characteristic of mango fruit. Along with external 

appearance (e.g., colour, blemish), weight is most often used as an index for fruit grading category 

for target domestic and/or export markets. The relationship between mango fruit size and 

susceptibility to IDs depends on the cultivar and type of disorder. For example, Subraman et al. (1971) 

reported that an increase in fruit weight from > 200 to > 300 g significantly (p = 0.1) increased the 

spongy tissue disorder in ‘Alphonso’ mango from 18.2% to 44.5%, respectively. A similar trend was 

noted for ‘Harumanis’ mango for insidious fruit rot (flesh browning) disorder, with fruit having < 

350 g weight had 7.4% and 451 – 500 g fruit had 35.1% incidence of disorder (Tarmizi et al. 1993). 

Also, jelly seed disorder was noted to be positively correlated with fruit size in N-fertilised 

experimental trees, but not in unfertilised control trees (Torres et al. 2004b; Torres et al. 2009).  

Contradictory reports were noted in ‘Sensation’ mango between stem-end cavity disorder and fruit 

weight (Hermoso et al. 1997; Torres et al. 2004b; Torres et al. 2009). Hermoso et al. (1997) found 

negative correlation and Torres et al. (2009) reported positive correlation between fruit weight with 

stem-end cavity disorder in ‘Sensation’ mango. However, in later studies (Torres et al. 2004b; Torres 

et al. 2009), ‘Sensation’ trees were heavily N fertilised with biennial/alternate crop bearing pattern 

for the entire duration of experiment which can most likely influence fruit characteristics and 

incidence of IDs respectively. Thus, it is very difficult to separate whether the incidence of stem-end 

cavity disorder was entirely due to fruit weight or if crop load and/or N fertilisers also contributed to 

fruit’s susceptibility during development and maturation.  

3.6.4 Premature seed germination  

Premature seed germination causing IDs was first explored in the Indian cultivars ‘Alphonso’ and 

‘Amrapali’ for spongy tissue and jelly seed disorders, respectively (Ravindra & Shivashankar 2004; 

Shivashankar et al. 2016).  

Comparative physiological, biochemical, and mineral analysis indicated that seeds of spongy tissue-

affected ‘Alphonso’ mango fruit had higher respiration rates, higher amylase, and lipase activities, 

moisture, and greater Ca concentrations compared to seeds in healthy fruit (Ravindra & Shivashankar 

2004). The results implied that withdrawal and remobilization of minerals and water from fruit 

mesocarp into the seed caused spongy tissue symptoms (Ravindra & Shivashankar 2004, 2006; 

Ravindra et al. 2010). The early onset signs of spongy tissue were linked to a burst of ethylene 

production and an increase in cytokinin and gibberellins in seed that signalled the onset of 

germination (Shivashankar et al. 2015; Shivashankar & Sumathi 2019).  

Pre-harvest application of paclobutrazol markedly reduced the incidence of spongy tissue and jelly 

seed in ‘Alphonso’ and ‘Amrapali’ mangoes, respectively (Shivashankar et al. 2007; Ravindra et al. 
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2010; Shivashankar et al. 2016). This was interpreted to be by downregulating seed metabolism and 

amylase activity. In contrast, gibberellic acid aggravated the disorders upon upregulating general 

metabolic and amylase activity (Shivashankar et al. 2007; Ravindra et al. 2010; Shivashankar et al. 

2016). Seshadri et al. (2019) recommended a pre-harvest spray of a salt formulation that primarily 

consisted of NaCl, CaCl2, KCl, and low concentrations of H3BO3, CuSO4, ZnSO4, FeSO4, MnSO4, 

and EDTA as an effective preventive measure for jelly seed in ‘Amrapali’. This formulation delayed 

seed germination by eliciting abscisic acid and germination-inhibiting phenolics in the seed with 

reduced jelly seed disorder (Seshadri et al. 2019).  

3.6.5 Bacterial infection  

Two studies in the selected literature noted the presence of gram-positive Staphylococcus xylosus 

bacteria as a potential causative factor for spongy tissue disorder in ‘Alphonso’ mango (Figure 3.5) 

(Janave & Sharma 2008; Janave 2009). Previous work by Subraman et al. (1971) on spongy tissue-

affected ‘Alphonso’ had not given any clear indication of the presence of a pathogen and its role as 

the primary causative agent of internal disorder. They discussed isolation of Bacillus sp. from 

disordered tissue but did not establish pathogenicity. Hence, further investigations are required to 

corroborate this prospect. 

3.7 Interacting factors influencing expression of internal disorders 

From above, it is evident that expression of IDs is intricate due to multiple positive and negative 

predisposing interacting factors across pre-harvest, harvest, and post-harvest stages (Figure 3.8). The 

majority of aforementioned studies in the selected literature highlight one to a few causal factors.  

Accordingly, characterising the complex interplay of individual factor effects on IDs of mango is 

challenging, including because of interactions across the dynamic G x E x M continuum.  

A first step in managing fruit susceptibility to IDs is perhaps to recognise that the interactive 

relationships may be overlooked during reductive scientific practice. A second may be recognising 

pre-harvest fruit growth and development and postharvest ripening and senescence as a dynamic 

continuum.  

The majority of relevant literature identified in the course of this systematic literature review focused 

on fruit minerals concentrations and their association with IDs and typically recommended fertiliser 

applications to improve fruit nutrient levels (Krishnamurthy 1982; Tarmizi et al. 1993; Torres et al. 

2004a; Shinde et al. 2006; Shinde et al. 2009; Andrade et al. 2022; Ma et al. 2022; Ma et al. 2023). 

However, efficacy needs to account for factors that mediate nutrient uptake from the growth substrate 

and transport through the tree and into the fruit (Gilliham et al. 2011; Tonetto de Freitas & Mitcham 
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2012; Hocking et al. 2016). These deterministic variables include soil properties, like pH, moisture, 

and nutrient holding capacity (Jackson & Meetei 2018; Marschner & Rengel 2023), root properties, 

like morphology, distribution, and health (Mengel 1995), tree properties, like canopy volume, fruit 

set, and crop load (Bally 2006; Zabedah et al. 2008; Robinson & Lopez 2010; Serra et al. 2016; 

Isarangkoo et al. 2019), and environmental conditions, like temperature, VPD and rainfall (Gunjate 

et al. 1982; Ho & Adams 1994; Montanaro et al. 2006). Moreover, all such factors change constantly 

with time across any one crop cycle, affecting the flowering, fruit set and development cycle and fruit 

characteristics at harvest, like size, maturity, and robustness (Léchaudel & Joas 2007). 

Considering this complexity, a causal loop diagram is proposed to organise and help understand the 

interplay of factors affecting fruit qualities at harvest and attendant postharvest susceptibility to 

disorders (Figure 3.8). The prototype association of deterministic variables is presented with 

arrowheads having positive and negative signs indicating direct and inverse relationships, 

respectively. Pre-harvest factors suggest monitoring temperature, rainfall and VPD during fruit set 

and development stages, also taking appropriate management decisions (e.g., fertiliser application, 

irrigation scheduling, canopy pruning) into account. For example, to maintain optimum soil moisture 

levels for nutrient availability in the soil and root health for uptake via feeder roots. In this regard, an 

ideal rootstock-scion combination can improve nutrient uptake and distribution in the tree (Iyer & 

Subramanyam 1992; Iyer & Degani 1997). Dynamic interactions of environmental conditions and 

management practices needs to be understood and ideally monitored and managed on a seasonal basis 

to ensure consistency of fruit quality. 

Likewise, fruit physicochemical attributes such as weight and maturity, are important factors 

determining a fruit’s susceptibility to IDs (Krishnamurthy 1980; Hermoso et al. 1997). However, the 

timeline is dynamic across pre-harvest through harvest into postharvest, with pressures associated 

with fruit treatment, handling, and distribution, like for domestic versus overseas markets. For 

instance, fruit harvested at higher maturity tend to have greater incidence of spongy tissue 

(Krishnamurthy 1980) or, where post-harvest VHT treatment is involved, the less mature fruit may 

be more likely to develop spongy tissue disorder (Esguerra et al. 1990) (Figure 3.8). Towards 

understanding how fruit are likely to behave, it is instructive to consider what stresses it may endure 

in the supply chain, including phytosanitary treatments (VHT, HWT, irradiation) and low-

temperature storage conditions and durations, including for relatively long export supply chains. 

Conceptual comprehension of entire farm orchard to retail store systems, as facilitated by CLDs 

should inform the production of relatively more robust fruit through enlightened management of 

factors otherwise likely to increase the incidence of IDs. 
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Figure 3.8: A notional high-level causal loop diagram (CLD) encompassing pre-harvest, harvest, and 

post-harvest factors associated with G x E x M practices in the context of predisposition to expression 

of various internal disorders in mango fruit flesh. ‘+’ and ‘-’on arrowheads indicate positive or 

negative effects, respectively, on subsequent factors in loops. ‘±’ effects were indicated with the red 

coloured arrows. Blue italicised variables are ‘shadow variables’ of the original variables presented 

as such to avoid overlapping arrows. 



47 
 

3.8 Conclusion 

The current study systematically reviews progression of research on underlying causes of internal 

physiological fruit disorders in mango cultivars. From systematic literature review, mineral nutrition 

imbalance in fruit flesh was the single most studied factor, along with fruit size and maturity 

characteristics at harvest,  and post-harvest management practices that include storage conditions and 

phytosanitary treatments. The analysis suggests that these variables directly and/or indirectly 

profoundly influence mango fruit quality in terms of susceptibility to internal disorders. It was 

discerned, however, ‘the literature’ is substantially lacking in important background information on 

soil characteristics (e.g., texture, pH, nutrient holding capacity), growing conditions (temperature, 

humidity, and rainfall), and other orchard characteristics that include fertilisation and irrigation 

management practices, biennial cropping effect, and insight into how these interacting factors mediate 

fruit quality and disorder susceptibility. This review provides a benchmark against which future 

research might adopt holistic approaches to contiguously ascertain predisposition of mango fruit to 

internal disorders across the pre-harvest, harvest, and post-harvest continuum. 
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Chapter 4 Variation in mineral nutrient composition across seasons 

and regions with regards to internal disorders expression in vapour 

heat-treated 'B74' mango fruit 

4.1 Abstract 

Supply of premium quality fruit to export markets is important for consumer satisfaction and repeat 

purchase. For ‘B74’ mango fruit export, vapour heat treatment (VHT) is protocol for fruit fly control 

for market access. However, VHT has been associated with internal physiological disorders in ‘B74’ 

fruit. Susceptibility of this cultivar to internal disorders (IDs) was investigated in association with 

VHT and flesh mineral composition. Fruit were sourced from three varying climatic regions 

(Northern Territory (NT), Far-north Queensland (FNQ), and South-east Queensland (SEQ)) over two 

successive seasons. They were assessed for IDs associations with mesocarp minerals. Flesh browning 

(FB) and flesh cavity with white patches (FCWP) were the main defects observed. Over two seasons, 

highest FB incidence was observed in NT fruit (20%) and highest FCWP in FNQ fruit (65%). FB was 

not seen in fruit from SEQ in either season. The flesh [Ca] and [Mg] were highest in NT fruit. [N], 

[B], N/Ca, K/Ca, and (K+Mg)/Ca were higher (p ≤ 0.05) in fruit from SEQ. Overall, significant (p ≤ 

0.05) positive correlations between FCWP with N/Ca, K/Ca, and (K+Mg)/Ca ratios and negative 

correlation between FB with [B] was discerned by linear correlation and principal component analysis 

(PCA). However, correlation strength and significance level varied across regions and seasons. This 

inconsistency suggests other deterministic factors also influence VHT-induced IDs in ‘B74’ mango.  

Keywords: Export, flesh nutrients, postharvest quality, physiological defects, VHT.  
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4.2 Introduction 

Mangoes, a climacteric perishable fruit, are susceptible to external and internal disorders that include 

lenticel spots, under-skin browning, soft nose, jelly seed, flesh cavity, and internal browning 

(Wainwright & Burbage 1989; Kulkarni 1992; San et al. 2014; Mishra et al. 2016; San et al. 2019). 

Such physiological defects affect fruit texture, visual appeal, marketability, and consumer satisfaction 

(Oldoni et al. 2022). Susceptibility of mangoes to physiological disorders depends upon a variety of 

factors that include cultivar, seasonal environment changes, mineral nutrition, and post-harvest 

practices (Schaffer 1994a; Hofman et al. 2012). Defects are problematic for the mango industry, 

including occurring in many cultivars (Raymond et al. 1998b; Krishna et al. 2020; Mogollón et al. 

2020). 

Effects of pre- and/or post-harvest factors have been investigated to determine cause and effect in 

respect to fruit’s predisposition to IDs (Subraman et al. 1971; Rane et al. 1976; Katrodia 1979; 

Gunjate et al. 1982; Singh et al. 2006b; Léchaudel & Joas 2007). Previous research has linked mineral 

nutrient deficit with development of IDs, e.g., Ca and B (Singh et al. 2013a; Ma et al. 2018; Bitange 

et al. 2020).  

Ca plays a critical role in fruit development, cell wall strengthening, and signal transduction pathways 

(Kamthan et al. 2015). Ca deficiency during early fruit development leads to physiological disorders 

such as bitter pit in apple (Kalcsits et al. 2019), blossom end rot in tomato (Ho et al. 1993), and 

internal breakdown in avocado (Hofman et al. 2002). Upon weakening mesocarp cell walls, Ca 

deficiency in mango fruit is associated with jelly seed (Raymond et al. 1998b), stem-end cavity 

(Raymond et al. 1998a), and spongy tissue (Ma et al. 2023). 

While individual mineral nutrients, like Ca, evidently have a role in fruit development and resilience, 

nutrient balance (e.g., N/Ca, K/Ca) is a potentially useful index for robustness and quality (Torres & 

Saúco 2004; Bally 2006; Ma et al. 2018).  

Robustness at harvest denotes the innate ability to withstand harvest and post-harvest stresses. For 

export, fruit for protocol markets undergo phytosanitary treatments. Particularly for long export 

supply chains, disinfestation treatment may increase fruit susceptibility to physiological disorders that 

dimmish the quality to consumers (Jacobi & Giles 1997).  

For ‘B74’ mango export to certain Asian markets, fruit must undergo vapour heat treatment (VHT) 

for fruit fly infestation (Jacobi & Giles 1997; Singh & Saini 2014). Thereby, fruit core temperature 

is raised to and maintained at 47 °C for 15 min using forced moisture-saturated air, before being 

cooled down to storage temperature (e.g., 18 °C) (Jacobi et al. 2001). If fruit are not sufficiently robust 

at harvest, then VHT may adversely affect fruit physiochemistry and elicit IDs (Mitcham & 
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McDonald 1993).  

While demand for mangoes in international markets is strong, compromised internal quality poses a 

threat. The present study investigates the prevalence of IDs in export quality ‘B74’ fruit and the 

putative role of fruit minerals in susceptibility to VHT-induced IDs for ‘B74’ mangoes from several 

production regions and two successive growing seasons. 

4.3 Materials and Methods 

4.3.1 Description of experimental sites 

‘B74’ mango fruit were sourced from three distinct growing regions (Northern Territory (NT), Far-

North Queensland (FNQ), and Southeast Queensland (SEQ)) over two fruiting seasons (2020 and 

2021) (Figure 4.1). The annual crop production cycle in the NT typically starts with flowering in late 

winter/early spring, and harvest starts in late September/October, depending upon temperature 

fluctuations (AMIA 2022b). The annual crop production cycles for FNQ and SEQ start from July to 

late-August, with harvests beginning in late November and late January/early February, respectively 

(AMIA 2022a). NT fruit were sourced mainly from farms near Katherine (14.479oS, 132.266oE) and 

Mataranka (14.925oS, 133.066oE), FNQ fruit from near Dimbulah (17.158oS, 145.099oE), and SEQ 

fruit from near Childers area (25.136oS, 152.372oE). The orchards were 10-16 years old trees on 

‘Kensington Pride’ rootstock. They were maintained under standard commercial practice (Appendix 

A2Appendix A6). Average monthly maximum and minimum temperatures and rainfall data were 

obtained from The Australian Bureau of Meteorology website for the closest weather stations; viz., 

Katherine (14.52oS, 132.38oE), Dimbulah (17.34oS, 144.93oE), and Childers (25.26oS, 152.28oE). 

Soil mineral analysis data were collected from each production region from the growers. Soil samples 

were taken by growers as part of routine nutrient management programs and were analysed by 

commercial soil analysis laboratories. 
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Figure 4.1: Map of Australia showing regions (approximate) and location of the VHT facility where 

‘B74’ fruit were harvested and treated, respectively. 

4.3.2 Fruit sampling 

Fruit were commercially harvested, de-sapped, and treated with fungicide as per standard commercial 

practice. They were then transported to the VHT facility at Rocklea, Brisbane after harvest and within 

5-6 days of harvest from NT (~3400 km) and 3-4 days from FNQ (~1700 km). Transport was in 

refrigerated trucks at avg. 16 °C. Fruit from SEQ were transported to the VHT facility within 1-2 

days (~350 km) of harvest in an airconditioned vehicle (Figure 4.1). Although SEQ fruit are not 

generally exported due to inconsistent quality across growing seasons (S. Grabbe, pers. comm., 2020), 

they were included towards assessing if mineral nutrient imbalance is a contributing factor to 

inconsistent postharvest quality. Detailed information on blocks and fruit samples from regions is 

presented in Table 4.1. Fruit were sampled multiple times throughout each season from multiple 

supply chains at the VHT facility. At each sampling event, they were sorted into six commercial 

packing trays and each containing 15 individual fruits. Each tray was one replicate. Three trays per 

sampling interval were subjected to VHT, whereby the core temperature was raised to 47 °C and 

maintained for 15 min. Relative humidity was > 90%. The whole process takes around 4-6 h. 

Afterwards, fruit were immediately placed at 18 °C room temperature for 6-8 h and transferred to the 

post-harvest laboratory at The University of Queensland, Gatton campus, about 100 km away. The 

remaining three trays were non-VHT and kept at room temperature (20 ± 2 °C) in the VHT facility. 

Thereat, post-harvest assessments and ripening were conducted at 20 °C without ethylene treatment.  

Table 4.1. Number of fruit assessed for IDs from each region in two seasons. 

Region Blocks 
Total fruit 

assessed 

Number of individually assessed fruit 

Season 2020 Season 2021 
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+VHT -VHT +VHT -VHT 

NT 3 1602 246 242 576 538 

FNQ 2 1652 216 150 648 638 

SEQ 1 990 225 225 270 270 

4.3.3 Fruit assessments 

The fruit ripening stage was determined subjectively using a hand firmness rating system after 

Hofman et al. (2010a): viz., 0 = Hard (no ‘give’ in the fruit), 1 = Rubbery (slight ‘give’ in the fruit), 

2 = Sprung (flesh deforms by 2 - 3 mm with extreme thumb pressure), 3 = Firm soft (whole fruit 

deforms with moderate hand pressure), and 4 = Soft (whole fruit deforms with slight hand pressure). 

Incidence and severity of IDs were assessed by visual inspection at ripe (firmness stage 4).  

Longitudinal cuts were made through the fruit flesh immediately adjacent to the seed. Incidence % 

was (number of fruit with a disorder / total number of fruit) × 100. Severity for individual fruit was 

rated 0 - 3: where, 0 = Healthy (no sign of disorder); 1= Slight (<25% area of mesocarp affected); 2 

= Moderate (25-50% area of mesocarp affected); and 3 = Severe (> 50% area of mesocarp affected). 

4.3.4 Fruit mineral analysis 

For mineral analysis, mesocarp sections (~2 × 2 × 2.6 cm) from the widest part of the fruit cheek were 

obtained for five fruit per tray after VHT and duly combined as one composite sample per tray. 

Additionally, mesocarp sections from individual healthy or disorder fruit were separated, dried at 65 

°C in a fan-forced oven for 3 days, and ground to fine powder using a laboratory scale mini ball mill 

(Retsch Mixer Mill MM 400). Total N was measured using LECO C/NS928 carbon/nitrogen 

combustion analyser at combustion temperature 1250 °C (Flanagan et al. 2022). Other minerals, 

including Ca, Mg, K, P, and B, were measured using inductively coupled plasma-optical emission 

spectrometry (ICPOES: Thermo iCAP PRO XP) (Altundag & Tuzen 2011). Tissue samples were 

digested in an open vessel with a 5:1 mixture of nitric and perchloric acid heated to 200 °C. The 

forward power for the ICPOES plasma was 1200 W. Samples were aspirated into the spectrometer 

using a concentric nebuliser with a Tracey spray chamber. The instrument was operated in radial 

mode for macronutrients and axial mode for micronutrients. All results were expressed as mg/kg on 

dry weight basis. 

4.3.5 Statistical analysis 

Incidence and severity data on IDs and mesocarp mineral concentrations were analysed by two-way 

analysis of variance (ANOVA). Since multiple supply chains originated from a single block and 

blocks were adjacent to each other and managed under similar management practices, blocks were 

aggregated, and data was analysed using region and season as factors with uneven replicates. Fruiting 



53 
 

season was factor A and region factor B, and means were compared at a 5% confidence level by 

Tukey’s HSD test (Ferreira et al. 2014). Data normality distribution was determined by the Shapiro-

Wilk normality test (Razali & Wah 2011). Pearson’s correlation coefficients (r) were determined to 

relate mineral nutrients to IDs (Schober et al. 2018). Multivariate analysis was performed using 

principal component analysis (PCA) (Biermann et al. 2022). All statistical analyses were performed 

in R (4.0.2) and graphs were prepared using R-packages, viz., ggplot2 (Wickham 2011) and gplots 

(Warnes et al. 2009).  

4.4 Results 

4.4.1 Weather and soil conditions 

Weather and soil data were collected from each production region over two consecutive seasons. NT 

experienced higher temperatures than the two other regions in both years, with average maximum 

temperatures reaching 40 °C around harvest in summer (Figure 4.2). Site-specific differences in soil 

properties were evident between regional farm sites. The soil at the farm in the NT was mildly alkaline 

(pH 8.8) with high cation exchange capacity (CEC), Ca (meq/100g), and Mg (meq/100g) compared 

to the SEQ farm site (Table 4.2). The cationic balance by base saturation of CEC for Ca % was lower 

at the SEQ site. On the other hand, K % was high at the SEQ and FNQ sites compared to the NT farm 

site (Table 4.2). Na % was much higher in SEQ than NT soil.  
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Figure 4.2: Meteorological data from the three sites from which fruit were sourced for quality 

assessments and mesocarp mineral analyses in two consecutive seasons. The top two figures show 

maximum and minimum (solid and dotted lines, respectively) average monthly temperatures for 2020 

and 2021. The bottom two figures show the monthly average rainfall over two seasons for each of the 

selected sites. The fruit production cycles from flowering to harvest were April to September/October 

for NT, June/July to November/December for FNQ and August/September to January/February for 

SEQ, respectively. 

Table 4.2. Soil characteristics and mineral concentrations at 30 cm depth taken at the end of Jan 2021 

and 2022 mango seasons for the three sampling regions, i.e., NT, FNQ, and SEQ. “-“ denotes data 

not available. 

Parameters Unit 
NT  FNQ SEQ 

2020 2021 2020 2021 2020 2021 

pH (H2O) - 8.77 8.85 - 6.07 7.50 7.23 

CEC meq/100g 9.87 7.72 - 3.40 3.97 3.21 

Ca meq/100g 7.27 5.45 - 2.56 2.62 2.29 

Mg meq/100g 2.30 2.16 - - 0.94 0.61 

K meq/100g 0.20 0.08 - 0.18 0.21 0.19 

Na meq/100g 0.10 0.01 - - 0.16 0.07 
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Ca base saturation % of CEC 73.87 70.64 - 75.60 66.01 69.94 

Mg base saturation % of CEC 24.67 28.24 - - 23.88 19.58 

K base saturation % of CEC 2.00 1.10 - 5.24 5.41 6.11 

Na base saturation % of CEC 0.87 0.00 - - 4.16 2.42 

Ammonium - N mg/kg 1.04 - - - 1 3.56 

Nitrate - N mg/kg 2.73 - - - <1 < 1 

B  mg/kg 0.30 0.40 - 0.27 0.48 0.58 

P mg/kg 54.00 57.59 - - 43.67 53.83 

S mg/kg 5.67 5.53 - - 9.67 8.41 

4.4.2 Occurrence and severity of internal disorders  

Two distinct IDs were observed in export quality ‘B74’ mango, they being flesh cavity with white 

patches (FCWP) and flesh browning (FB) (Figure 4.3). FCWP was characterised by dry-white 

honeycomb-like cavities in the inner mesocarp near the seed (Figure 4.3b). FCWP was distinguished 

from spongy tissue disorder as there was no off-odour (Oak et al. 2019). It was only present in fruit 

subject to VHT. 

FB was characterised by darkening and discolouration in the fruit mesocarp at eating ripe (Figure 

4.3c). It presented in both VHT and non-VHT fruit. Figure 4.4 shows the regional distribution of % 

incidence and the severity of both FCWP and FB disorders in VHT-treated fruit over two seasons.  

Incidence of both disorders varied significantly (p ≤ 0.05) for fruit sourced from the different 

production regions and seasons. The mean values of FCWP incidence ranged from 4.8% to 69.5% 

(Table 4.3). Overall, FCWP incidence was significantly (p ≤ 0.001) lower in 2021 (29.2%) compared 

to 2020 (52.4%). NT fruit consistently showed a significantly (p ≤ 0.001) lower incidence of FCWP 

(22.4%) compared to SEQ (31.5%) and FNQ (64.9%) at the ripe stage when two years of data were 

pooled (Table 4.3). There was no significant (p > 0.05) difference in FCWP incidence in fruit from 

FNQ in 2020 (50.2%) and 2021 (69.5%) and fruit from SEQ in 2020 (63.6%). However, in 2021, 

SEQ fruit had a significantly (p ≤ 0.001) lower incidence of FCWP disorder (4.8%).  

The incidence of FB was significantly (p ≤ 0.001) higher in NT fruit (20.0%), followed by FNQ 

(8.2%) (Table 4.3). No incidence of FB was noted in SEQ fruit in any season. The severity of FCWP 

and FB across all regions and seasons followed a similar trend to the incidence of these disorders. 

Overall, NT fruit had a significantly (p ≤ 0.001) higher incidence of FB, and FNQ fruit showed the 

highest FCWP and moderate FB incidence and severity in both seasons.  
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Figure 4.3: Photographs showing a cross-section of ripe ‘B74’ mango fruit exhibiting IDs. a. Healthy 

(no disorder), b. Flesh cavity with white patches (FCWP), and c. Flesh browning (FB). 

 

Figure 4.4: Box and Whiskers plots of percent incidence (% Inc) and severity (0-3) of FCWP and 

FB disorders in ‘B74’ mango from different production regions over the two seasons. The upper and 

lower whiskers represent 25% and 25% data. The coloured boxes represent the intermediate 50% data 

and the transvers lines within the boxes is the median separating the value in two equal parts. 

Table 4.3. Statistical analyses of occurrence and severity of IDs of ‘B74’ mango from different 
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production regions. Means followed by the same letter in each column are not significantly different 

at p ≤ 0.05 according to Tukey’s HSD test. FCWP: flesh cavity with white patches, FB: flesh 

browning. 

Internal disorders at eating ripe stage 

Season (S) FCWP % Incidence FCWP Severity FB % Incidence FB Severity 

2020 52.41 a 0.79 a 5.35 0.06 

2021 29.19 b 0.37 b 8.71 0.10 

Significance <0.001 <0.001 0.06 0.73 

Region (R)     

NT 22.44 c 0.27 c 20.01 a 0.24 a 

FNQ 64.98 a 0.99 a 8.23 b 0.08 b 

SEQ 31.52 b 0.44 b 0.00 c 0.00 c 

Significance <0.001 <0.001 <0.001 <0.001 

S × R     

2020 × NT 20.72 bc 0.34 b 23.17 a 0.26 a 

2020 × FNQ 50.21 a 0.87 a 3.13 bc 0.05 bc 

2020 × SEQ 63.56 a 0.91 a 0.00 c 0.00 c 

2021 × NT 23.07 b 0.25 b 18.88 a 0.23 a 

2021 × FNQ 69.53 a 0.96 a 9.80 b 0.10 b 

2021 × SEQ 4.81 c 0.04 b 0.00 c 0.00 c 

Significance <0.001 <0.001 0.01 0.01 

4.4.3 Mesocarp mineral nutrient concentrations of ‘B74’ mango 

Mesocarp mineral analyses also showed considerable variation in mineral concentrations of ‘B74’ 

mangoes across regions and seasons (Figure 4.5). Fruit from SEQ had significantly (p ≤ 0.01) higher 

[B], N/Ca, K/Ca, and (K+Mg)/Ca over the two fruiting seasons than did those from the NT and FNQ 

(Table 4.4). However, Ca and Mg concentrations were significantly (p ≤ 0.001) higher in NT fruit 

compared to those in FNQ and SEQ fruit. There was no significant (p > 0.05) difference in flesh K 

concentrations across the three regions and the two seasons (Table 4.4). Overall, seasonal influences 

on mineral concentrations across all regions were significant (p ≤ 0.01), except for Ca. For region × 

season interaction, [Ca] was significantly (p ≤ 0.001) higher in both NT and FNQ fruit in 2020 

compared to 2021. However, there was no significant interaction (p > 0.05) in Ca concentrations of 

SEQ fruit in both years. A similar trend of no significant interaction (p > 0.05) was observed in Mg 

concentrations for NT and FNQ, but not for SEQ fruit (Table 4.4, Figure 4.5). On the other hand, [B] 

was consistently and significantly (p ≤ 0.001) higher in SEQ for both seasons and for FNQ fruit in 

2021. Overall, NT fruit had significantly (p ≤ 0.001) lower concentrations of B, compared to FNQ 

and SEQ fruit (Figure 4.5). K/Ca and (K+Mg)/Ca were significantly (p ≤ 0.001) higher in SEQ fruit 

in 2020, and N/Ca was highest in 2021.  
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Figure 4.5: Mineral nutrient concentrations in mesocarp of ‘B74’ mango sourced from different 

production regions over the two fruiting seasons. The upper and lower whiskers represent 25% and 

25% data. The coloured boxes represent the intermediate 50% data and the transvers lines within the 

boxes is the median separating the value in two equal parts. 

Table 4.4. The differences in mineral nutrient concentrations across regions and seasons of ‘B74’ 

mango flesh. Means followed by the same letter in each column are not significantly different at p ≤ 

0.05 according to Tukey’s HSD test. 

Mesocarp mineral concentrations at harvest (mg/kg D.W.) 

Season (S) N Ca K Mg B N/Ca K/Ca (K+Mg)/Ca 

2020 3287 b 593.9 11350 a 480.5 b 7.62 a 6.26 b 21.4 a 23.06 a 
2021 4627 a 579.7 10852 b 502.2 a 6.96 b 8.46 a 19.69 b 20.59 b 

Significance <0.001 0.34 0.004 0.002 <0.001 <0.001 0.01 <0.001 

Region (R)         
NT 3771 b 734.8 a 11022 544.0 a 4.73 c 5.38 b 15.65 c 16.69 c 

FNQ 3935 ab 607.9 b 10921 498.8 b 6.54 b 6.80 b 18.63 b 20.28 b 
SEQ 4502 a 486.2 c 11080 463.3 c 8.94 a 9.48 a 23.81 a 24.79 a 

Significance 0.01 <0.001 0.967 <0.001 <0.001 <0.001 <0.001 <0.001 

S × R         
2020 × NT 3410 b 835.9 a 10711 ab 578.7 a 5.02 d 4.20 c 13.12 c 14.88 c 

2020 × FNQ 3228 b 779.5 ab 11131 ab 548.6 ab 6.97 c 4.24 c 14.66 c 18.81 bc 
2020 × SEQ 3261 b 463.7 d 11621 a 429.6 d 8.66 b 7.48 b 25.96 a 26.92 a 
2021 × NT 3900 b 698.7 b 11133 ab 534.1 b 4.63 d 5.81 bc 16.55 c 17.34 c 

2021 × FNQ 4153 b 555.1 c 10857 b 483.5 c 6.40 c 7.59 b 19.86 b 20.74 b 
2021 × SEQ 5535 a 504.9 cd 10630 b 490.9 c 9.17 a 11.16 a 22.01 b 23.02 b 
Significance 0.004 <0.001 0.003 <0.001 <0.001 0.01 <0.001 <0.001 

4.4.4 Correlation of mineral nutrients and IDs in ‘B74’ mango 

Associations between individual mineral nutrient concentrations and IDs expression were 

inconsistent, with inconsistent correlations across regions and fruiting seasons (Table 4.5). On the 

other hand, their ratios as  N/Ca, K/Ca, and (K+Mg)/Ca were relatively consistently correlated with 
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IDs (Table 4.5).  

FCWP incidence showed significant positive correlations with N concentrations in fruit from the NT 

(r = 0.59, p < 0.05), FNQ (r = 0.67, p < 0.05), and SEQ (r = 0.42, p < 0.01) in 2020. In contrast, such 

correlations were not evident in the 2021 fruiting season (Table 4.5). Individually [K] consistently 

showed a significant (p ≤ 0.05) positive association with FCWP incidence in NT and SEQ fruit over 

two fruiting seasons but not with FNQ fruit. [Ca] did not significantly (p > 0.05) correlate with FCWP 

incidence over the two fruiting seasons except for fruit from NT (r = -0.33, p < 0.05) and FNQ (r = -

0.55, p < 0.05) in 2021 and 2020, respectively (Table 4.5). [Mg] was not correlated with FCWP in 

FNQ and SEQ fruit in any season. Conversely for NT fruit, there was a strong positive correlation (r 

= 0.87, p < 0.001) in 2020 season and negative correlation (r = -0.34, p < 0.05) in 2021. On the other 

hand, [B] only and negatively correlated with FCWP (r = -0.59, p < 0.05) in 2020 season for NT fruit. 

N/Ca, K/Ca, and (K+Mg)/Ca showed significant (p ≤ 0.05) positive correlations with FCWP 

incidence in either first and/or second season across all regions. The scatter plots clearly indicated the 

positive trend in FCWP incidence with N/Ca, K/Ca, and (K+Mg)/Ca ratios in NT and FNQ fruit 

across both fruiting seasons (Figure 4.6). However, for SEQ fruit, the FCWP incidence increased 

with an increase in flesh K/Ca and (K+Mg)/Ca ratio but not with N/Ca (Figure 4.6). Strong 

correlations were observed for N/Ca in FNQ-2020 (r = 0.88, p < 0.001), for (K+Mg)/Ca in NT (r = 

0.72, p < 0.01), and FNQ (r = 0.83, p < 0.001) in 2020 season. SEQ showed moderate correlation 

with mineral nutrient ratios in 2020 and no significant (p > 0.05) correlation with any of the mineral 

nutrient ratio in 2021 (Table 4.5).  

Incidence of FB disorder was positively correlated with [N] in only FNQ-2020 fruit (r = 0.63, p < 

0.05), with [K] in NT-2021 (r = 0.68, p < 0.001) and FNQ in both seasons (2020: r = 0.46, p < 0.05, 

2021: r = 0.62, p < 0.001). Like FCWP, a negative correlation of [B] with incidence of FB was evident 

in FNQ-2021 fruit only (Table 4.5). Mineral nutrient ratios were not as significantly (p > 0.05) 

involved in FB incidence as in FCWP disorder. However, in 2021, NT fruit showed significant 

positive correlation between FB incidence and N/Ca (r = 0.37, p < 0.05), K/Ca (r = 0.52, p < 0.001), 

and (r = 0.51, p < 0.001). On the other hand, fruit from SEQ had no FB over the two fruiting seasons. 

The distribution of FCWP and FB across three regions over the two seasons in relation to mineral 

nutrients was further illustrated by PCA. PCA is used to dimmish biasness in multivariate dataset and 

to form an objective evaluation by compressing data variability into a few key principal components 

(Biermann et al. 2022). The pooled data were plotted and clustered based on production regions for 

the first two principal components explaining 63.8.% of the total variation for FCWP disorder and 

64.4% of the variation for FB disorder (Figures 4.8 and 4.9). The vectors indicating the % incidence 

of FCWP were located on the same axis as mineral nutrient ratios, consistent with the strong positive 
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correlation and higher contribution to this disorder. The data grouping indicated higher susceptibility 

of SEQ fruit towards FCWP due to potential higher concentrations of K/Ca and (K+Mg)/Ca (Figure 

4.8). NT fruit appeared to be more susceptible to FB disorder and data distribution from FNQ fruit 

showed equal susceptibility towards both disorders (Figures 4.8 and 4.9). Furthermore, vectors 

pointing in opposite directions for [Ca] and [Mg] vs FCWP, and [B] vs FB indicated a negative 

correlation of [Ca] and [Mg] and [B] with each disorder, respectively (Figures 4.8 and 4.9). It was 

evident from the scatter plot of [B] against FB incidence from all three regions over two seasons 

(Figure 4.7). 

 

Figure 4.6: Scatter plots of incidence of FCWP disorder versus mineral nutrient ratios in ‘B74’ 

mango flesh across three different production regions over two seasons. Each data point represents 

the % incidence of 15 sample fruit. 



61 
 

 

Figure 4.7: Scatter plot of FB disorder versus B concentration in ‘B74’ mango flesh across three 

different production regions over two seasons. Each data point represents an average of 15 sample 

fruit. 

Table 4.5. Correlation coefficients (r) between ‘B74’ mango flesh mineral concentrations at harvest 

and incidence of IDs at ripe stage for each region and season. ‘* , **, ***’ denotes the level of 

significance of correlation at p ≤ 0.05, 0.01 and 0.001, respectively (Tukey’s HSD test). 

Nutrients 

FCWP % Incidence FB % Incidence 

NT FNQ SEQ NT FNQ SEQ 

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 

N 0.59* ns 0.67* ns 0.42** ns ns ns 0.63* ns - - 

Ca ns -0.33* -0.55* ns ns ns ns ns ns ns - - 

K 0.52* 0.31* ns ns 0.32* 0.30* ns 0.68*** 0.46* 0.62*** - - 

Mg 0.87*** -0.34* ns ns ns ns ns ns ns ns - - 

B -0.59* ns ns ns ns ns ns ns ns -0.44** - - 

N/Ca ns 0.37* 0.88*** ns 0.46** ns ns 0.37* ns ns - - 

K/Ca ns 0.48** 0.46* 0.32* 0.44** ns ns 0.52*** ns ns - - 

(K+Mg)/Ca 0.72** 0.47** 0.83*** 0.32* 0.44** ns ns 0.51*** ns ns - - 
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Figure 4.8: Principal component analysis (PCA) fruit nutrient concentrations and FCWP in ‘B74’ 

mango. Variance of component 1 (Dim1) = 46.3% and that of component 2 (Dim2) = 17.5%. Here, 

IFCWP = % incidence of FCWP, NCa = nitrogen to calcium ratio, KCa = potassium to calcium ratio, 

and KMgCa = potassium +  magnesium to calcium ratio. 
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Figure 4.9: Principal component analysis (PCA) fruit nutrient concentrations and FB in ‘B74’ mango. 

Variance of component 1 (Dim1) = 45.4% and that of component 2 (Dim2) = 19%. Here, IFB = % 

incidence of FB, NCa = nitrogen to calcium ratio, KCa = potassium to calcium ratio, and KMgCa = 

potassium +  magnesium to calcium ratio. 

4.4.5 Mineral concentrations in healthy versus FCWP fruit 

The flesh of individual healthy and FCWP disorder fruit with different severity levels was assessed 

for mineral analysis (Table 4.6). N concentrations were significantly (p ≤ 0.05) higher in disordered 

fruit from FNQ compared to healthy fruit. No significant (p > 0.05) differences in [N] were observed 

between healthy and FCWP fruit from SEQ and NT regions. [Ca] was significantly (p ≤ 0.01) higher 

in healthy fruit across all regions except FNQ. A trend like [Ca] was observed in Mg concentrations 

except for NT where healthy fruit had lower [Mg] compared to FCWP disordered fruit (Table 4.6). 

[P], [Mn], [Cu], and [B] were not significantly (p > 0.05) different between healthy and FCWP fruit 

from any production region. Mineral nutrient ratios viz., N/Ca, K/Ca, and (K+Mg)/Ca were 

significantly (p ≤ 0.05) different between healthy and FCWP fruit across all regions except for K/Ca 

in FNQ, and the highest values were noted in severely FCWP-affected, and the lowest in healthy fruit 

(Table 4.6).  

Table 4.6. Mineral concentrations in the mesocarp of healthy and FCWP disordered ‘B74’ mango 
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fruit from different production regions (n = 3). Means followed by the same letter in each column are 

not significantly different at p ≤ 0.05 according to the Tukey’s HSD test. 

Region 
FCWP 

Severity 

Mesocarp mineral concentrations (mg/kg D.W.) 

N  Ca  K Mg  N/Ca K/Ca 
(K+Mg)/C

a 

SEQ 

Healthy 3690.9 527.52 a 11691.9 b 460.54 a 7.04 c 22.29 c 23.17 c 

Slight 4084.3 487.77 a 12891.8 a 440.74 b 8.38 b 26.44 b 27.34 b 

Moderate 3983.7 485.82 a 12490.8 a 445.18 b 8.20 b 25.71 b 26.63 b 

Severe 3695.5 389.51 b 11440.6 b 402.65 c 9.49 a 29.37 a 30.41 a 

Significance ns ** *** *** ** *** *** 

FNQ 

Healthy 3812.6 b 630.21 11230.9 b 503.55 ab 6.06 b 17.88 18.68 b 

Slight 4004.8 ab 568.37 12308.3 a 534.96 a 7.17 ab 21.94 22.89 a 

Moderate 4278.6 ab 565.07 11776.7 ab 488.08 ab 7.58 a 20.83 21.70 ab 

Severe 4627.6 a 580.45 12037.7 ab 480.66 b 7.98 a 20.75 21.58 ab 

Significance * ns * * * ns * 

NT 

Healthy 3460.7 791.97 a 9167.3 535.44 4.38 b 11.72 b 12.41 b 

Slight 3953.2 528.97 b 9145.6 544.55 7.53 a 17.34 a 18.37 a 

Moderate 4331.9 575.59 b 9945.1 532.73 7.56 a 17.30 a 18.23 a 

Severe 3480.8 522.81 b 9331.3 561.23 6.69 ab 17.95 a 19.04 a 

Significance ns ** ns ns * ** ** 

Here, * p ≤ 0.05; ** p ≤ 0.01;  *** p ≤ 0.001; ns: not significant. 

4.5 Discussion 

The relative deficiency or excess of one or more mineral nutrients can cause developmental 

abnormalities and metabolic disorders in fruit during post-harvest storage and ripening (Baugher et 

al. 2017; Donahue et al. 2021; Andrade et al. 2022). For instance, low [Ca] and high K/Ca 

concentrations in apple peel were associated with bitter pit disorder (Kalcsits et al. 2019; Donahue et 

al. 2021). Also, deficiency of [K], [B], and [Zn] in citrus peel can result in fruit cracking (Juan & 

Jiezhong 2017). 

In the present study concerning phytosanitary (VHT) treatment, incidence and severity of IDs in 

‘B74’ mango were assessed for fruit from three distinct regions of Australia over two consecutive 

growing seasons and with regard to  flesh mineral concentrations. FCWP and FB were the most 

prominent defects observed and their prevalence varied significantly (p ≤ 0.05) across both regions 

and seasons (Table 4.3).  

Overall, fruit from FNQ and SEQ were more susceptible to FCWP compared to NT fruit. The 

disorders were evidently associated with lower Ca, Mg, and higher N concentrations in the mesocarp 

over the two seasons, except for SEQ in the 2021 season (Tables 4.3 and 4.4). Involvement of Ca and 

Mg deficiencies in fruit predisposition to range of IDs (i.e., soft nose, spongy tissue, and browning) 

has been reported for other mango cultivars (Burdon et al. 1991; Assis et al. 2004; Sharma & Singh 

2009; Ma et al. 2018). These associations were supported by mineral analysis of individual healthy 

and defective fruit, where healthy fruit had relatively higher Ca and Mg, while FCWP fruit had 
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relatively higher N and K concentrations (Table 4.6). High Mg and low K concentrations have 

previously been related to less internal defects and diseases in other fruit crops, namely avocados 

(Witney et al. 1990).  

Lower concentrations of Ca and Mg in FCWP fruit may relate to competition for uptake with K by 

the roots level, as well as relatively low mobility of these nutrients in the plant during the active fruit 

growth period (Marschner 1995; Tonetto de Freitas & Mitcham 2012; Hocking et al. 2016). Edaphic 

and environmental factors, including temperature and humidity during active fruit growth and 

development, are also likely modulators of Ca uptake and movement within the plant (Hewett 2006; 

Léchaudel & Joas 2007). NT soils had more available [Ca] with higher CEC and % base saturation 

in both seasons compared to FNQ and SEQ soils (Table 4.2). The NT region also experienced higher 

average temperatures throughout the year compared to FNQ and SEQ (Figure 4.2). As Ca 

predominantly moves through xylem under transpiration pull, relatively higher temperatures may 

have driven VPD, which facilitated Ca uptake and distribution to NT fruit via high transpiration rates 

(Shivashankara & Mathai 1999).  

The mineral ratios N/Ca, K/Ca, and (K+Mg)/Ca were  consistently significantly (p ≤ 0.05) positively 

correlation with FCWP disorder across all seasons and regions (Table 4.5). Imbalance of [Ca], [N], 

[K], and [Mg] reportedly plays a vital role in fruit susceptibility to post-harvest disorders and defects 

(Assis et al. 2004; Torres & Saúco 2004). High N/Ca and K/Ca ratios are related to IDs of mango 

(Assis et al. 2004; Andrade et al. 2022; Ma et al. 2022). Assis et al. (2004) reported significantly (p 

≤ 0.05) higher N/Ca at 31:1 in ‘Tommy Atkins’ fruit flesh affected with a disorder compared to non-

defected fruit (17.1:1). Similarly, mineral nutrient ratios were significantly (p ≤ 0.05) lower in healthy 

‘Keitt’ mango flesh (N/Ca: ~7.5:1, K/Ca: 25:1) compared to fruit with spongy tissue (N/Ca: 30:1, 

K/Ca: ~95:1), jelly seed (N/Ca: 15:1, K/Ca: ~65:1), and flesh darkening (N/Ca: ~25:1, K/Ca: ~70:1) 

disorder (Andrade et al. 2022).  

Principal component analysis supported positive correlation between mineral nutrient ratios and 

incidence of FCWP when all data across two seasons and three regions were pooled (Figure 4.8). 

However, the range in ratios between healthy and disordered fruit differed across regions. For 

instance, the mean (K+Mg)/Ca ratio in fruit with severe disorders from NT was 19:1, which was 

higher than that for healthy fruit from SEQ (23.2:1) (Table 4.6). These differences in ratio values 

between healthy and disordered fruit highlights production region as a contributor to variability in 

numerical values of ratios alone for use as a predictive index. Another possible reason for NT fruit to 

have lower incidence of FCWP could be long transit times between harvest and VHT (5-7 days) 

compared to FNQ (3-4 days) and SEQ (1-2 days). Time before VHT may ‘condition fruit’ by, for 

example, starch hydrolysis into sugars and even activation of heat shock proteins that may further 
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assist with tolerating subsequent heat treatment (Paull & Chen 1990; Joyce & Shorter 1994; Brecht 

et al. 2020) 

Data separation by PCA for region suggested that NT fruit were more susceptible to FB than FNQ 

and SEQ fruit (Figure 4.9, Table 4.3). PCA also indicated negative correlation between incidence and 

severity of FB with B concentration (Figure 4.9). SEQ fruit had significantly (p ≤ 0.001) higher [B] 

in both seasons, followed by FNQ and NT (Table 4.4). A role of [B] in maintaining internal fruit 

quality and/or susceptibility to internal breakdown in mango has been documented (Sharma & Singh 

2009; Saran & Kumar 2011; Ma et al. 2018; Andrade et al. 2022). [B] in plant cells contributes to the 

network of pectic polysaccharides in the primary cell wall through borate-diester bonds (Matoh 1997; 

Bariya et al. 2014), which is distinct from hemicellulose and cellulose components of the cell wall 

(Matoh 1997). Formation of the pectin network provides cell wall stability, including in growth of 

reproductive cells, flower initiation, fruit retention, and in maintaining fruit internal quality (Lovatt 

1990; Whiley et al. 1996; Smith et al. 1997b; Sharma & Singh 2009; Bariya et al. 2014). 

However, in addition to mineral nutrients, other pre- and postharvest factors, such as crop load, 

maturity, and time and temperature in the supply chain are also potential modulators of fruit 

predisposition to physiological disorders (Jacobi et al. 2001; East et al. 2009; Sivakumar et al. 2011; 

Rehman et al. 2015). In general, fruit robustness at harvest should mitigate adverse effects of post-

harvest rigours on fruit quality and thereby diminish development of internal defects (Joyce 2021; 

Joyce et al. 2023; Kiloes et al. 2023). Seasonal variation needs to be characterised, including with 

regard to soil minerals availability, crop load, and environmental dynamics (Katrodia & Rane 1981, 

1988; Hofman 1995; Bally 2006; Payne et al. 2014; Anderson et al. 2017; Wang et al. 2018; Wang 

et al. 2019b). 

4.6 Conclusion 

Incidence of IDs in ‘B74’ mango varied appreciably across production regions and fruiting seasons. 

Fruit from FNQ and SEQ were relatively more susceptible to express FCWP post VHT. This appeared 

to be due to lower [Ca] and [Mg] and higher [N], K/Ca, and (K+Mg)/Ca ratios as compared to NT 

fruit. The flesh mineral involvement with FCWP was further affirmed by assessing individual mineral 

concentrations of healthy and FCWP-affected fruit from all regions. Notably, the (K+Mg)/Ca ratio 

could be used as a predictive index for the likelihood of FCWP developing in the fruit after VHT due 

to its consistent correlation across regions and seasons. In contrast, NT fruit were more prone to 

develop FB disorder, evidently in association with lower fruit flesh [B]. This observation suggests 

that improving fruit [B] status could improve resistance to FB. Nonetheless, as correlations of mineral 

concentrations with the prevalence of IDs were inconsistent with seasonal variations, disorder 
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expression is most likely a multi-variable issue. Hence, there is imperative for both more 

comprehensive as well as in-depth studies on a broad range of pre-harvest factors in addition to 

nutrition with a view to develop reliable predictive model for consistent supply of robust quality fruit 

to export markets, including in terms of tolerance to phytosanitary treatments like VHT.  
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Chapter 5 Improving ‘B74’ mango fruit quality for export through 

pre-harvest mineral nutrition 

5.1 Abstract 

A field experiment over three consecutive cropping seasons investigated effects of N- and Ca-based 

fertiliser applications on ‘B74’ mango fruit mineral status and post-harvest quality for export. 

Fertiliser treatments in season 1 were: 1. control (no additional N or Ca); 2. low-N, nil-Ca (N: 50 

g/tree); 3. high-N, nil-Ca (N: 100 g/tree); 4. low-N, high-Ca (N: 50 g/tree + Ca: 690 g/tree); and 5. 

high-N, high-Ca (N: 100 g/tree + Ca: 690 g/tree). N was applied as urea and Ca as microfine gypsum. 

A sixth treatment in the second and third season was: 6. very high-N, high-Ca (N: 429 g/tree + Ca: 

526 g/tree) as calcium nitrate. In general, no significant (p > 0.05) effects of fertiliser applications 

over and above standard commercial practice were observed on soil and leaf mineral concentrations. 

The sole exception was for the low-N and high-Ca combination treatment, which increased 

exchangeable soil [Ca]. This treatment also improved fruit mineral status and reduced incidence of 

flesh cavity with white patches (FCWP) disorder. Irregular bearing for the trial site was recorded in 

low to medium crop in season 1, high crop in season 2, and, expectedly, low crop in season 3. This 

pattern was irrespective of fertiliser treatments. Overall, fruit mineral status was determined by crop 

load and neither by fertiliser application nor nutrient availability in the soil. Crop load was 

significantly (p < 0.001) positively correlated with fruit [Ca] (r = 0.68), [Mg] (r = 0.81), and [B] (r = 

0.50), and was negatively correlated with [K] (r = -0.57), K/Ca (r = -0.74), and (K+Mg)/Ca (r = -

0.73). Considered collectively, findings suggest that management decisions around fruit quality 

export would best be made based on orchard and tree conditions, namely from high crop load trees, 

and at-harvest fruit mineral status collectively. 

Keywords: Disorders, fertiliser, VHT, quality.  
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5.2 Introduction 

Post-harvest fruit quality, including expression of internal disorders (IDs), is affected by various 

factors. These including growing temperatures and VPD, edaphic characteristics, canopy 

management practices, and mineral nutrition (Hofman 1998). Ca is commonly implicated in 

physiological and pathological diseases of fruit crops (Shear 1975a, 1975b; Ferguson et al. 1994; 

Zocchi & Mignani 1995; Zhang et al. 1999; White & Broadley 2003; Taylor & Locascio 2004; 

Tonetto de Freitas & Mitcham 2012). In avocados, strong inverse correlations have been found 

between high fruit [Ca] and reduced rots (Hofman et al. 2002) and IDs, including flesh discolouration, 

vascular browning, and pulp spots (Eaks 1985; Thorp et al. 1997; Penter & Stassen 2000). For 

example, Ca is associated with improving papaya fruit firmness (Qiu et al. 1995) and shelf life in 

avocados (Witney et al. 1990). Plant cells, including those in fruit mesocarp tissues, are bonded by 

the middle lamella predominantly composed of Ca-bound pectin (Hocking et al. 2016). It usually 

breaks down during fruit ripening and softening and the process is typically faster under Ca deficit, 

which can lead to cellular breakdown and expression of disorders (Hocking et al. 2016).  

Conversely, high N concentrations have been associated with more rot and ID in avocado and mango 

fruit (Arpaia et al. 1996; Penter & Stassen 2000; Marques et al. 2003; Kruger et al. 2004; Torres et 

al. 2004a; Torres et al. 2004b). In this context, it is considered important to maintain [N] and [Ca] 

balance to achieve optimum fruit quality.  

Effects of N and Ca fertilisers on fruit quality have been extensively studied for fruit crops (Shear 

1975b; Lewis et al. 1977; Cracknell Torres et al. 2004). For example, Schaffer (1994b) observed 

reduced internal flesh breakdown in ‘Keitt’ mango upon soil application of calcium carbonate plus 

foliar spray of calcium nitrate. Nevertheless, repeated foliar applications of CaCl2, KCl, and MgCl2 

from fruit set to harvest failed to either improve fruit [Ca] or reduce internal breakdown incidence in 

‘Sensation’ mango (Hermoso et al. 1997). ‘Tommy Atkins’ showed higher incidence of internal 

breakdown in mango fruit mesocarp having higher N and lower Ca concentrations in response to 

fertiliser applications (Torres et al. 2004a). However, in a multi-year field trial with ‘Sensation’ 

mango, increased internal fruit breakdown along with increased fruit weight were attributed to 

supplementary ammonium nitrate fertilisation (Torres et al. 2004b). Also, it is important to avoid any 

antagonistic effects of applied N form on root mediated Ca uptake e.g., Bonomelli et al. (2021) 

reported that ammonium excess application significantly inhibited and nitrate excess stimulated Ca 

uptake in tomato seedlings. 

Nevertheless, strategically timed N applications can increase fruit number and yield, ultimately 

improving fruit quality overall (Lahav & Whiley 2002). For Ca and depending on soil characteristics, 
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lime (for acid soils) or gypsum (for neutral or alkaline soils) are recommended to increase Ca 

availability and to improve Ca cation exchange percentage in the soil (Silva et al. 2005).  

Optimum balance of mineral nutrients is critical in maintaining fruit robustness, especially when 

targeting export markets where fruit needs to withstand postharvest rigours (Corcoran et al. 2000; 

Bally 2006; Sivakumar et al. 2011). Certain protocol markets (e.g., China, Japan, New Zealand) 

require specific phytosanitary treatments, including vapour heat treatment, hot water treatment, and 

irradiation (Jacobi et al. 2001; Brecht et al. 2020). If fruit lack inherit robustness at harvest, 

phytosanitary treatments are likely to adversely affect internal and/or external fruit quality (Jacobi & 

Giles 1997; San et al. 2014; Singh & Saini 2014; Marques et al. 2016) 

The present study explores ‘B74’ mango fruit quality in response to varying rates of N and Ca 

fertilisers and phytosanitary vapour heat treatment. The specific objectives were to understand: 1. 

whether soil application of N and Ca at early fruit development stages alone and/or in combination 

influence fruit mineral composition and quality, and 2. the potential interplay of N- and Ca- fertiliser 

application and post-harvest phytosanitary (VHT) treatment on fruit quality, including expression of 

IDs. 

5.3 Materials and Methods 

5.3.1 Experimental site 

The field study was conducted on a commercial ‘B74’ on ‘Kensington Pride’ rootstock mango 

orchard at Childers, Queensland (25.136oS, 152.372oE) over three consecutive cropping seasons 

(2020 to 2022, inclusive). The trees were ~16 years old in 2020 at  a planting density of 8 m interrow 

x 4 m in row. The soil texture was loam/sandy loam comprised of 82.5% sand (coarse sand: 39.2%, 

fine sand: 43.3%), 7.8% silt, and 9.7% clay. The soil electrical conductivity was < 0.15 dS/m and the 

cation exchange capacity (CEC) was low at 3.3 meq/100g, suggesting limited low capacity to hold 

nutrients. pH of the top 0 - 30 cm soil profile was neutral (7.5), and the 30 - 60 cm layer was mildly 

acidic (5.9). 

5.3.2 N and Ca treatments 

Five treatments (see below) were applied in season 2020 to plots of five trees. A guard tree was 

between each plot in the randomized complete block design experiment with three replicates and a 

guard row between each. A sixth treatment was imposed in seasons 2021 and 2022. All standard 

macro- and micro-nutrients were applied as per commercial management practices in addition to N 

and Ca treatments (Appendix A6). N, alone and in combination with Ca, was applied as urea (N – 
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46%, Green Urea, Incitec Pivot, Ltd). Ca was applied as microfine gypsum (Ca – 23%, S – 18%, 

CaSO4.2H2O, GreenCal Gypsum (Powder) Swancorp Pty Ltd.) and as calcium nitrate (Ca – 19%, N 

– 15.5%, B – 0.2% Swancorp Pty Ltd). Low and high N rates (urea; Table 5.1) were split into three 

applications (40%, 40%, and 20%) in all three seasons from flower bud swelling to mid-fruit 

development to maintain a relatively continuous supply of N during growth and development and 

with a view to reduce the risk of leaching (Table 5.2). N was thoroughly mixed in water and 

distributed evenly under the canopy area from trunk to drip line. For the three consecutive seasons, a 

high dose of gypsum-Ca was applied by hand at flower bud swell stage in combination with the first 

half split application of N. A high dose of calcium nitrate was applied in 2021 and 2022 seasons and 

split into three equal applications 1/3rd  at 2 - 3 weeks intervals over early fruit development stages 

(Tables 5.1 and 5.2). The sprinkler irrigation system was operated on each occasion for 15 mins to 

help incorporate N and Ca fertilisers into the soil. Trees without any additional N or Ca were treated 

as controls. 

Table 5.1. Elemental N and Ca concentrations applied to ‘B74’ mango trees in a three-year trial. 

Season 2020 
Treatments 

Seasons 2021 and 2022 
Fertilisers 

N (g tree-1) Ca (g tree-1) N (g tree-1) Ca (g tree-1) 

0 0 Control 0 0  

50 0 low-N, nil-Ca 50 0  

100 0 high-N, nil-Ca 100 0  

50 690 low-N, high-Ca 50 690  

100 690 high-N, high-Ca 100 690  

- - high-N, high-Ca 429.4 526  

Here,    : control,    : urea,     : micro-fine gypsum,   : calcium nitrate 

Table 5.2. Timeline of fertiliser application across the three seasons. 

Season Fertilisers 
Month of application 

August September October November December 

2020 

Urea 40% - 40% 20% - 

Microfine-gypsum 100% - - - - 

Ca-nitrate - - - - - 

2021 

Urea 40% 40% 20% - - 

Microfine-gypsum 100% - - - - 

Ca-nitrate - 33.5% 33.5% 33.5% - 

2022 

Urea 40% - 40% - 20% 

Microfine-gypsum 100% - - - - 

Ca-nitrate - - 33.5% 33.5% 33.5% 

5.3.3 Meteorological data, soil, and leaf sampling 

The trial site climate was monitored for temperature and humidity data in the field from full bloom 

to commercial harvest using Tinytag™ data loggers (Tinytag Plus 2, TGP-4500) within Stevenson 

screens. Rainfall data were collected from the closest weather station in Childers South (lat. 25.26°S, 
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long. 152.28°E, elevation: 95 m) approximately 20 km from experiment site. There was little 

difference in maximum and minimum temperatures and in humidity throughout fruit growth cycles 

across the seasons (Figure 5.1). However, 2021 was a wetter year, with multiple rain events during 

fruit maturation up to commercial harvest. 

Before treatment application in 2020, six soil samples from start and end of each replicate row were 

collected at 0 - 30 cm and 30 - 60 cm depth, where most feeder roots were present, using a 110 cm 

hand-held corer tube (Bally 2006). Soil samples were bulked and analysed for mineral concentrations. 

Subsequently, soil samples were taken from each treatment plot in each replicate at bud swelling in 

seasons 2021 and 2022 and at fruit harvest time in seasons 2020, 2021, and 2022. Soil samples were 

oven-dried at 40 °C for 3 - 4 days and sieved to < 2 mm. Soil nitrate-nitrogen and ammonium-nitrogen 

were measured by extracting samples using 2 M potassium chloride solution. Ammonium-nitrogen 

was measured colourimetrically after dilution, and nitrate-nitrogen was reduced to nitrite through 

copperised cadmium column and measured colourimetrically (Rayment & Lyons 2011).  

For exchangeable cation concentrations for Ca, Mg, Na, K, and Al, soil samples were extracted using 

mixture of 0.1 M ammonium chloride and barium chloride at 1:10 ratio and measured using 

inductively coupled plasma spectroscopy (Rayment & Lyons 2011). Cation results were expressed as 

meq/100g.  

Boron (B) was measured by extracting sample using 0.01 M calcium chloride at 1:4 ratio. The mixture 

was heated to 90 °C and analysed by inductively coupled plasma spectroscopy (Rayment & Lyons 

2011). Plant-available sulphur (S) was determined by extracting soil using 0.25 M potassium chloride 

solution and measured by inductively coupled plasma spectroscopy (Rayment & Lyons 2011). Plant-

available phosphorus (P) was measured by extracting samples with 0.5 M sodium bicarbonate 

solution (adjusted to pH 8.5) for 16 hours at a 1:100 ratio and measured colourimetrically (Rayment 

& Lyons 2011).  

Leaf mineral analysis was done at pre-flowering (bud swelling stage) and at fruit harvest times in 

each season. In 2020, 30 young fully expanded mature leaves were collected randomly from each 

replicate at bud swelling stage and 15 young fully expanded mature leaves from each treatment plot 

in each replicate were collected at harvest. In 2021 and 2022, 15 young fully expanded mature leaves 

from each treatment plot in each replicate were collected at pre-flowering (viz., bud swelling stage) 

and harvest. Leaf samples were immediately placed in polyethylene bag and transferred to laboratory 

within 3 - 4 hours. Leaf samples were dried in fan-forced oven at 60 °C for 2 days, ground to a fine 

powder, and analysed for mineral concentrations. Briefly, dried leaf samples were digested with 

hydrogen peroxide and nitric acid. The acid-digested leaf samples were measured by inductively 

coupled plasma spectroscopy (McQuaker et al. 1979). Total N was measured using LECO 
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combustion analyser with combustion temperature of 950 °C (Flanagan et al. 2022). Results were 

expressed as mg/kg dry weight for B, Mn, Zn, Fe, and Cu, and as % dry weight for N, Ca, K, S, P, 

and Na. All of the mineral analyses were analysed by commercial ‘Soil and plant analysis laboratory’ 

(https://www.csbplab.com.au). 

 

Figure 5.1: Fertiliser trial site weather conditions over three growing seasons from bud swelling to 

https://www.csbplab.com.au/
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commercial harvest: flowering and fruit set (August-September), fruit growth and maturation 

(October-December), and harvest (January). a. maximum and minimum temperatures, b. Average 

daily relative humidity (RH%), and c. cumulated rainfall (mm).  
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5.3.4 Crop load, weight, and yield 

Fruit were manually counted from each treatment tree/plot/rep 3 days before commercial harvest and 

expressed as crop load per treatment. Average fruit weight was calculated by weighing 10 fruit 

randomly from each tree at commercial harvest and subsequently used to estimate tree yield. 

Accumulated heat sum (degree days = cumulative daily average temperature in °C – 10 °C) from full 

bloom to harvest were calculated as a guide to fruit maturity and harvest (Hofman & Whiley 2010).  

5.3.5 Fruit quality assessments and mineral analyses 

Thirty mature green fruit per treatment plot were randomly collected across all four tree quadrants 

and from outside of the canopy at commercial harvests on 20/01/2021, 17/01/2022, and 24/01/2023 

for subsequent quality assessments. They were harvested carefully with long stems in the morning 

between 8:00 - 10:00 am, packed into foam trays, and transported in an air-conditioned vehicle (ca. 

22 °C) to post-harvest research laboratory at the Maroochy Research Facility near Nambour, 

Queensland. Upon arrival, fruit were labelled, de-stemmed, and de-sapped in mango wash solution 

(Mango-plus: 1 kg/400L H2O) for 90 sec, followed by fungicide treatment (Sportak®: 55 ml/100L 

H2O) for 30 sec. They were air-dried for 2 hours and stored at 16 °C overnight. The next day, fruit 

were transported to Brisbane, Queensland in an air-conditioned vehicle for vapour heat treatment 

(VHT) for Queensland fruit fly control. Of the 30 fruit/treatment/rep, 15 were subject to VHT at 47 

°C core temperature and > 90% relative humidity for 15 min. Another fifteen fruit were maintained 

as non-VHT controls. They were stored at 18 °C for the duration of VHT, while the treated fruit were 

cooled down to 18 °C post VHT. All fruit were transferred to the post-harvest laboratory at The 

University of Queensland, Gatton campus, about 100 km away, for post-harvest assessment and 

ripening at 20 °C. 

Fruit weight was measured after VHT. Fruit ripe stage was determined by hand firmness rating and 

subjective assessment of fruit colour (Hofman et al. (2010a) (section 4.3.3). Incidence and severity 

of IDs were assessed at eating ripe upon making a longitudinal cut across the fruit flesh near the seed 

(section 4.3.3). Shelf life was from the day of VHT until eating ripe stage. Fruit flesh was assessed 

individually for total soluble solids (TSS) using a handheld digital refractometer.  

Fruit was analysed for mineral concentrations at mature green stage of commercial maturity. An 

additional 15 hard green mature fruit from each treatment plot were collected, carefully packed, and 

transported directly to the post-harvest laboratory at The University of Queensland, Gatton campus, 

for analysis. Fruit mesocarp sections from widest part of the cheek were taken (~2 x 2.6 cm, L x D) 

using fruit corer. For mineral analysis, they were dried at 65 °C in fan-forced oven for 3 days and 

then ground to fine powder using a mini laboratory scale ball mill (Retsch Mixer Mill MM 400). The 
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dried ground flesh samples were analysed for mineral concentrations (section 4.3.4). 

5.3.6 Statistical analysis 

For potential differences in soil, leaf, and fruit mineral concentrations, crop load, and yield between 

treatments, data were analysed by ANOVA for randomised complete block design (Ferreira et al. 

2014). Means were separated by the Tukey’s HSD test at a 5% level of significance. Fruit quality 

parameters were analysed by two-factor ANOVA using randomised complete block model with 

fertiliser application and VHT as the factors and means separated by the Tukey’s HSD test at a 5% 

level of significance (Ferreira et al. 2014). Level of significance are indicated as * p ≤ 0.05; ** p ≤ 

0.01; *** p ≤ 0.001, with ns for: not significant. Mesocarp mineral concentrations were correlated 

against incidence and severity of IDs using Pearson’s correlation coefficient and principal component 

analysis (Schober et al. 2018; Biermann et al. 2022). All statistical analyses were performed in R 

(4.0.2). 

5.4 Results 

5.4.1 Soil and leaf mineral analysis 

Soil mineral analysis: Mineral analysis of the soil before implementing the field trial indicated low 

exchangeable [Ca] at 0 - 30 and 30 - 60 cm depths (Table 5.3). NH4
+ and NO3

- concentrations were 

slightly higher before nutrient application compared to the end of season 2020 (Tables 5.3 and 5.4). 

However, no significant (p > 0.05) increase in [NH4
+] and [NO3

-] was noted in response to fertiliser 

treatments at pre-flowering or post-harvest in any season (Table 5.4). NH4
+ and NO3

- ions may  have 

leached below 60 cm due to multiple rain events leading up to commercial maturity (Figure 5.1). 

Exchangeable [Ca] levels at harvest in 2020 were not significantly different (p > 0.05) among 

treatments at either sample depths. However, it was slightly higher in gypsum treatments (Table 5.4). 

There was a trend for [Ca] to decrease with soil analysis depth. In season 2021, [Ca] at 0 - 30 cm 

depth were significantly higher (p ≤ 0.05) for the microfine gypsum treatments of low-N, high-Ca 

and high-N, high-Ca at pre-flowering compared the other treatments. At the end of crop cycle in 2021, 

most applied Ca was depleted from the low-N, high-Ca treatment (Table 5.4). However, in season 

2022, overall [Ca] were higher at pre-flowering than at post-harvest for both depths, and there was 

no significant (p > 0.05) difference at 30 cm (Table 5.4). Other nutrients, including [S], [P], [B], 

exchangeable [K], and [Mg] were not significantly (p > 0.05) affected by any treatment over the three 

seasons. The % base saturations of exchangeable Ca, Mg, and K were calculated from total soil CEC 

(Appendix A3). At 0 - 30 cm, %Ca-base saturation was significantly (p ≤ 0.05) higher for microfine-

gypsum treatments of low-N, high-Ca and high-N, high-Ca in seasons 2020 and 2021. In contrast, 
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%Mg- and %K-base saturations were unaffected by any treatment over the three fruit seasons 

(Appendix A3).  

Leaf mineral analysis: The recommended levels of leaf micro- and macro-nutrients at bud swell stage 

for good quality ‘B74’ mango are presented in Appendix A4 (Hofman & Whiley 2010). Leaf [N], 

[Mg], [K], [Na], [Cu], [Fe], and [Zn] were within desired ranges before commencement of fertiliser 

applications. However, [Ca] and [S] were low and [B] and [P] levels were high. Overall, trees were 

healthy and in good condition. Leaf mineral analysis at pre-flowering and harvest in all seasons 

showed no significant (p > 0.05) difference in any mineral concentrations among treatments 

(Appendix A5).  

Table 5.3. Soil nutrient status at the pre-flowering stage in season 2020 before treatment application 

(n=3). 

 

At pre-

flowering 

Depth 

(cm) 

Soil mineral status 

NH4
+ 

(mg/kg) 

NO3
- 

(mg/kg) 

Ex. Ca 

(meq/100g) 

Ex. K 

(meq/100g) 

Ex. Mg 

(meq/100g) 

P 

(mg/kg) 

B 

(mg/kg) 

S 

(mg/kg) 

0-30 2.33 ± 

0.58 

1.33 ± 

0.58 
2.18 ± 0.14 

0.20 ± 0.02 0.71 ± 0.03 33.33 ± 

4.04 

0.50 ± 

0.06 

9.93 ± 

1.21 

30-60 2.00 ± 

0.00 

<1 ± 

0.00 
1.62 ± 0.07 

0.14 ± 0.01 0.40 ± 0.06 22.67 ± 

4.73 

0.43 ± 

0.07 

30.80 ± 

11.72 
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Table 5.4. Soil NH4+, NO3- and exchangeable Ca concentrations at 0 - 30 and 30 - 60 cm depths over three seasons (n=3). Means followed by the same 

letter in each column are not significantly different at p ≤ 0.05 by Tukey’s HSD test. 

Depth 

(cm) 
Treatment 

NH4
+ (mg/kg) NO3

- (mg/kg) Ex. Ca (meq/100g) 

Post-

S-1 
Pre-S-2 

Post-

S-2 
Pre-S-3 

Post-

S-3 

Post-

S-1 
Pre-S-2 

Post-

S-2 
Pre-S-3 

Post-

S-3 

Post-

S-1 
Pre-S-2 

Post-

S-2 

Pre-

S-3 

Post-

S-3 

0-30 

Control 1 2.0 3.3 1.5 <1 <1 <1 <1 <1 2.0 2.46 2.7 b 3.0 a 4.8 2.9 

low-N, nil-

Ca 
1 1.7 3.7 1.3 <1 <1 <1 1 <1 2.0 2.80 2.5 b 1.7 bc 3.2 2.3 

high-N, nil-

Ca 
1 2.0 3.3 1.3 <1 <1 <1 <1 <1 3.5 2.14 2.6 b 2.9 a 3.5 3.8 

low-N, 

high-Ca 
<1 1.7 4.3 2.0 <1 <1 <1 <1 <1 2.5 2.92 3.1 a 1.5 c 4.8 2.7 

high-N, 

high-Ca 
1 2.0 3.3 1.3 <1 <1 <1 <1 <1 3.5 2.79 3.1 a 2.9 a 3.2 3.8 

v. high-N, 

high-Ca 
- 2.0 3.3 1.0 <1 - <1 <1 <1 1.67 - 2.7 b 1.8 bc 4.2 2.6 

Significance ns ns ns ns ns ns ns ns ns ns ns * ** ns ns 

30-60  

Control <1 1.5 4.0 <1 2 <1 <1 <1 <1 <1 1.57 1.9 2.6 a 1.3 1.8 b 

low-N, nil-

Ca 
<1 1.7 4.0 <1 1 <1 <1 <1 <1 <1 1.56 1.7 1.2 c 1.6 1.2 b 

high-N, nil-

Ca 
<1 1.3 3.3 <1 2 <1 <1 <1 <1 <1 1.41 1.9 2.5 ab 1.7 1.8 b 

low-N, 

high-Ca 
1 1.0 4.0 <1 2 <1 <1 <1 <1 <1 1.66 2.2 1.3 c 2.2 1.7 b 

high-N, 

high-Ca 
<1 1.5 3.7 <1 1.5 <1 <1 <1 <1 <1 1.51 1.8 2.8 a 1.4 2.4 a 

v. high-N, 

high-Ca 
- 1.5 3.3 <1 3 - <1 <1 <1 <1 - 1.9 1.4 bc 2.2 1.5 b 

Significance ns ns ns ns ns ns ns ns ns ns ns ns *** ns * 

 

Here, Pre: pre-flowering, Post: Post-harvest, S-1: Season 2020, S-2: Season 2021, S-3: Season 2022. 
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5.4.2 Fruit mineral concentrations 

Fruit mesocarp mineral analysis was performed at harvest to determine the effects of fertiliser 

application on mineral nutrient concentrations. Flesh [N], N/Ca, K/Ca, and (K+Mg)/Ca were all 

significantly (p ≤ 0.05) lower in response to the low-N, high-Ca combination treatment in season 

2020 (Tables 5.5 and 5.6). There was no effect of fertiliser application on K concentrations in 2020 

and 2021 seasons, nor on [Ca] and [Mg] in 2020 season. However, all Ca combination treatments 

(i.e., low-N, high-N, and v. high-N) significantly (p ≤ 0.05) improved [Ca] and [Mg] in fruit flesh in 

season 2021 (Table 5.5). No significant (p > 0.05) difference in the mineral nutrient ratios K/Ca and 

(K+Mg)/Ca were discerned for any treatment in 2021 and 2022, except for low-N, nil-Ca in 2021 

(Table 5.6).  

Table 5.5. Individual mineral nutrient concentrations in fruit mesocarp at harvest. Means followed 

by the same letter in each column are not significantly different at p ≤ 0.05 by Tukey’s HSD test. 

Treatments 
N (% dw) K (% dw) Ca (mg/kg dw) Mg (mg/kg dw) 

S-1 S-2 S-3 S-1 S-2 S-3 S-1 S-2 S-3 S-1 S-2 S-3 

Control 0.34a 0.67a 0.41c 1.13 1.05 1.21bc 463.5 489.2ab 497.2a 438.1 497.2ab 381.2 

low-N, nil-Ca 0.37a 0.62a 0.45bc 1.14 1.04 1.14c 445.8 428.2b 378.7b 419.9 452.7c 374.6 

high-N, nil-Ca 0.31ab 0.59ab 0.43bc 1.18 1.03 1.18c 432.9 489.4ab 409.6b 442.8 469.5bc 367.3 

low-N, high-Ca 0.23b 0.42c 0.47b 1.08 1.07 1.28ab 518.9 565.7a 420.0b 412.2 496.4ab 370.7 

high-N, high-Ca 0.37a 0.45bc 0.46b 1.26 1.05 1.30ab 457.4 519.8a 426.8b 435.2 497.3ab 394.1 

v. high-N, high-Ca - 0.55abc 0.53a - 1.17 1.19bc - 537.3a 371.0b - 531.8a 406.1 

Significance * ** *** ns ns ** ns * ** ns ** ns 

Here, S-1: Season 2020, S-2: Season 2021, S-3: Season 2022. 

Table 5.6. Mineral nutrient ratios in fruit mesocarp at harvest. Means followed by the same letter in 

each column are not significantly different at p ≤ 0.05 by Tukey’s HSD test. 

Treatments 
N/Ca K/Ca (K+Mg)/Ca 

S-1 S-2 S-3 S-1 S-2 S-3 S-1 S-2 S-3 

Control 7.82 a 13.61 a 8.57 c 25.31 ab 21.89 b 25.08 26.18 ab 22.92 b 25.87 

low-N, nil-Ca 8.73 a 15.01 a 12.57 ab 26.54 a 26.93 a 31.29 27.52 a 28.07 a 32.33 

high-N, nil-Ca 7.66 a 12.49 ab 11.05 bc 28.14 a 21.35 b 29.79 29.19 a 22.32 b 30.71 

low-N, high-Ca 4.67 b 7.65 c 11.57 b 21.36 b 19.38 b 31.99 22.17 b 20.27 b 32.91 

high-N, high-Ca 8.50 a 8.74 c 10.93 bc 28.55 a 20.82 b 30.70 29.54 a 21.81 b 31.63 

v. high-N, high-Ca - 9.41 bc 14.92 a - 21.68 b 33.42 - 22.72 b 34.55 

Significance * *** *** * * ns * * ns 

Here, S-1: Season 2020, S-2: Season 2021, S-3: Season 2022. 

5.4.3 Yield and post-harvest quality  

Recommended heat units of ≥1578 in the Childers region were used as a guide for fruit harvest 

maturity towards acceptable flavour of ripened ‘B74’ mango (Hofman et al. 2010b). Green mature 

fruit were harvested at 1606 heat units in 2020, 1775 in 2021, and 1571 in 2022. Their average DM 
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range as measured in-field by handheld NIR was 14-16% (F750 produce quality meter (Felix 

instruments, Camas, WA, USA)).  

Crop load differed significantly (p ≤ 0.05) among fertiliser treatments in seasons 2020 and 2022, but 

not 2021 (Table 5.7). Yield was only significantly (p ≤ 0.05) different in the 2020 season. Fruit weight 

was unaffected by fertiliser treatment applications in any season. Biennial bearing was observed, with 

seasons 2020 and 2022 being off-years with medium to low crop load and yield (Table 5.8). Season 

2021 was an on-year with significantly (p ≤ 0.001) higher crop load and yield (Table 5.8).   

Fertiliser treatments did not significantly (p > 0.05) affect post-harvest quality parameters, such as 

shelf life and TSS. Fruit subjected to phytosanitary VHT had significantly (p ≤ 0.001) lower shelf life 

in seasons 2020 and 2021 compared to non-treated controls. However, there was no such effect of 

VHT in 2022 (Table 5.9). TSS was not affected by VHT treatment compared to the control across all 

seasons. 

Table 5.7. Effect of fertiliser application on fruit number per tree, average fruit weight, and tree yield 

across three seasons. Means followed by the same letter in each column are not significantly different 

at p ≤ 0.05 by Tukey’s HSD test. 

Treatments 
Crop load (fruit 

number/tree) 

Fruit weight (g) Estimated yield (kg/tree) 

S-1 S-2 S-3 S-1 S-2 S-3 S-1 S-2 S-3 

Control 82.6ab 203.2 36.2ab 441.1 526.1 459.4 36.3ab 106.6 17.2 

low-N, nil-Ca 50.0b 134.2 26.8abc 447.6 545.5 472.2 22.5b 72.3 12.9 

high-N, nil-Ca 76.2ab 173.3 27.0abc 458.0 518.4 492.6 34.1ab 88.6 13.6 

low-N, high-Ca 105.3a 210.0 44.4a 456.3 529.2 468.0 46.7a 109.5 21.7 

high-N, high-Ca 96.6a 233.2 16.3bc 438.4 524.6 504.2 41.4a 122.5 8.2 

v. high-N, high-Ca - 223.8 13.8 c - 529.2 503.5 - 118.1 7.0 

Significance * ns * ns ns ns * ns ns 

Here, S-1: Season 2020, S-2: Season 2021, S-3: Season 2022. 

Table 5.8. Seasonal differences in fruit number, average fruit weight, and tree yield. Means followed 

by the same letter in each column are not significantly different at p ≤ 0.05 by Tukey’s HSD test. 

Seasons 
Avg. fruit weight 

(g) 

Avg. crop load 

(fruit/tree) 

Avg. yield 

(kg/tree) 

2020 448.3 c 82.1 b 36.2 b 

2021 528.9 a  196.3 a 102.9 a 

2022 483.3 b 27.4 c 13.4 c 

Significance *** *** *** 

Table 5.9. Effect of post-harvest VHT treatment on shelf life and TSS across three consecutive 

seasons. Means followed by the same letter in each column are not significantly different at p ≤ 0.05 
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by Tukey’s HSD test. 

Seasons Treatment Avg. shelf life Avg. TSS 

2020 

VHT 15.32 b 13.32 

Non VHT 19.78 a 13.25 

Significance *** ns 

2021 

VHT 17.35 b 13.47 

Non VHT 20.96 a 13.44 

Significance *** ns 

 VHT 17.61 13.94 

2022 Non VHT 17.12 13.46 

 Significance ns ns 

5.4.4 Incidence and severity of IDs 

Three prominent IDs were observed in ‘B74’ fruit flesh (Figure 5.2), namely flesh cavity (FC), flesh 

cavity with white patches (FCWP), and riceyness (R) in season 2020, and FC and FCWP but not R 

in seasons 2021 and 2022. FCWP was characterised by dry white honeycomb-like cavities in the 

mesocarp around the seed (Figure 5.2c). FC was characterised as cracking in the flesh and R as white 

starchy spots in the fruit flesh. Incidence of FC was equally distributed irrespective of fertiliser and 

VHT treatments. However, FCWP and R were present only in VHT fruit. FC and R severity were 

very low, such that fruit were considered marketable. On the other hand, FCWP was severe, with 

potential to cause losses in commercial markets.  

In season 2020, incidence and severity of FCWP in VHT-treated fruit were significantly (p ≤ 0.05) 

influenced by fertiliser application. The lowest incidence (40%) and severity (0.57) were observed in 

the low-N, high-Ca combination fertiliser treatment (Table 5.10). However, fruit quality was better 

in 2021, with very low expression of FCWP disorder and no significant (p > 0.05) effect of fertiliser 

treatments on FCWP incidence and severity (Table 5.10). In season 2022, the internal quality was 

poorer than in 2021, but better than 2020. Lowest incidence of FCWP disorder (0%) was observed in 

the low-N, high-Ca combination treatment (Table 5.10). 

 

Figure 5.2: Internal disorders of ‘B74’ mango. a. Healthy, b. flesh cavities (FC), c. Flesh cavity with 
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patches (FCWP), and d. Ricyness (R). 

Table 5.10. Incidence (%) and severity (0 = healthy, 3 = >50 affected flesh) of FCWP disorder in 

VHT-treated ‘B74’ mango fruit at eating ripe stage in response to fertiliser applications. Means 

followed by the same letter in each column are not significantly different at p ≤ 0.05 by Tukey’s HSD 

test. 

Treatments 
% Incidence of FCWP Severity of FCWP (0-3) 

S-1 S-2 S-3 S-1 S-2 S-3 

Control 71.1a 0.0 8.9bc 1.04a 0.0 0.1bc 

low-N, nil-Ca 71.1a 6.7 13.3ab 1.00a 0.05 0.1ab 

high-N, nil-Ca 62.2a 6.7 20.0a 0.66b 0.04 0.2a 

low-N, high-Ca 40.0b 0.0 0.0c 0.57b 0.00 0.0c 

high-N, high-Ca 73.3a 8.9 15.6ab 1.26a 0.06 0.2ab 

v. high-N, high-Ca - 6.7 20.0a - 0.07 0.2a 

Significance * ns ** ** ns ** 

Here, S-1: Season 2020, S-2: Season 2021, S-3: Season 2022. 

5.4.5 Relationship between crop load, fruit quality and mineral nutrients 

The relationship between fruit mineral concentrations and crop load at harvest with FCWP incidence 

was assessed by Pearson’s correlation coefficient. Strength and significance levels of correlation 

coefficients varied across seasons, perhaps due to alternate crop bearing. In season 2020, [N], [K], 

N/Ca, K/Ca, and (K+Mg)/Ca were significantly (p ≤ 0.05) and positively correlated with FCWP 

incidence (Table 5.11). Correlation coefficients improved when data were pooled across seasons 2020 

and 2021, with significant positive relationships between incidence of FCWP and [K] (r = 0.69, p < 

0.001), K/Ca (r = 0.50, p < 0.01), and (K+Mg)/Ca (r = 0.49, p < 0.01). Negative correlations were 

discerned with [Mg] (r = -0.58, p < 0.001), crop load (r = -0.68, p < 0.001), and yield (r = -0.72, p < 

0.001) (Table 5.11). Seasonal variability was evident when pooled data across the three seasons were 

correlated with incidence of FCWP in that most significant correlations observed in individual 

seasons disappeared except for N/Ca (r = 0.30, p < 0.05), crop load (r = -0.28, p < 0.05), and yield (r 

= -0.33, p < 0.05) (Table 5.11).  

On the other hand, crop load showed strong positive correlations with fruit [Ca] (r = 0.68, p < 0.001), 

[Mg] (r = 0.81, p < 0.001), and [B] (r = 0.50, p < 0.001) and negative correlations with [K] (r = -0.57, 

p < 0.001), K/Ca (r = -0.74, p < 0.001), and (K+Mg)/Ca (r = -0.73, p < 0.001) (Table 5.12). These 

correlations highlighted crop load as a major driver for fruit flesh mineral nutrient concentrations. 

Principal component analysis was conducted on pooled data from all three seasons irrespective of 

fertiliser treatments (Figure 5.3). Data plotted against the first two principal components explained 

68.7% of total variation for FCWP disorder from data grouped based on the season. The data 
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distribution in PCA plot indicated clear differences in fruit quality and mineral nutrient concentrations 

across seasons (Figure 5.3).  

Fruit from the 2021 season were superior overall in quality, with higher yield, crop load, fruit weight, 

shelf life, flesh [Mg], [N], [Ca], and N/Ca and lower % incidence of FCWP (Figure 5.3). In contrast, 

fruit in 2020 and 2022 seasons had higher incidence and severity of FCWP, with higher fruit flesh 

[K], K/Ca, and (K+Mg)/Ca. 

Table 5.11. Pearson correlation coefficients between mesocarp mineral concentrations, crop load, 

yield at harvest and incidence and severity of FCWP at eating ripe stage. ‘*’ denotes the significance 

of correlation at p ≤ 0.05 by Tukey’s HSD test. 

Variables 
% FCWP Incidence 

Season 2020 Season 2020 + 21 Season 2020 + 21 + 22 

Fruit    

N 0.43* n.s. n.s. 

Ca n.s. n.s. n.s. 

Mg n.s. -0.58*** n.s. 

K 0.52* 0.69*** n.s. 

B n.s. n.s. n.s. 

N/Ca 0.42* n.s. 0.30* 

K/Ca 0.43* 0.50** n.s. 

(K+Mg)/Ca 0.42* 0.49** n.s. 

Crop load n.s. -0.68*** -0.28* 

Yield n.s. -0.72*** -0.33* 

Table 5.12. Pearson correlation coefficients between mesocarp mineral concentrations and crop load 

at harvest (all three fruit seasons). ‘*’ denotes the significance of correlation at p ≤ 0.05 by Tukey’s 

HSD test. 

Crop load 
N Ca K Mg B N/Ca K/Ca (K+Mg)/Ca 

0.17 0.68 -0.57 0.81 0.50 -0.22 -0.74 -0.73 

Significance n.s. *** *** *** *** n.s. *** *** 
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Figure 5.3: Principal component analysis (PCA) of flesh nutrient concentrations, harvest, and post-

harvest parameters and FCWP in ‘B74’ mango. The variance of component 1 (Dim1) = 35.3% and 

that of component 2 (Dim2) = 21.5%. Here, IFCWP = % incidence of FCWP, NCa = nitrogen to 

calcium ratio, KCa = potassium to calcium ratio, KMgCa = potassium +  magnesium to calcium ratio, 

CL = crop load (fruit number per tree), SL = shelf life, FW = fruit weight, and TSS = total soluble 

solids. 

5.5 Discussion 

Mineral nutrients play a critical role in maintaining fruit robustness at harvest and post-harvest in a 

range of horticultural crops, including apple, avocado, and pear (Brunetto et al. 2015; Gomez & 

Kalcsits 2020; Joyce et al. 2021). In the present study, N- and Ca-based fertilisers were applied at 

early fruit development stages for three consecutive cropping seasons to alter fruit flesh mineral 

concentrations towards improved overall ‘B74’ mango fruit quality for export, where phytosanitary 

treatment is mandatory for some markets. 

The effects of fertilisers on soil and leaf mineral concentrations were not significant (p > 0.05) in 

terms of differences between control (no additional application) and fertiliser treatments across the 

three serial seasons at pre-flowering or post-harvest sampling stages. Nevertheless, soil exchangeable 

[Ca] was uniquely improved at pre-flowering soil sampling stage for 0 - 30 cm soil depth in season 
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2021 by low and high-N, high-Ca combination treatments (Table 5.4). Nguyen et al. (2004) similarly 

reported no significant (p > 0.05) effect of N application in the 50 – 200 g/tree range on ‘Kensington 

Pride’ mango leaf N concentrations and tree yield. However and undesirably, the fruit were visibly 

greener at ripe stage with a higher incidence of anthracnose disease (Nguyen et al. 2004; Bally et al. 

2006).   

Fertiliser application did not improve leaf N concentrations (Appendix A5), with no significant (p > 

0.05) difference between fertiliser treatments and control. Overall, leaf N concentrations were within 

optimal recommended range (1.0 – 1.5% dw) across all seasons at both pre-flowering and post-harvest 

sampling stages across control and fertiliser treatments (Appendix A4Appendix A5). Hence, the N 

applied may have leached beyond 60 cm in soil profile below feeder roots before trees could uptake 

and accumulate in in their leaves (Bojappa & Singh 1975; Rao & Mukherjee 1985). Also, fertiliser 

treatment versus control may have not been evident due to the application of calcium nitrate, 

potassium nitrate, and gypsum as part of standard commercial practice on the trial site (Appendix 

A6). 

Fruit N concentrations were consistently low in the low-N, high-Ca combination treatment across all 

seasons, however, in season 2022, very high-N, high-Ca treatments significantly (p ≤ 0.05) increased 

N concentrations in fruit flesh compared to control (Table 5.5). There was no correlation of %Ca-

base saturation in the soil at pre-flowering stages with fruit Ca concentrations at harvest (Appendix 

A7), indicating Ca availability in the root alone does not guarantee its uptake and accumulation in 

fruit. Overall, low-N, high Ca combination treatment was very effective with consistently lower 

mineral nutrient ratios N/Ca, K/Ca, and (K+Mg)/Ca in fruit flesh across all seasons (Table 5.6). 

The FCWP incidence was not significantly (p > 0.05) affected by fertiliser application except for the 

low-N, high-Ca combination treatment (Table 5.10). Lower incidence and severity of FCWP could 

be associated with higher Ca availability in soil at pre-flowering stage in this treatment and 

subsequently lower mineral nutrient ratios in fruit at harvest. In general, Ca concentration increases 

rapidly in mango during early fruit development and gradually decreases during cell expansion and 

maturation phases (Joyce et al. 2001). This means higher availability of Ca at flowering and early 

developmental stages could likely improve overall fruit Ca status at harvest and its innate ability to 

withstand post-harvest rigours, but this is not always the case, as shown in Appendix A7. The 

variability of mineral nutrient association with FCWP % incidence across seasons was attributed to 

the orchard conditions during the trial period. A biennial pattern of crop load was noted across the 

trial site with season 2020 bearing low/medium crop, followed by a heavy cropping season in 2021 

and again a low crop load in 2022 (Table 5.8).  
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Crop load appeared to be the major driver of fruit flesh mineral concentrations, with significant 

positive (p < 0.001) correlations with flesh [Ca], [Mg], and [B] and negative correlations with [K], 

K/Ca, and (K+Mg)/Ca (Table 5.12). A similar trend was observed in apples where fruit from low 

crop load trees had lower flesh [Ca], (K+Mg+N)/Ca, and higher [K] (Serra et al. 2016). On the 

contrary, crop load did not affect mineral concentrations in ‘B10’ and ‘Num Dok Mai’ mango fruit 

on a dry weight basis (Zabedah et al. 2008; Isarangkoo et al. 2019). High tree vigour has considerable 

negative impact on fruit quality and susceptibility to IDs (Witney et al. 1990). Katrodia and Rane 

(1981) found 50% spongy tissue disorder in highly vigorous trees compared to 9% in less vigorous 

trees. The vigorous trees had a higher leaf-to-fruit ratio in the canopy compared to low vigour trees. 

As crop load increases, the number of leaves supporting nearby developing fruit decreases and 

reduces the overall leaf-to-fruit ratio. This redirects the xylem flow carrying Ca and other essential 

mineral elements towards fruit and improves fruit nutrient concentrations which results in improved 

post-harvest quality (Simmons et al. 1998b). 

Data segregation based on seasons using PCA further highlighted the seasonal variability in terms of 

mineral concentrations, crop load, yield, and susceptibility to IDs (Figure 5.3). A clear on- and off-

cropping seasonality was evident where higher crop load and yield (season 2021) was followed by 

higher flesh [Ca], [B] and [Mg], shelf life and lower incidence of FCWP disorder. Similarly, lower 

cropping years (season 2020 and 2022) promoted higher flesh [K], K/Ca, and (K+Mg)/Ca with higher 

incidence of FCWP (Figure 5.3). 

These results suggest that fruit mineral concentrations were not directly influenced by the application 

and availability of fertilisers and were not the sole indicator of fruit susceptibility to IDs. Mineral 

uptake and spatial distribution in the mango tree is greatly influenced by orchard conditions such as 

pruning and crop load management (Bally 2006; Zabedah et al. 2008; Robinson & Lopez 2010; Serra 

et al. 2016; Isarangkoo et al. 2019). Proper crop load management helps maintain cropping 

consistency across seasons and subsequently drives and improve mineral nutrient concentrations, 

robustness, and post-harvest quality. Hence, management decisions on fruit consignment for a 

particular market, e.g., domestic (no VHT required) or export (VHT required), should be derived and 

informed by monitoring orchard conditions and crop load across growing seasons in conjunction with 

at-harvest fruit mineral concentrations. 

5.6 Conclusion 

In the present study, N and Ca fertilisers as urea, calcium nitrate, and microfine gypsum were applied 

during the early stages of mango fruit development, to determine potential effects on fruit quality for 

export lines. Application of low-N, high-Ca treatment (N: 50 g/tree + Ca: 690 g/tree) was more 
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effective in increasing soil and fruit [Ca] compared to control and rest of fertiliser treatments. The 

low-N, high-Ca fertiliser combination treatment was also the most effective in lowering FCWP 

incidence. Seasonal variability in crop load at the trial site was the major driver of fruit flesh mineral 

concentrations and susceptibility to FCWP disorder upon post-harvest phytosanitary treatment 

(VHT). High crop load improved fruit flesh [Ca], [Mg], and [B] and reduced mineral ratios K/Ca and 

(K+Mg)/Ca, which ultimately reduced FCWP incidence. Future studies should look closely on crop 

load effect at individual tree level on fruit mineral concentrations and subsequent fruit quality, 

including FCWP incidence after VHT. Careful monitoring of crop load such that harvesting and 

marketing fruit for export on ‘on-year’ cropping season, in conjunction with mineral nutrient status 

at harvest is recommended to produce optimum quality ‘B74’ mango and to inform decisions for 

export. 
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Chapter 6 Effect of crop load and fruit position in the canopy on ‘B74’ 

mango quality and mineral nutrients 

6.1  Abstract 

Consistent mango fruit quality is pivotal to consumer confidence, repeat purchase, and profitability. 

A trial was conducted across three consecutive fruiting seasons on a ‘B74’ mango farm to determine 

crop load effect on consistency for fruit quality and mineral concentrations. Trees were assigned into 

four crop load categories based on fruit number per tree: very low (<50 fruit); low (50-100 fruit); 

medium (100-150 fruit); and, high (>150 fruit). Ten fruit randomly sampled per tree were subject to 

VHT treatment, ripened, and assessed for post-harvest qualities and mineral nutrient concentrations. 

In season 1, 91% of trees had very low (22% trees), low (47% trees), and medium (22% trees) crop 

loads, only 9% had high crop load. In season 2, 70% of trees had high crop load and 11%, 9%, and 

9% had medium, low, and very low crop loads, respectively. In the third season, 85% of trees had 

very low crop load compared with 11%, 4%, and 0% with low, medium, and high crop loads, 

respectively. In pooled data across the three seasons, FCWP incidence at 9% was lowest in high crop 

load trees compared with medium at 33%, low at 48%, and very low at 22% crop loads. The mineral 

nutrient ratio (K+Mg)/Ca was significantly (p ≤ 0.01) lower in fruit from high (21.8) and medium 

(23.4) crop loads as compared to low (27.7) and very low (31.6) crop load categories.  

A single-season trial was conducted in 2022 to ascertain effects of fruit position in the canopy on fruit 

quality and mineral nutrient concentrations. Five high crop load (>150 fruit) trees were selected from 

three blocks. Fruit were sampled from five positions: Outer canopy top, inner canopy bottom (breast 

height), shaded inner canopy (middle), sun-exposed outer canopy (East), and sun-exposed outer 

canopy (West). Shaded fruit from bottom and middle canopy positions had higher (p ≤ 0.001) flesh 

[N], [Mg], and [K] than sun-exposed fruit. However, mineral ratios were not influenced (p > 0.05) by 

fruit position. No incidence of FCWP disorder in response to VHT was noted in this trial which 

further highlights fruit robustness from high crop load trees to disorder expression with lower mineral 

ratios. 

Thus, to get better quality ‘B74’ mango fruit, selective harvest from trees with higher crop loads is 

highly recommended. 

Keywords: Export, flesh nutrient concentrations, internal quality, vapour heat treatment, VHT.  
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6.2  Introduction 

Delivering consistent fruit quality is a challenge that any fruit industry faces, including when targeting 

export markets (Oosthuyse 1993; Sivakumar et al. 2011; Rivera et al. 2017; Escobar et al. 2021). Fruit 

quality is the result of a variety of pre-harvest factors, including nutrient application, irrigation, and 

soil and canopy management (Léchaudel & Joas 2007). Such factors play a role in producing robust 

fruit that cope with post-harvest rigours and maintain quality towards consumer satisfaction. Canopy 

characteristics such as crop load, vegetative to reproductive ratio, light penetration, sun exposure, and 

fruit position may affect fruit physiology, mineral concentrations, and quality attributes at and after 

harvest (Bally 2006; Serra et al. 2016; Isarangkoo et al. 2019; Kalcsits et al. 2019).  

Mineral elemental nutrient distribution in trees and concentrations in fruit are dependent on canopy 

characteristics (Simmons et al. 1998b). For instance, once absorbed by the roots, the fate of Ca is 

influenced by vegetative to reproductive ratios in the tree canopy. These govern nutrient, water, and 

photo-assimilate partitioning that impinges on fruit quality (Witney et al. 1990; Hofman 1995; 

Hofman et al. 1997a).  

Ca moves predominantly through the xylem via transpirational pull and mass flow of water 

(Montanaro et al. 2014). Hence, leaves typically accumulate more than do fruit by virtue of their 

higher transpiration rates (Shivashankara & Mathai 1999; Singh et al. 2006b). Nevertheless, fruit act 

as a strong sink during their early development stages and may accumulate most of their Ca then 

(Joyce et al. 2001; Montanaro et al. 2015). Accordingly, managing partitioning through  pruning can 

potentially direct Ca to fruit and ultimately improve post-harvest quality (Simmons et al. 1998b; Bally 

2006).  

Ca deficiency in fruit flesh can render them more susceptible to physiological and pathological 

disorders (Ferguson & Triggs 1990; Hofman et al. 2002; Brunetto et al. 2015; G. Pandey et al. 2017; 

Escobar et al. 2021; Andrade et al. 2022; Ma et al. 2022; Ma et al. 2023). This may be particularly 

relevant for ‘long’ export supply chains wherein stressful phytosanitary treatments (e.g., VHT) may 

be requisite (Jacobi & Giles 1997; Escobar et al. 2021). 

In this context, the study sought to determine influence of crop load per tree and fruit position in 

canopy for ‘B74’ mango fruit quality, including susceptibility to VHT-induced disorders (e.g., flesh 

cavity with white patches).  

6.3 Materials and Methods 

A commercial ‘B74’ mango orchard at Childers, South-east Queensland (25.136oS, 152.372oE) was 

used in this study. Trial site characteristics are outlined in section 5.3.1. 
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6.3.1 Experiment 1: Effect of crop load on fruit quality at individual tree level  

Fruit quality and mineral nutrient concentration variations within one orchard block were determined 

at individual tree level. Forty-five trees were randomly selected and tagged for serial sampling in 

season 2020, 2021 and 2022. An additional 9 trees were included in the latter two seasons. Fruit 

numbers on each tree were counted 3 days prior to commercial harvest. The trees were assigned  into 

4 crop load categories: very-low (<50 fruit/tree), low (50-100 fruit/tree), medium (100-150 

fruit/trees), and high (>150 fruit/tree). Tree trunk cross sectional area (TCSA) was also measured at 

harvest and fruit density (fruit number/cm2 TCSA) was calculated in each crop load category. Ten 

fruit per tree were randomly collected at commercial harvest. Five of these fruits were assessed for 

post-harvest quality. The remained were aggregated for a single composite sample for flesh mineral 

analysis. 

6.3.2 Experiment 2: Fruit quality and mineral variations based on position in the 

canopy 

Five trees were selected considering uniformity in vigour and crop load (>150 fruit per tree) from 

three different orchard blocks (B2, B3, and B4) at Childers, South-east Queensland (25.136oS, 

152.372oE). The trees were ~18 years old at  a planting density of 8 m interrow x 4 m in row. Canopy 

uniformity was assessed by measuring canopy area. Radius measurements from tree trunk to canopy 

edge from four sides were taken at harvest and area was calculated using average radius values. There 

was no significant difference (p > 0.05) in tree canopy area across sampling blocks. Each tree was 

sampled for five canopy positions; viz., top, bottom (breast height), shaded/inside, and sun-

exposed/outside East and West (Figure 6.1). At commercial maturity (≥1578 heat units and 14-16% 

DM, section 5.4.3), a fruit from each position/tree that was free from damage and defects was 

harvested. Overall sampling was: 1 × 5 positions/tree = 5 fruit; 5 × 5 trees = 25 fruit/block; 25 x 3 

blocks = 75 fruit in total. Fruit was individually assessed for post-harvest quality and mineral nutrient 

concentrations. 



91 
 

 

Figure 6.1: ‘B74’ mango fruit sampling towards ‘mapping’ mineral concentrations and quality 

variation within the canopy. Number represents a sampling point:  1. canopy top, 2. canopy bottom 

(breast height), 3. Shaded and inside the canopy, 4. sun exposed and outside the canopy-East, and 5. 

sun exposed and outside the canopy-West). 

6.3.3 Fruit quality assessments and mineral analysis 

Fruit were harvested at commercial maturity in the morning (8:00 - 10:00 am), packed onto foam fruit 

trays, and transported in an air-conditioned vehicle (ca. 22 °C). Details for VHT treatment and post-

harvest assessments are in section 5.3.5. Fruit dry matter was measured using a handheld F-750 

produce quality meter. Shelf life was from the day of VHT to eating ripe stage (section 5.3.5). 

Individual fruit flesh was assessed for total soluble solids (TSS) using a digital pocket refractometer 

(AtagoTM Refractometer PAL-1, Japan). Fruit mesocarp sections were analysed for mineral 

concentrations as described in section 4.3.4. 

6.3.4 Statistical analyses 

Data from the crop load experiment were analysed by one-way analysis of variance (ANOVA) and 

means compared at a 5% confidence level by Tukey’s HSD test (Ferreira et al. 2014). Bar graphs 

(Microsoft Excel 365) were produced to represent frequency (%) of trees in each crop load category 

for the three seasons. 
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Data from the canopy position experiment were analysed by two-way analysis of variance (ANOVA) 

(Ferreira et al. 2014). Canopy position (viz., top, middle, bottom, east and west) was considered a 

treatment unit with trees as replicates within each orchard block treatment unit. Canopy position and 

orchard block were analysed as factors and means compared at 5% confidence level by Tukey’s HSD 

test. Also, data were reassigned based on sun exposure; viz., exposed (top + east + west) and shaded 

(middle + bottom fruit) and such that sun exposure became a treatment unit with trees as replicates 

within each block. Sun exposure and orchard block were analysed as factors. Means were compared 

at 5% confidence level by Tukey’s HSD test. Level of significance are indicated as * p ≤ 0.05; ** p 

≤ 0.01; *** p ≤ 0.001; n.s.: not significant. All statistical analyses were performed in R (4.0.2).  

Fruit mineral analysis data from the canopy position experiment were used for sample size calculation 

for N/Ca, and (K+Mg)/Ca ratios. The whole data set from this experiment was used regardless of 

canopy position or orchard block as there were no significant (p > 0.05) differences by ANOVA 

(Table 6.4). Cochran’s formula was used to estimate minimum sample size based on standard 

deviation of the population; viz., n = (z/d)^2 × SD^2 (Cochran 1977), where n is the minimum sample 

size required, z is the critical value for desired level of confidence (e.g., 1.96 for 95% confidence), d 

is the desired level of precision (i.e., the maximum allowable difference between the sample mean 

and the true population mean), and SD is the standard deviation of the population. 

6.4 Results 

6.4.1 Effect of crop load on fruit quality at the individual tree level  

Season 2020 was an ‘off-year’ or low cropping season, with 47% of sampled trees in low crop load, 

22% in both very-low plus medium crop load categories, and only 9% in high crop load. The 2021 

season was an ‘on-year’ high cropping season where 70% of trees had high crop load, 11% medium, 

and 9%  low crop load (Figure 6.2). The ‘off-year’ pattern was repeated in season 2022, with 85% 

trees in very-low, 11% in low, and 4% in medium crop load categories. No trees produced >150 fruit 

in season 2022 (Figure 6.2). 

There was no significant (p > 0.05) effect of high and very-low crop load on ‘B74’ mango fruit shelf 

life. However, TSS and fruit weight were significantly (p ≤ 0.05) higher in very-low and high crop 

load categories, respectively (Table 6.1). Incidence of FCWP disorder was significantly (p ≤ 0.05) 

higher at 48% and significantly (p ≤ 0.05) lower at 9% in low and high crop load category fruit, 

respectively. No significant (p > 0.05) effect of crop load was noted on % incidence of FCWP in very 

low and medium crop load categories (Table 6.1).  

Flesh mineral analysis revealed that [Ca] and [Mg] increased significantly (p ≤ 0.01) with the increase 
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in crop load. [Ca] rose from 406 mg/kg to 523 mg/kg and Mg from 388 mg/kg to 494 mg/kg between 

very low and high crop load fruit, respectively (Table 6.2). Crop load did not have any significant (p 

> 0.05) effect on fruit flesh [B], except in high crop load fruit. An inverse trend in fruit flesh [K] was 

observed, with higher concentrations in very-low crop load fruit. N concentrations were not 

statistically different (p > 0.05) between very low and high crop load fruit, however, there was a trend 

of increase in [N] with the increase in crop load (Table 6.2). Mineral nutrient ratios of K/Ca and 

(K+Mg)/Ca were significantly (p ≤ 0.01) higher in very-low crop load fruit. They tended to decrease 

as crop load increased (Table 6.2). 

 

 

Figure 6.2: The proportion (%) of ‘B74’ mango trees (n = 153) with very low, low, medium, and 

high crop load across the 2020, 2021 and 2022 cropping seasons. 

Table 6.1. Statistical analyses of ‘B74’ mango fruit quality attributes from trees of four different crop 

load categories. Means followed by the same letter in each column are not significantly different at p 

≤ 0.05 according to the Tukey’s HSD test. 

Crop load 

Fruit density 

(number/cm2 

TCSA) 

Fruit weight (g) Shelf life (d) TSS (%) 

Incidence of FCWP (%) 

Very-low 0.045 d 490.9 b 17.2 a 14.1 a 22 b 

Low 0.164 c 477.6 b 16.4 ab 13.3 b 48 a 

Medium 0.288 b 482.1 b 15.8 b 13.3 b 33 b 

High 0.508 a 522.9 a 17.1 a 13.2 b 9 c 

Significance ** * * ** * 

Table 6.2. Statistical analyses of ‘B74’ mango fruit flesh mineral analysis from trees of four different 

crop load categories. Means followed by the same letter in each column are not significantly different 
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at p ≤ 0.05 according to the Tukey’s HSD test. 

Crop load 
N (% 

dw) 

K (% 

dw) 

Ca 

(mg/kg 

dw) 

Mg 

(mg/kg 

dw) 

B 

(mg/kg 

dw) 

N/Ca K/Ca 
(K+Mg)/

Ca 

Very-low 0.45 ab 1.20 a 406.49 c 388.97 c 8.03 b 11.64 a 30.57 a 31.56 a 

Low 0.40 b 1.18 ab 460.69 bc 435.46 b 8.80 b 9.22 ab 26.69 b 27.67 b 

Medium 0.42 ab 1.11 bc 508.94 ab 448.19 b 8.93 b 8.45 b 22.46 c 23.36 c 

High 0.51 a 1.06 c 523.03 a 494.20 a 9.08 a 9.71 ab 20.82 c 21.79 c 

Significance * * ** * * * ** ** 

6.4.2 Fruit-fruit variability based on position in the canopy  

6.4.2.1 Fruit quality variations  

‘B74’ mango fruit weight and DM at harvest and post-harvest shelf life, TSS, and weight loss were 

assessed across three different orchard blocks in relation to fruit position within the canopy. IDs, such 

as FCWP, was not observed in any sampled fruit from any block. Quality parameters for canopy 

position (top, middle, bottom, east, and west position) and sun exposure (exposed vs. shaded) across 

all sampled blocks are presented in Figures 6.3 and 6.4. For canopy position, fruit weight, shelf life, 

and TSS did not differ significantly (p > 0.05). DM at harvest and % weight loss at eating ripe were 

significantly (p ≤ 0.01) higher in top and east-sided fruit compared to middle and bottom-positioned 

fruit (Table 6.3). However, when data was arranged for exposure, sun-exposed fruit had significantly 

(p ≤ 0.05) higher weight, DM, and TSS compared to shaded fruit from middle and bottom canopy 

(Table 6.3). Irrespective of canopy position, orchard block effect was significant (p ≤ 0.05) for all the 

quality parameters, except fruit weight at harvest. B3 block showed higher DM, weight loss, and TSS 

values, and lower shelf life than other two blocks (Table 6.3). Interactions of canopy position vs. 

orchard block and of sun exposure vs. orchard block were not significant (p > 0.05) for any quality 

parameter.  

Table 6.3. Statistical analyses of ‘B74’ mango fruit quality attributes for the position in the canopy 

and orchard blocks. Means followed by the same letter in each column are not significantly different 

at p ≤ 0.05 according to the Tukey’s HSD test. 

 Fruit weight (g) DM (%) Fruit weight loss (%) Shelf life (d) TSS (%) 

Canopy position      

Top 478.31 15.72 a 10.60 b 19.47 14.57 

Middle 463.59 14.71 bc 11.48 ab 18.93 13.93 

Bottom 434.89 14.61 c 12.30 a 19.93 13.35 

East 488.43 15.53 a 10.24 b 19.27 14.10 

West 468.33 15.30 ab 10.28 b 19.20 14.49 

Sun exposure      

Exposed 478.35 a 15.52 a 10.38 b 19.31 14.39 a 

Shaded 449.24 b 14.66 b 11.89 a 19.43 13.64 b 

Orchard block      

B2 457.94 14.89 b 11.12 b 21.04 a 13.50 b 
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B3 458.82 15.56 a 11.65 a 17.80 b 14.62 a 

B4 483.36 15.07 b 10.17 c 19.24 ab 14.23 ab 

Significance       

Canopy position n.s. *** ** n.s. n.s. 

Sun exposure * *** *** n.s. * 

Orchard block n.s. ** ** ** * 

Canopy position × Orchard block n.s. n.s. n.s. n.s. n.s. 

Sun exposure × Orchard block n.s. n.s. n.s. n.s. n.s. 
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Figure 6.3: Box and whiskers plots of ‘B74’ mango fruit quality parameters at harvest (fruit weight 

and DM) and at eating ripe stage (fruit weight loss and total soluble solids (TSS)) of ‘B74’ mango 

fruit at different positions within the canopy across different orchard blocks. The upper and lower 

whiskers represent 25% and 25% data. The coloured boxes represent the intermediate 50% data and 

the transvers lines within the boxes is the median separating the value in two equal parts. 
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Figure 6.4: Box and whiskers plots of fruit quality parameters at harvest (fruit weight and DM) and 

at eating ripe stage (fruit weight loss and total soluble solids (TSS)) ‘B74’ mango fruit for sun 

exposure (exposed or shaded) across different orchard blocks. The upper and lower whiskers 

represent 25% and 25% data. The coloured boxes represent the intermediate 50% data and the 

transvers lines within the boxes is the median separating the value in two equal parts. 

6.4.2.2 Variability in mineral nutrients within the canopy  

Mineral nutrient variability in ‘B74’ mango flesh was evident for fruit from different parts of the 

canopy and across orchard blocks (Figures 6.5 and 6.6). Fruit from middle and bottom canopy had 

significantly (p ≤ 0.05) higher fruit flesh [N] and [K] compared to the top of the canopy (Table 6.4). 

Only fruit from the canopy bottom had significantly (p ≤ 0.05) higher N, Ca, K, and Mg and lower B 

concentrations compared to those at the canopy top. Similarly, shaded fruit showed a similar trend, 

with significantly (p ≤ 0.001) higher [N], [K], and [Mg] (except [Ca]), and lower [B] than sun-exposed 

fruit (Table 6.4). The orchard block factor was significant (p ≤ 0.05) for mineral concentrations, with 

B2 having lower N and higher Ca and K concentrations. B4 had higher N and B concentrations (Table 

6.4). Mg concentrations were not significantly (p > 0.05) different in any block (Table 6.4). Mineral 

nutrient ratios (N/Ca, K/Ca, and ((K+Mg))/Ca) were not influenced by fruit position in the canopy 

nor sun exposure in any of the three orchard blocks. However, there was a suggestion of lower mineral 



98 
 

ratios in sun-exposed fruit (Table 6.4). 

Table 6.4. Statistical analyses of ‘B74’ mango fruit flesh mineral concentrations from different 

positions in the canopy and orchard blocks. Means followed by the same letter in each column are 

not significantly different at p ≤ 0.05 according to Tukey’s HSD test. Here, * p ≤ 0.05; ** p ≤ 0.01;  

*** p ≤ 0.001; n.s.: not significant. 

Flesh mineral analysis (D.W.) 

 N (%) K (%) 
Ca 

(mg/kg) 

Mg 

(mg/kg) 

B 

(mg/kg) 
N/Ca K/Ca K+Mg/Ca 

Canopy position         

Top 0.47 b 1.09 b 496.07 b 403.73 c 10.27 a 10.21 23.75 24.63 

Middle 0.56 a 1.31 a 533.64 ab 490.57 ab 8.86 b 10.95 25.60 26.56 

Bottom 0.55 a 1.30 a 649.64 a 527.50 a 8.88 b 9.19 21.29 22.15 

East 0.50 ab 1.15 b 613.20 ab 444.87 bc 10.20 a 8.57 19.60 20.35 

West 0.50 ab 1.17 ab 581.27 ab 432.60 c 10.10 a 9.24 21.28 22.07 

Sun exposure         

Exposed 0.49 b 1.14 b 563.51 427.07 b 10.19 a 9.34 21.54 22.35 

Shaded 0.55 a 1.30 a 591.64 509.04 a 8.87 b 10.07 23.45 24.36 

Orchard block         

B2 0.49 b 1.26 a 627.08 a 471.32 10.01 a 8.46 21.42 22.22 

B3 0.52 ab 1.15 b 521.92 b 437.67 8.85 b 10.55 23.64 24.53 

B4 0.54 a 1.20 ab 571.71 ab 466.00 10.18 a 9.90 21.80 22.65 

Significance          

Canopy position ** *** * *** ** n.s. n.s. n.s. 

Sun exposure *** *** n.s. *** *** n.s. n.s. n.s. 

Orchard block * * * n.s. ** n.s. n.s. n.s. 

Canopy position × Orchard block n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Sun exposure × Orchard block n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
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Figure 6.5: Box and whiskers plots of ‘B74’ mango fruit flesh mineral concentrations at different 

positions within the canopy across different orchard blocks. The upper and lower whiskers represent 

25% and 25% data. The coloured boxes represent the intermediate 50% data and the transvers lines 

within the boxes is the median separating the value in two equal parts. 

 

Figure 6.6: Box and whiskers plots of ‘B74’ mango fruit flesh mineral concentrations for sun 

exposure (exposed or shaded) across different orchard blocks. The upper and lower whiskers 

represent 25% and 25% data. The coloured boxes represent the intermediate 50% data and the 

transvers lines within the boxes is the median separating the value in two equal parts.  
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6.4.2.3 Sample size estimation for mineral nutrient concentrations 

Mineral nutrients are critical in determining fruit robustness at harvest (Joyce 2021). Nevertheless, it 

is not clear how many fruits should be sampled for representative values of the measures or ratios. 

Sample size calculation for ‘B74’ flesh mineral nutrient ratios is presented herein. A like for sample 

size estimation approach can be used for other quality parameters. By example, there was no 

significant (p > 0.05) effect of fruit position in the canopy and interaction of orchard block vs. canopy 

position on mineral nutrient ratios (Table 6.4). Hence, standard deviations of N/Ca and (K+Mg)/Ca 

across the whole data set, irrespective of block or fruit position, were calculated and used for sample 

size calculation (Table 6.5). Representations of sample size influences for N/Ca and (K+Mg)/Ca are 

presented in Figure 6.7. The x-axis represents the difference in the mean that can be detected for a 

given standard deviation and y-axis represents number of samples required to detect mean difference 

at 3 significance levels, like p = 0.01, p = 0.05, and p = 0.1. For N/Ca, to detect a difference of two 

between two means, seven samples are required at p = 0.1, 10 samples at p = 0.05, and 16 samples at 

p = 0.01 (Figure 6.7). Associated with higher standard deviation in (K+Mg)/Ca, sample size 

requirements are 27 fruit at p = 0.1, 41 at p = 0.05, and 67 at p = 0.01 in order to detect the difference 

of two between the two means of (K+Mg)/Ca. The sample number increases with an increase in the 

significance level for the detection of a specific mean difference from a population.  

 

Figure 6.7: Example sample size estimation by Cochran’s method using standard deviations from 

the collected dataset for N/Ca and (K+Mg)/Ca values at three significance levels; p = 0.01, p = 0.05 

and p = 0.1. 

Table 6.5. Fruit mineral sample parameters for ‘B74’ mango sourced from 3 different blocks at 

different positions in the canopy. There was no significant interaction of fruit position x sampling 
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blocks (Table 6.4). 

 Data pooled by blocks and fruit position in the canopy 

Parameters B 

(mg/kg) 

Ca 

(mg/kg) 

Mg 

(mg/kg) 

K (%) N (%) N/Ca K/Ca (K+Mg)/Ca 

Mean 9.68 574.30 458.51 1.20 0.51 9.62 22.27 23.12 

Standard deviation 1.49 149.92 71.76 0.16 0.08 3.08 6.17 6.39 

Variance 2.22 22475.77 5149.81 0.03 0.01 9.50 38.11 40.87 

Maximum 13.43 949.00 638.00 1.67 0.70 18.15 40.93 42.41 

Minimum 7.17 281.00 306.00 0.90 0.32 5.20 11.66 12.14 

6.5  Discussion 

For any fruit industry, producing consistent quality is paramount to maintain consumer satisfaction, 

repeat purchases and potentially expand into new markets. Considering orchard management 

practices and environmental conditions, individual trees seldom produce fruit with consistent quality 

characteristics (Ferguson & Triggs 1990). In the present study, tree-to-tree variability within a single 

‘B74’ mango orchard block was examined over three consecutive seasons to ascertain how quality 

characteristics and fruit mineral associates with crop canopy load. The influence on variability of fruit 

position within the canopy in terms of fruit quality and mineral accumulation was also assessed. 

Additionally, implication of sampling position in the canopy were explored. 

The ‘B74’ trees were assigned into four crop load categories for three cropping seasons. An off-on-

off pattern of biennial bearing crop load was observed (Figure 6.2). Biennial cropping in ‘B74’ mango 

trees is not evident during early cropping years. Whiley et al. (2006) determined consistency in tree 

yield and fruit quality for up to 6 years old ‘B74’ trees. Biennial bearing may become more evident 

with orchard age. Tree-to-tree crop load variability was observed in 12-year (Anderson et al. 2019) 

and 17-year-old ‘B74’ trees (Figure 6.2).  

Biennial bearing can be put down to management (pruning) or environmental (temperature) 

influences on photo-assimilate production and storage to support the fruit crop in the following year 

(Monselise & Goren 1987). Early understanding of orchard variability can be gleaned through early 

flowering assessment (flowering patterns and % flowering panicle on the tree) (Wang et al. 2017) 

and/or fruit counting (after stone hardening stage past final fruit drop) (Payne et al. 2014). This can 

be through manual counting, which is labour-intensive, or by using machine learning, through image 

acquisition (Qureshi et al. 2017; Wang et al. 2018; Wang et al. 2019b; Koirala et al. 2020). Such 

techniques have been used in orchard management toward optimising yield, maturity, and harvest 

timing. They can also help maintain fruit harvest and post-harvest quality consistency and robustness, 

including in respect to managing the incidence of disorders.  

The present results indicated higher FCWP incidence in fruit from low crop load trees (~50%) 
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compared to fruit from high crop load trees (9%) (Table 6.1). Similarly, fruit from high crop load 

trees had higher [Ca], [Mg], and [B] and lower [K], K/Ca, and (K+Mg)/Ca in fruit flesh (Table 6.2). 

A crop load management trial on ‘Keitt’ mango revealed significant (p ≤ 0.05) increase in the 

incidence of watery pulp disorder when 70% of fruiting terminals were removed during early 

development stages to maintain a low crop load treatment (30%) (Bally 2006). The crop load effect 

for 70 – 100 fruit per tree on nutrient accumulation was not significant (p > 0.05) for ‘Num Dok Mai 

Sithong’ mango (Isarangkoo et al. 2019). However, higher crop load improved Ca and Mg, and 

decreased K and N concentrations in ‘Honeycrisp’ apple (Serra et al. 2016). Crop load effect in terms 

of leaf to fruit ratio at branch level indicated similar pattern, with higher L:F ratio (low crop load) 

significantly reduced [Ca] and increased [K] in ‘Kensington pride’ mango fruit flesh (Simmons et al. 

1996, 1998a; Simmons et al. 1998b). Canopy management deals with maintaining crop load by 

optimising the leaf-to-fruit ratio (L: F). High L: F ratio is associated with reduced firmness, higher 

DM, sugar content, and increased size, but can make fruit relatively more susceptible to IDs 

(Simmons et al. 1996; Simmons et al. 1998b; Singh et al. 2006b). Decisions around consigning fruit 

for export and/or domestic markets can be better informed by monitoring and managing orchard 

variability across growing seasons. For ‘B74’ mango export, sourcing fruit from high crop load trees 

(>150 fruit per tree) can potentially reduce disorder incidence through lower mineral ratios (Tables 

6.1 and 6.2).  

Although, ‘B74’ fruit quality characteristics (viz., weight, shelf life, and TSS) were not significantly 

(p > 0.05) influenced by fruit position within the canopy, sun-exposed fruit had significantly (p ≤ 

0.05) higher weight, DM, and TSS compared to shaded fruit (Table 6.3). Whiley et al. (2006) also 

reported higher DM in sun-exposed fruit, but there was no significant (p > 0.05) effect on fruit weight 

at harvest for ‘B74’ mango. The upper canopy of ‘B74’ mango fruit showed significantly (p ≤ 0.05) 

higher DM compared to the inner and lower canopy fruit (Table 6.3). This is consistent with Ketsa et 

al. (1991) and Kawphaitoon et al. (2014) finding for ‘Nam Dok Mai’ mango fruit. Similarly, higher 

DM and sugar contents were observed in sun-exposed fruit compared to shaded within canopy 

‘Cogshall’ mango fruit (Joas et al. 2010). 

There was no incidence of FCWP in fruit from any canopy position after VHT, possibly because these 

fruit were sourced from high crop load (>150) trees and had lower (K+Mg)/Ca mineral nutrient ratios 

that may otherwise have improved fruit robustness (Table 6.4). Fruit flesh [N], [K], and [Mg] were 

significantly (p ≤ 0.05) higher in shaded middle and bottom fruit compared to fruit from the top of 

the canopy (Table 6.4). Effects of canopy position have been reported for other fruit crops, like 

‘Honeycrisp’ apple (Kalcsits et al. 2019). Bitter pit incidence and flesh Ca concentrations were 

significantly (p ≤ 0.05) influenced by fruit position in the canopy, with upper canopy fruit 
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accumulating higher [Ca] and having lower incidence of bitter pit compared to lower canopy fruit 

(Kalcsits et al. 2019). ‘B74’ mineral nutrient ratios were not significantly (p > 0.05) influenced in 

fruit from any canopy position. However, and on average, sun-exposed fruit had lower concentrations 

than shaded fruit (Table 6.4). This further highlighted the stability of mineral ratios and their potential 

use as indicators for fruit robustness instead of using individual mineral concentrations. Overall, there 

can be considerable differences in fruit physiology due to position in the canopy (Witney et al. 1990; 

Ketsa et al. 1991; Joas et al. 2010; Kawphaitoon et al. 2014; Coyago-Cruz et al. 2017). Such 

differences are likely to influence post-harvest quality and susceptibility to IDs, including when 

growing fruit for protocol (e.g., VHT) markets. 

6.6 Conclusion 

The effects of crop load at a tree level on ‘B74’ fruit quality attributes and mineral concentrations 

were determined for 153 trees over three cropping seasons. Trees with high crop load (>150 fruit) 

had significantly (p ≤ 0.05) lower incidence of FCWP disorder (9%) in association with higher [Ca], 

[Mg], and [B] and lower mineral ratios (K/Ca and (K+Mg)/Ca). These ratios evidently constitute 

useful indices of fruit robustness. Decisions around whether or not to export ‘B74’ fruit might  

consider targeting fruit from high crop load trees (>150) within the orchard with low flesh mineral 

nutrient ratios (e.g., (K+Mg)/Ca: ≤ 20) at harvest with a view to enhance the likelihood of tolerance 

to phytosanitary treatment and lessen the risk of FCWP disorder. The data suggest that fruit can be 

sampled for minerals from any position in the canopy of high crop load trees. Nevertheless, more 

extensive studies are needed to better characterise varying crop load effects on fruit mineral 

concentrations and susceptibility to IDs with regard to fruit position in the canopy and quality 

parameters.   
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Chapter 7 Growth dynamics and spatial mineral distribution in 

developing ‘B74’ mango fruit 

7.1  Abstract 

Mineral nutrients, especially Calcium (Ca) and its balance with other cations such as potassium and 

magnesium, play a critical role in cell wall strength, fruit robustness, and post-harvest quality. An 

early indication of nutrient deficiency ahead of harvest can be useful in making informed marketing 

decisions i.e., for domestic or international markets. In the present study, a serial sampling strategy 

was implemented from flowering to harvest to analyse mineral nutrient concentrations in ‘B74’ 

mango fruit. The pathway of xylem inflow carrying mineral nutrients and its functionality was 

determined over fruit development period using safranin dye tracing method. The spatial distribution 

of Ca in fruit flesh was mapped through micro-X-ray fluorescence imaging (µXRF). The results 

indicated that daily fruit growth rate was highest during early development stages as determined by 

higher daily diameter changes and decreased gradually as fruit matured. Fruit underwent more rapid 

growth in length compared to width and thickness, with maximum length attained 5-6 weeks before 

commercial maturity. Fruit flesh mineral analysis indicated a gradual decrease in most mineral 

nutrients as fruit reached maturity, except for K/Ca and (K+Mg)/Ca ratios. Mineral nutrient ratios 

were stable and did not change significantly (p > 0.05) after stone hardening stage. Dye trace analysis 

showed higher xylem functionality at early stages of development than at mature-green stage. As fruit 

matured, xylem supply was completely cut-off from the middle and basal sections of fruit. This loss 

of functionality impacts nutrient distribution in fruit flesh, and it was evident through µXRF mapping 

of Ca. The Ca deposition was higher closer to fruit skin and proximal end near the pedicel base, 

following xylem functionality pathway. In conclusion, the present study provides a detailed 

understanding of ‘B74’ growth patterns and mineral distribution in fruit flesh during development 

and highlights the importance of understanding the physiology of fruit development for efficient 

cultivation practices (e.g., fertiliser application, irrigation) and ultimately to improve fruit robustness.  

Keywords: Fruit development, mineral accumulation,  X-ray fluorescence imaging, µXRF 
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7.2  Introduction  

Calcium (Ca) plays an irreplaceable function as a structural constituent of the cell wall and in signal 

transduction in response to internal and/or external stimuli (Hocking et al. 2016). Localised Ca 

deficiency during fruit development period can cause physiological disorders that eventually lead to 

quality and yield loss in fresh produce (Huang et al. 2005; Saure 2005; Tonetto de Freitas & Mitcham 

2012).  

The application of Ca-based fertilisers in the soil does not guarantee its uptake in the fruit, due to 

several internal and/or external factors involved in its transport, allocation to fruit, and further 

distribution at subcellular level (Bally 2006; Tonetto de Freitas et al. 2014; Hocking et al. 2016). Fruit 

[Ca] collectively depend on its availability in soil during particular stages of fruit growth, uptake 

through roots, competition with other cations in root system, mobility via xylem sap, and competition 

among leaf and fruit (Tonetto de Freitas & Mitcham 2012).  

Fruit, as reproductive organs, are more vulnerable to Ca deficiency than vegetative organs (White & 

Broadley 2003). Being architecturally isolated organs, fruit are attached to the tree through the pedicel 

and essential nutrients are transported to developing fruit through the phloem and xylem network in 

the pedicel. Ca transport to fruit almost exclusively happens through apoplast/xylem pathway (Zocchi 

& Mignani 1995; Saure 2005; Hocking et al. 2016). The rate of xylem inflow is a key determinant of 

Ca delivery to fruit and is primarily regulated by fruit growth and transpiration rates (Montanaro et 

al. 2014; Tonetto de Freitas et al. 2014). In Kiwi fruit, Montanaro et al. (2015) reported higher import 

of transpiration-coupled Ca in fruit at high vapour pressure deficit (VPD), whereas, at low VPD, fruit 

growth was a dominant factor in Ca import.  

Xylem inflow is determined by xylem functionality and hydraulic conductivity in pedicel and in 

developing fruit. Studies on kiwi, grape, and apple reported loss of xylem functionality and limited 

Ca import at later stages of fruit development (Dichio et al. 2003; Choat et al. 2009; Miqueloto et al. 

2014b). Miqueloto et al. (2014b) related loss of xylem functionality with Ca deficiency and 

susceptibility to bitter pit disorder in apples. Song et al. (2018) studied the anatomical features of the 

xylem in pedicel in relation to Ca uptake rate in apple, litchi, grape, citrus, and pear and concluded 

that xylem functionality markedly decreased at maturation phases. 

There is a lack of information on the growth dynamics of ‘B74’ mango to identify critical stages of 

active mineral accumulation and the role of dynamic xylem functionality in developing ‘B74’ mango 

fruit concerning Ca import and allocation. This information would be valuable in identifying mango 

fruit developmental phases with higher xylem functionality which eventually translates into a higher 

Ca import rate in fruit. In current study, fruit growth dynamics in relation to mineral nutrient uptake 
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will be explored to determine and identify critical growth stages in terms of xylem functionality and 

Ca distribution in developing fruit through dye tracing and X-ray fluorescence imaging, respectively.  

7.3  Material and methods 

7.3.1 Experimental site 

Trial was conducted on a commercial ‘B74’ mango orchard in seasons 2021 and 2022 at Childers, 

Queensland (25.136oS, 152.372oE). Trial site details are presented in section 5.3.1. 

7.3.2 Fruit sampling for growth and nutrient concentrations 

Fruit growth was determined by continuous diameter measurements at 5 min intervals using 

dendrometers (FI-M, Implexx Sense, Melbourne, Australia). Two fruit dendrometers were used once 

the fruit diameter (thickness) was ~25 mm, large enough for dendrometer clipper to hold onto the 

fruit. The dendrometers consisted of a linear variable displacement transducer (LVDT) mounted in a 

special clip and a DC-powered signal conditioner connected to CR-300 data logger (Campbell 

Scientific, Inc., Logan, UT, USA) (Figure 7.1). Fruit dendrometer and datalogger were powered by 

20W in-field installed solar panels. The changes in diameter were monitored throughout fruit growth 

and development up to harvest. The daily fruit growth was calculated by subtracting the maximum 

daily diameter from the maximum diameter from the previous day.  

To determine the mineral accumulation pattern, a serial harvesting strategy was implemented, starting 

from inflorescence emergence to green-mature fruit. Nine trees were selected from the orchard block 

and branches were tagged for uniformity and serial harvesting. Inflorescence samples were collected 

at 3 stages; 1. Bud burst (BB) – first floral primordial just visible and panicle development begins 

(BBCH phenological stage: 513 after Rajan et al. (2011)), 2. Inflorescence emergence (IE) – when 

flowers were visibly separated and secondary axes began to elongate (BBCH phenological stage: 515 

after Rajan et al. (2011)), and 3. at full flowering (FF) – when more than 50% of panicle flowers were 

open (BBCH phenological stage: 615 according to Rajan et al. (2011)) (Figure 7.2). Following 

inflorescence sampling, nine fruit at different stages of development from fruit set to commercial 

harvest were collected every 2-3 weeks, carefully packed, and transported to the post-harvest 

laboratory at the University of Queensland, Gatton campus for fruit length, width and thickness, 

weight (g), and mineral nutrient analysis. Fruit length, width, and thickness was measured manually 

using ditial vernier caliper. Fruit flesh samples from the widest part of the cheek on both sides were 

separated using a fruit corer (Bally 2006). Flesh samples were dried in a fan-forced oven at 65 °C to 

constant weight and ground to fine powder using a laboratory scale mini ball mill (Retsch Mixer Mill 
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MM 400). Dried ground flesh samples were analysed for mineral concentrations as outlined in section 

4.3.4. 

 

Figure 7.1: a. Fruit dendrometer, b. datalogger and in-field solar panel to monitor continuous mango 

fruit growth. 

 

Figure 7.2: Flowering sampling stages from, a. Bud burst, b. Inflorescence emergence, and c. Full 

flowering. 

7.3.3 Xylem functionality using dye tracing 

The xylem functionality pattern was evaluated in developing mango fruit using the dye feeding 

technique, as Ca is translocated via the xylem stream with water inflow. Briefly, five fruit with long 

pedicels were collected at different growth stages until maturity (Figure 7.3). The details of the 
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sampling stages and the fruit physical characteristics are outlined in Table 7.1. At each sampling time, 

fruit were collected early morning to keep the xylem water potential close to zero. The pedicel cut 

end was wrapped with parafilm and fruit were immediately sealed in polyethene bags. Fruit were 

placed in an ice cooler to minimise transpiration and transported to laboratory in an air-conditioned 

vehicle. Upon arrival, pedicel was recut underwater to 40 mm length from the proximal end with a 

sharp blade to expose fresh surface and placed in a vial containing 1% w/v safranin dye solution 

(Song et al. 2018). The long stem helped avoid potential blockage of xylem vessels from sap release 

that typically occurs when stem is cut too close to the pedicel abscission zone (Gosbee et al. 1998). 

The whole setup was placed under constant air flow (0.5 m/s) at 20.5 °C and ~57% relative humidity 

to increase dye uptake by stimulating transpiration mass flow. After 16 hours of dye feeding, fruit 

were cut longitudinally (along the pedicel axis) and transversely (at the proximal, middle, and distal 

end), and dye distribution reflecting xylem functionality was assessed and photographed using a 

digital camera (Figure 7.4).  

 

 

Figure 7.3: The serial sampling stages for dye infiltration. a. 82 DBH, b. 76 DBH, c. 62 DBH, d. 53 

DBH, e. 26 DBH. Here, DBH = Days before commercial harvest. 

Table 7.1. Fruit physical characteristics before dye infiltration. Each value represents the average of 

five fruit. DBH: days before commercial harvest. 

Sampling 

(DBH) 

Avg. fruit 

weight (g) 

Avg. fruit 

length (mm) 

Avg. fruit 

width (mm) 

Avg. fruit 

thickness (mm) 

Avg. pedicel 

diameter (mm) 

88 74.1 60.8 52.6 45.7 4.1 

76 126.2 73.4 62.5 54.8 4.6 

62 272.4 94.4 80.6 71.5 5.0 

53 338.5 97.9 89.2 77.3 5.3 

26 441.5 107.7 93.9 87.1 5.6 
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Figure 7.4: Schematics of mango fruit sectioning at the end of the dye feeding period (16 h). 

7.3.4 Elemental mapping in developing fruit by micro-X-ray fluorescent (µXRF) 

imaging 

The spatial nutrient distribution of Ca and K in developing mango fruit was further imaged by µXRF 

imaging. The UQ µXRF facility is a custom-built system manufactured by IXRF (Austin, TX 78748, 

United States) that consists of two 50 kV–1000 mA sources fitted with polycarpellary focusing optics: 

XOS microfocus Mo-target tube producing 17.4 keV X-rays (flux of 2.2 × 108 photons s-1) focusing 

to 25 mm and a Rh-target tube producing 20.2 keV (flux of 1.0 × 107 photons s-1) focusing to 5 mm. 

The system is fitted with two KETEK silicon drift detectors (SDD) of 170 mm2 collimated to 150 

mm2 (with 25 mm Be-window) with a CUBE preamplifier coupled to an XIA Mercury X4 signal 

processing unit. It has an energy resolution of <133 eV with an input count rate of up to 2 M counts 

per second. The fast motion stage can address areas up to 300 × 300 mm (Harvey et al. 2020). 

In current study, the 25 µm Mo-anode with a per-pixel dwell time of 100 ms was used. For mineral 

distribution in developing mango fruit, three fruit of representative size were collected at different 

growth stages until maturity (Table 7.1). Fruit were cut at longitudinal and middle sections (Figure 

7.4), mounted on a scaffold of double-sided tape for limited movement and covered with 6µm 

ultralene thin film in a tight sandwich to limit evaporation, and analysed at ~20 °C. The beam spot 

was 200 µm for analysis. The coloured maps of µXRF scans were generated based on intensities of 

minerals using Fiji software (ImageJ 2.9.0).  

7.3.5 Statistical analysis 

Data on fruit physical characteristics, viz., weight, length, width, and thickness were presented as 

mean ± standard deviation and plotted in Origin Pro-2023. Fruit flesh mineral concentrations were 

analysed by one-way analysis of variance (ANOVA), and means were compared at 5% confidence 
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level by Tukey’s HSD test. All statistical analyses were performed in R (4.0.2). The µXRF spectra 

were acquired from the UQ micro-XRF facility in mapping mode using the instrument control 

package, Iridium (IXRF systems), from the sum of counts at the position of the principal peak for 

each element. The spectra were further exported as TIFF 8-bit greyscale images in Fiji software 

(ImageJ 2.9.0) and displayed as Fiji’s ‘Fire’ lookup tables. 

7.4  Results 

7.4.1 Fruit growth and development 

‘B74’ mango showed a typical sigmoidal growth pattern. Fruit growth in length was rapid compared 

to that in width and thickness and attained maximum length 5 - 6 weeks before commercial maturity 

(Figure 7.5a). The width and thickness kept increasing up to harvest indicating a gradual deposit of 

carbohydrates as fruit matured. Fruit weight followed the same pattern as of fruit width and thickness 

(Figure 7.5b).  

The continuous measurement of fruit thickness using an LVDT dendrometer further complemented 

the manual assessments of fruit physical characteristics, with a steady increase from early growth 

stages until fruit maturity (Figure 7.5c). The daily growth rate was higher during early development 

stages with higher daily diameter changes and decreased gradually as fruit reached maturity (Figure 

7.5d). The daily increase in fruit diameter over a 24 h period was assessed on selected days throughout 

fruit developmental stages. At 90 days before harvest (DBH), the daily increase in diameter in 24 h 

was ~0.6 mm, with exponential increase till 75 DBH (~1.15 mm) and then slowly returned to ~0.6 

mm at 60 DBH (Figure 7.6). The 90 to 60 DBH period was characterised to be the highest growth 

period, followed by a gradual decline (Figures 7.5d and 7.6). As fruit matured, the trend of increase 

in diameter over 24 h period decreased until there were no changes noted ~3 weeks before maturity 

(Figures 7.5c and 7.6). 
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Figure 7.5: The fruit physical properties. a. fruit length, width, and thickness at different sampling 

intervals (n=9), b. fruit weight (n=9), c. fruit diameter (thickness) measurements using dendrometers, 

and d. Daily growth rate and vapour pressure deficit (VPD) throughout fruit growth and development. 
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Figure 7.6: Continuous diameter measurements using fruit dendrometers at 15 min intervals on 

selected days during mango fruit growth and development. DBH: Days before harvest. 

7.4.2 Fruit mineral nutrients 

The dynamics of mineral nutrient accumulation during mango flowering and in mesocarp of 

developing fruit were determined through serial harvesting, starting from BB until harvest maturity. 

There were significant (p ≤ 0.05) differences in the 3 flowering stages, with higher [N], N/Ca, K/Ca, 

and (K+Mg)/Ca ratios at BB stage, and higher [Ca], [K], [B], and [Mg] at FF stage (Table 7.2). The 

K/Ca and (K+Mg)/Ca ratios were not significantly (p > 0.05) different between IE and FF stages.  

Fruit flesh mineral analysis showed a gradual decrease in most mineral nutrients as fruit reached 

maturity except for K/Ca and (K+Mg)/Ca ratios (Table 7.2). The concentrations of N, Ca, B, and Mg 

were highest during early fruit set stage (116 DBH) and decreased significantly (p ≤ 0.05) thereafter 

until 48 DBH (~7 weeks before harvest) and remained unchanged until fruit maturity. In comparison, 

K concentration peaked at 94 DBH (~13th week before harvest) and then decreased significantly (p ≤ 

0.05) until harvest maturity (Table 7.2). N/Ca ratio, however, showed no significant (p > 0.05) 

difference between IE and at harvest. 

Since mineral nutrient ratios (N/Ca, K/Ca, and (K+Mg)/Ca) are potentially a reliable indicator of fruit 

robustness (Chapters 4 and 5), sampling fruit at stone hardening stage (5-7 weeks before commercial 

maturity) can provide a stable estimate of at-harvest fruit mineral nutrient concentrations.  
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Table 7.2. The mineral concentrations on a dry weight basis from inflorescence development until 

fruit maturity. Each data point represents the mean value of triplicate analyses. Means followed by 

the same letter are not significantly different at p ≤ 0.05 according to the Tukey’s HSD. 

 N (% 

dw) 

K (% 

dw) 

Ca (mg/kg 

dw) 

Mg 

(mg/kg 

dw) 

B 

(mg/kg 

dw) 

N/Ca K/Ca (K+Mg)/Ca 

Flowering stage         

BB 1.73a 1.17de 1550.01c 1050.15d 13.46de 11.13a 7.51e 8.19e 

IE 1.67a 1.22d 2320.09b 1633.33b 38.92b 7.30bc 5.31f 6.02f 

FF 1.50b 1.39c 3531.70a 1900.00a 68.62a 4.30d 3.99f 4.53f 

Fruit sampling         

116 DBH 1.74a 1.53b 1705.79c 1675.32b 25.80c 10.19a 9.01d 9.99e 

101 DBH 1.37c 1.40bc 1398.35cd 1398.02c 15.31d 10.11ab 10.33cd 11.35de 

94 DBH 1.19d 1.68a 1195.13d 1444.32c 13.03de 10.08ab 14.21b 15.43bc 

76 DBH 0.73e 1.36c 1054.45de 867.48e 11.27def 6.94cd 12.97bc 13.80cd 

61 DBH 0.53f 1.12e 731.10ef 616.42ef 9.26ef 7.27bc 15.33ab 16.18bc 

48 DBH 0.48f 1.11e 625.88ef 556.84f 8.42f 7.83bc 17.98a 18.87a 

34 DBH 0.48f 1.10e 620.40ef 516.68f 9.51ef 7.73bc 17.85a 18.69ab 

0 DBH 0.49f 1.01e 556.15f 480.24f 9.08ef 8.79bc 18.38a 19.26a 

Here, BB: Bud burst, IE: Inflorescence emergence, FF: Full flowering, DBH: Days before harvest. 

7.4.3 Xylem functionality and Ca mapping in developing fruit 

Xylem continuity in mango fruit was analysed using the safranin dye tracing method at 1% w/v under 

controlled laboratory conditions. The results showed greater dye penetration in mango fruit at early 

stages of development than at mature-green stage (Figure 7.7-left). Dye penetration was restricted to 

pedicel end of the fruit at later stages. No penetration in the middle section was observed after stone 

hardening stage (5-7 weeks before harvest). The longitudinal sections showed a continuous supply of 

water to tissues around the seed even after stone hardening and maturation. However, xylem supply 

to the adjacent middle flesh was undetectable, indicating a complete cut-off from the middle and basal 

sections of the fruit (Figure 7.7-left). The dye uptake did not cease altogether, as proximal end at 

pedicel base showed considerable dye presence, however, it was limited to the seed coat and skin 

tissues. This corresponds to a decrease in hydraulic conductance as the fruit goes through the 

expansion and maturation phases. 

The transport of essential mineral nutrients and their accumulation is associated with active xylem 

functionality throughout development stages. The distribution of Ca and K was mapped in young and 

mature green fruit in conjunction with dye penetration and concentration gradients were generated 

using false colours based on their intensities (Figure 7.7-middle and right).  

Enriched Ca deposition across whole fruit at early development stage (88 DBH) was evident in 

longitudinal and middle cross sections. As fruit developed, the longitudinal Ca deposition gradient 

diminished and became restricted to the proximal end near pedicel base and fruit skin near the 
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‘shoulder’ sun-exposed area. A similar trend was observed in the transverse middle section of the 

fruit, with prominent Ca presence in fruit skin but less in flesh. This trend was consistent between the 

dye pattern and destructive mineral analysis of fruit flesh (Figure 7.7, Table 7.2). Limited water flow 

to the middle and distal end of fruit and limited Ca deposition indicated limited uptake and dilution 

of existing Ca during rapid fruit expansion stages leading up to harvest (Figure 7.7). 

The K deposition intensity in fruit flesh increased during development and it peaked at 62 DBH during 

the cell expansion stage (Figure 7.7, Table 7.2), followed by a decline in the later stage, as observed 

in fruit’s middle section. However, K mainly deposited and accumulated in the inner flesh during 

later stages of fruit development as opposed to Ca which was mainly in the outer flesh right next to 

fruit skin (Figure 7.7). The wrinkle impressions in fruit flesh at 26 DBH were due to dehydration 

during analysis.   
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Figure 7.7: The changes in xylem functionality in developing ‘B74’ mango fruit fed with 0.1 % w/v 

safranin dye solution for 16 h under simulated transpiration conditions (left), and laboratory µXRF 

maps of Ca (middle) and K (right) in hydrated mango fruit sections at different development stages. 

a. 88 DBH, b. 76 DBH, c. 62 DBH, d. 53 DBH, e. 26 DBH. Here, DBH = Days before harvest, I = 

Longitudinal section, II = Middle section. 

7.5 Discussion 

Mineral nutrient accumulation is dynamic in developing fruit and is attributed to the particular stage 

of growth and development (Joyce et al. 2001; Sinha et al. 2017). It is vital, from production point of 

view, to characterise active growth phases of mineral uptake and accumulation in developing fruit. It 

allows for early estimation of fruit mineral concentrations, which can potentially inform nutrient 

management strategies to optimise fruit growth, quality, and robustness. 

The present study investigated growth patterns of ‘B74’ mango fruit in relation to mineral nutrient 

accumulation throughout development stages from flowering to harvest. Fruit length dimension 
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showed a marked increase compared to width and thickness as previously characterised in ‘Tommy 

Atkins’, ‘Keitt’, and ‘Sensation’ mango, showing a typical sigmoidal curve (Joyce et al. 2001; Carella 

et al. 2021). Daily increase in diameter over a 24 h period provided insight into fruit growth rate 

during different development stages. The daily growth rate was higher during early development, 

with higher daily diameter changes and decreased gradually as fruit reached maturity (Figure 7.6). 

Highest fruit growth rate was observed between 90 and 60 days before harvest, followed by a gradual 

decline (Figures 7.5 and 7.6) (Carella et al. 2021). The LVDT-based fruit dendrometers are very 

efficient in measuring on-tree fruit growth non-destructively and can be used to correlate with the 

effects of dynamic micro-climate variations in and around the canopy on water inflow and growth 

patterns (Carella et al. 2021; Atay et al. 2023). 

Mineral concentrations varied throughout flowering and fruit development. At flowering stages, K, 

Ca, Mg, and B concentrations increased significantly (p ≤ 0.05) from BB to FF stage which may be 

attributed to higher transpiration rates by flowering panicles (Table 7.2) (Whiley et al. 1988; Higuchi 

& Sakuratani 2005). Previously, about 13% of the total transpiration water loss from tree canopies 

was attributed to the flowering event in ‘Fuerte’ avocado and during flowering, the canopy surface 

area for transpiration-mediated water loss increased to 90% (Whiley et al. 1988). Higuchi and 

Sakuratani (2005) measured sap flow of mango peduncle at shoot level and found that 22% of the 

total shoot water consumption was linked to inflorescence. The cation mobility is predominantly 

linked with xylem water flow, hence, accumulated higher concentrations of Ca and Mg at flowering 

stages compared to later fruit development stages. 

Mineral ratios (N/Ca, K/Ca, and (K+Mg)/Ca) were observed to be stable at stone hardening stage (5-

7 weeks before harvest) (Payne et al. 2014) and no significant (p > 0.05) difference was noted from 

stone hardening to commercial maturity (Table 7.2). During fruit growth and development, mineral 

accumulation was higher at early stages of fruit development and declined with fruit maturity. This 

is linked to the shift from cell division to cell elongation that can cause nutritional dilution, especially 

for Ca in mango fruit (Joyce et al. 2001). The anatomical study on ‘Kensington Pride’ and ‘Sensation’ 

reported a marked increase in cell length and breadth in the middle and inner mesocarp of the fruit 

during fruit development up to maturity (Joyce et al. 2001). Ca is involved in cell wall formation 

during active cell division, for membrane stability, and strength during cell expansion stages 

(Hocking et al. 2016).  

The pathway of Ca import and accumulation in developing fruit was further mapped through safranin 

dye infiltration to analyse xylem continuity and water flow. The results indicated a complete cut-off 

of xylem inflow from middle and basal section of fruit at later stages, suggesting that water and 
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essential mineral nutrients may not be evenly distributed across fruit (Figure 7.7).  

The µXRF analysis further confirmed this suggestion showing higher deposition of Ca close to the 

fruit skin compared to the inner and distal mesocarp sections (Figure 7.7). Ca mineral analysis of 

various parts of mature ‘Kensington Pride’ mango has previously shown ~10-fold higher Ca 

concentrations in skin (0.53% D.W.) and ~7-fold increase in outer mesocarp (0.12% D.W.) compared 

to inner flesh (0.05% D.W.) (Joyce et al. 2001). In ‘B74’, Ca was almost evenly distributed at early 

fruit development (88 DBH) but during cell elongation and expansion, it was diluted in the mesocarp 

due to loss of xylem functionality (Figure 7.7). The loss of xylem functionality is linked to decrease 

in hydraulic conductivity of xylem vessels. Nordey et al. (2015) reported a similar trend of higher 

xylem flow in mango at early stages but a decline during late developmental stages due to xylem 

embolism in fruit pedicel which resulted in decrease in hydraulic conductivity of xylem vessels. 

Similar observations were made in grapes by Knipfer et al. (2015) indicating decline in xylem uptake 

and hydraulic conductivity post-veraison was due to xylem blockage. 

Another possible explanation for the loss of xylem functionality could be the physical rupture of 

xylem vessels in fruit flesh caused by growth stress and strain during exponential mesocarp cell 

expansion at later stages (Grimm et al. 2017), but further studies are required to test and validate this 

hypothesis in mango fruit. The fruit growth stress associated with xylem rupturing during later stages 

of development has previously been noted in sweet cherry fruit through acid fuchsin dye tracing and 

gadoteric acid-mediated magnetic resonance imaging (Grimm et al. 2017). Water inflow via xylem 

is dependent on intact xylem vessels and hydrostatic gradient between peduncle and fruit (generated 

by fruit growth and transpirational pull). In grapes, Bondada et al. (2005) reported intact functional 

xylem vessels, however, the loss of driving force (hydrostatic gradient) post-veraison reduced xylem 

inflow into the grape berry. Similarly, a surface morphological study on ‘Kensington Pride’ mango 

indicated a gradual increase in thick epicuticular wax development and rupture of stomata into 

lenticels (after >38 g fruit weight) as fruit matured (Bally 1999). This could limit the transpiration-

mediated water pull into the fruit along with xylem deterioration and can collectively contribute to 

loss of xylem functionality in developing mango fruit. The pattern of xylem and phloem functionality 

during fruit development is very dynamic among fruit types (Hou et al. 2021). In any case, the loss 

of xylem functionality (either due to loss of driving force, ruptured xylem vessel, or embolism)  leads 

to lower mineral transport and accumulation in the developing fruit and makes it more susceptible to 

post-harvest disorders, as noted by blossom end rot disorder in tomato (Riboldi et al. 2022). The 

xylem functionality studies, and mineral mapping gradients provide useful insights in understanding 

nutrient requirements of mango fruit and optimising cultivation practices.  
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7.6 Conclusion 

In present study, fruit growth and mineral nutrient accumulation pattern of ‘B74’ mango was 

investigated throughout flowering and fruit developmental stages. The fruit growth rate was higher 

at early developmental stages with a higher daily increase in diameter over a 24 h period. Mineral 

nutrient ratios were stable at the stone hardening stage (5-7 weeks before harvest) and could be used 

as a reliable indicator to estimate the at-harvest fruit mineral status. Furthermore, this study provides 

insights into role of xylem functionality and continuity in nutrient transport and spatial distribution 

within fruit flesh. These findings highlight the importance of understanding physiology of fruit 

development for efficient cultivation practices (i.e., fertiliser application, irrigation) and improving 

fruit quality. Optimal cultivation practices can help meet changing nutrient requirements of mango 

fruit during development, leading to improved fruit quality and productivity. 
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Chapter 8 General discussion, conclusion, and future research 

directions 

8.1 Introduction  

Australian mango exports currently stand at ~7% of total production (Hort. Innovation Australia 

2023). There is a huge potential to drive export to overseas markets. However, ‘long’ supply chains 

and requisite post-harvest disinfestation protocols negatively influence quality, shelf life, and 

marketability (Jacobi & Giles 1997; Jacobi et al. 2001; Brecht et al. 2020; Le et al. 2022). 

‘B74’ mango has considerable demand from Asian markets. For example, from China, for which 

VHT is a mandatory phytosanitary treatment for fruit fly infestation (Hort. Innovation Australia 

2023). VHT has been associated with compromised ‘B74’ internal quality in export consignments 

that result in monetary loss to the industry (D. Holmes, pers. comm., 2020, Technical and logistics 

officer, Perfection Fresh Limited.). Therefore, the present project aimed to investigate the potential 

causes of IDs in ‘B74’ mango fruit and potential factors affecting fruit robustness against stressful 

post-harvest VHT in export supply chains. Growing robust fruit may lessen the incidence of IDs in 

‘B74’ mango.  

A systematic literature review highlighted a potential role for mineral nutrient concentrations in 

mango fruit flesh at harvest in mediating susceptibility to IDs. In particular, low [Ca], high [N], and 

high N/Ca ratios regarding spongy tissue, soft nose, and jelly seed disorders (Chapter 3). Mineral 

nutrient associations with IDs have been studied for various mango cultivars (Gunjate et al. 1979b; 

Katrodia 1979; Raymond et al. 1998b; Bally 2006; Ma et al. 2018; Andrade et al. 2022; Ma et al. 

2022; Ma et al. 2023). Disorder occurrence and intensity vary between cultivars and seasons. Seasonal 

environmental effectors likely fall under growing conditions and pre-harvest and post-harvest 

practices (Hewett 2006; Léchaudel & Joas 2007). Consequently, a single simple solution to manage 

disorder problem is improbable. Rather, cultivar (genetic) and region (environmental) specific 

identification and understanding of influences pre-harvest and post-harvest is likely to offer the best 

recipe for management of IDs in ‘B74’ mango fruit.  

The most prevalent IDs in VHT export quality ‘B74’ mango were flesh cavity with white patches 

(FCWP) and flesh browning (FB) (Figure 4.3, Chapter 4). FCWP featured cavities with dense white 

boundaries in the flesh near the seed. This symptom is similar to spongy tissue disorder, a widely 

recognised ripening disorder in Indian cultivars (Katrodia 1988; Oak et al. 2022). However, FCWP 

was distinguished from spongy tissue in that it lacked off-odour at eating ripe and was present only 
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in VHT fruit (Chapters 2 and 4). On the other hand, FB presented as browning or darkening of flesh 

near the seed and was evident in both VHT and non-VHT fruit.  

8.2 Link between IDs and mineral nutrients in ‘B74’ mango 

The link between mineral concentrations and the incidence of IDs in VHT-treated ‘B74’ mango was 

explored with fruit sourced from commercial supply chains over two consecutive seasons from three 

major ‘B74’ production regions of Australia, i.e., NT, FNQ, and SEQ (Chapter 4).  

NT fruit proved relatively more prone to develop FB disorder, possibly due to lower B concentrations 

in fruit flesh. SEQ fruit had higher flesh [B] and exhibited no FB (Figure 4.7, Tables 4.3 and 4.4). 

Improving B status in fruit may improve tolerance to FB. For ‘Dashehari’ mango, Saran and Kumar 

(2011) reported reduced incidence of internal necrosis (browning) coincident with a significant (p ≤ 

0.05) increase in fruit [B] as a response to foliar application of 0.10% disodium octaborate 

tetrahydrate. Previously, foliar application of B has been reported to improve quality, yield, and shelf 

life for ‘Dashehari’ (Arvind et al. 2012) and ‘Palmer’ mango fruit (Oldoni et al. 2018). Combined 

foliar application of B and humic acid on ‘Zebda’ mango markedly reduced alternate bearing in 

concert with improved fruit size and total soluble solids (El-Hoseiny et al. 2020). B play a critical 

role in cell wall stability, including regarding growth of reproductive cells, flower initiation, fruit 

retention, and internal quality (Lovatt 1990; Whiley et al. 1996; Smith et al. 1997b; Sharma & Singh 

2009; Bariya et al. 2014). Soil-applied B fertiliser increased pollen viability and fruit set and size in 

‘Hass’ avocado (Smith et al. 1997a; Smith et al. 1997c). 

Fruit from FNQ and SEQ were more susceptible to FCWP after VHT, with higher FCWP incidence 

associated with lower flesh [Ca] and [Mg] and higher [N], K/Ca, and (K+Mg)/Ca ratios (Tables 4.3 

and 4.5) as compared to NT fruit. This was supported by mineral analyses of healthy and FCWP-

affected fruit from all regions (Table 4.6). Higher [Ca] in NT fruit was attributed to higher soil 

exchangeable [Ca] and CEC plus higher temperatures throughout the growing seasons (Table 4.2, 

Figure 4.2). Ca movement within the canopy is by mass flow of water driven by VPD (Gilliham et 

al. 2011; Hocking et al. 2016). Relatively higher NT temperatures may have driven VPD to facilitate 

Ca uptake and transport to fruit (Shivashankara & Mathai 1999).  

 (K+Mg)/Ca was significantly (p ≤ 0.05) correlated with FCWP disorder across seasons and regions. 

Hence, the ratio may prove a useful index for FCWP developing in VHT-treated ‘B74’ mango (Table 

4.5). The initial hypothesis of higher N/Ca ratio causes mango IDs was inconsistent with other results. 

Rather, (K+Mg)/Ca ratio was most indicative of VHT-induced FCWP disorder in ‘B74’ mango.  

8.3 Crop load effects on mineral nutrients and FCWP incidence in ‘B74’ mango 
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Supplementary applications of urea, microfine gypsum, and calcium nitrate for three serial seasons 

did not improve fruit mineral status nor reduce FCWP disorder (Chapter 5). However, fertiliser 

treatment effects may have not been evident against the control treatment of no supplementary N or 

Ca fertiliser due to the basal application of calcium nitrate, potassium nitrate, and gypsum as 

overarching standard practice on the commercial trial site (Appendix A6). The results are in 

accordance with Bally (2006), where application of ammonium nitrate and gypsum over three fruiting 

seasons failed to improve ‘Keitt’ mango fruit [Ca] and reduce IDs incidence. Ca availability in the 

soil as %Ca-base saturation in response to fertiliser applications was not correlated to fruit [Ca] at 

harvest (Appendix A7).  

Crop load (fruit per tree) was evidently a factor driving fruit flesh mineral status (Table 5.12). 

Robinson and Lopez (2010) similarly reported crop load as a major factor affecting apple mineral 

concentrations and fruit quality compared to N, K, and irrigation applications. Higher crop load in 

‘Honeycrisp’ apple reduced bitter pit disorder and gave lower [K] in flesh (Robinson & Lopez 2010; 

Serra et al. 2016), which complements findings for ‘B74’ mango (Tables 5.12, 6.1, and 6.2). Selection 

of trees based on crop load (fruit number per tree) indicated that high crop load trees (>150 fruit) had 

lower (K+Mg)/Ca ratio and significantly (p ≤ 0.05) lower incidence of FWP disorders (9%) compared 

to trees with low and medium crop loads (Tables 6.1 and 6.2).  

The biennial cropping pattern with ‘off’ and ‘on’ years on individual trees need be monitored and 

managed to produce uniform fruit for export (Bally 2006; Zabedah et al. 2008; Isarangkoo et al. 

2019). In ‘B74’ mango, biennial cropping is typically not evident in young trees which, according to 

Whiley et al. (2006), gave consistent ‘on’ year cropping with good yield and fruit quality up to 6 years 

old ‘B74’ mango. However, as trees age, biennial bearing becomes more evident. Anderson et al. 

(2019) reported cropping inconsistency within 12 years old ‘B74’ mango orchard, which 

complements present results with 17 years old ‘B74’ trees in three serial seasons (Figure 6.2). Mango 

biennial bearing is a complex phenomenon (Singh 1969; Prasad & Patak 1970; Rahim et al. 2011; 

Kaur et al. 2023). Factors reportedly associated with biennial bearing in mango including variety 

(Singh 1969; Prasad & Patak 1970), mineral nutrition (Singh 1969), carbohydrate deficiency (Singh 

1969; Orr et al. 2023), shoot maturity (Singh 1969), environmental fluctuations (Chacko 1989; Sandip 

et al. 2015), and hormonal imbalance (Chacko et al. 1974; Rahim et al. 2011; Nakagawa et al. 2012). 

Present results suggested that nutritional deficiency and environmental factors were not involved in 

‘B74’ mango biennial pattern since trees had optimal nutrients range in their leaves (Appendix A4). 

Moreover, there were no appreciable differences in temperature and relative humidity across seasons 

(Figure 5.1). Further investigation is warranted  to determine whether carbohydrate deficiency (Singh 

1969; Orr et al. 2023) or other potential management practices (e.g., pruning) may be involved in 
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‘B74’ mango biennial cropping. 

Fruit position in canopy did not significantly (p > 0.05 ) influence mineral nutrient ratios in ‘B74’ 

fruit sampled from high crop load trees (>150 fruit/tree) (Table 6.4) and no FCWP after VHT. Upper 

canopy fruit had significantly (p ≤ 0.001) higher DM compared to the inner and lower canopy fruit 

(Table 6.3). Similar results have been reported for ‘Nam Dok Mai’ (Ketsa et al. 1991; Kawphaitoon 

et al. 2014), ‘Cogshall’ (Joas et al. 2010), and ‘B74’ (Whiley et al. 2006) mango trees. Shaded fruit 

in the middle and bottom of the canopy had significantly (p ≤ 0.05) higher flesh [N], [K], and [Mg], 

and lower [B] (Table 6.4). Sun-exposed fruit had significantly (p ≤ 0.05) higher weight, DM, and TSS 

compared to shaded fruit (Table 6.3). 

8.4 Mineral nutrient import into developing ‘B74’ mango 

Towards determining when fruit should be sampled for at-harvest mineral status, developmental 

aspects of ‘B74’ mango fruit were studied regarding growth dynamics, mineral nutrient accumulation, 

and xylem functionality in the lead up to harvest. Serial sampling was adopted from flowering to 

commercial maturity, and fruit were assessed for mineral nutrient accumulation.  

Results showed a trend of gradual decrease in all mineral nutrient concentrations as fruit reached 

maturity (Table 7.2). Regarding K/Ca and (K+Mg)/Ca ratio, there was no significant (p > 0.05) 

difference after stone hardening at 5-7 weeks before harvest maturity, suggesting a potential sampling 

point for at-harvest ‘B74’ fruit mineral analysis (Table 7.2). For N/Ca, no significant (p > 0.05) 

differences were observed between inflorescence emergence (IE) stage and at-harvest fruit flesh 

(Table 7.2). IE stage may be used as an early indication of at harvest flesh N/Ca ratio in ‘B74’ mango 

fruit as supplemental or alternative tool for diagnosing early nutritional deficiencies. Campisi-Pinto 

et al. (2017) have suggested cauliflower stage inflorescences as a diagnosis for nutritional deficiencies 

with regard to ‘Hass’ avocado yield.  

Xylem functionality in developing ‘B74’ mango fruit was determined using safranin dye tracer 

(section 7.3.3). Present results showed gradual decline in xylem functionality as ‘B74’ fruit matured, 

with dye penetration being limited to the pedicel end of the fruit (Figure 7.7). Song et al. (2018) used 

safranin to determine xylem functionality in apple, pear, citrus, grape, and litchi fruit at early and full 

maturity phases and linked it with Ca import in the fruit flesh. 

Loss of xylem functionality may limit Ca import and accumulation into fruits (Dichio et al. 2003; 

Choat et al. 2009; Miqueloto et al. 2014a). Patterns of xylem functionality and Ca import are dynamic 

and may vary among cultivars. For example, ‘Catarina’ apple showed loss of xylem functionality 

much earlier in fruit development than ‘Fiji’ apple (Miqueloto et al. 2014a).  
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Water and mineral import into fruit is linked with xylem functionality and driven by environmental 

conditions, especially VPD (Montanaro et al. 2014), and fruit physicochemical characteristics, such 

as transpiration, skin anatomy, and cell growth and development (Bally 1999; Montanaro et al. 2006; 

Montanaro et al. 2012; Montanaro et al. 2015). For mango fruit, Nordey et al. (2015) linked decline 

in xylem inflow to xylem emboli in the fruit pedicel during maturation. Bally (1999) reported gradual 

increase in waxy cuticle thickness during fruit development in ‘Kensington pride’ mango, along with 

conversion of stomata into lenticels when fruit reached >38 g weight. Loss of stomatal functioning 

would lessen fruit transpiration and upstream xylem water inflow. Loss of xylem functionality can 

also involve physical rupture of vessels in fruit associated with mechanical growth stress and strain 

during rapid mesocarp cell expansion at later stages (Grimm et al. 2017). Further studies on ‘B74’ 

mango are warranted to elucidate driving and/or limiting factors for water and mineral import into 

the fruit.  

The spatial distribution of Ca in ‘B74’ mango flesh was also mapped by micro-X-ray fluorescence 

imaging (µXRF) to complement the dye tracing. XRF acquires spatially resolved mineral distribution 

patterns (Zhao et al. 2014; Kopittke et al. 2018; Wang et al. 2019a; Van Der Ent et al. 2020). Fresh 

hydrated 2 mm-thick ‘B74’ slices were mounted on imaging apparatus and imaged for Ca and K 

spatial distribution at multiple development stages (Table 7.1).  Ca rich regions were evident across 

whole fruit at early growth stages, but ‘diluted’ as fruit matured (Figure 7.7). A gradual increase in 

[Ca] was noted in fruit skin throughout the development phase. Higher deposition closer to maturity 

(Figure 7.7) suggested that fruit skin keep accumulating Ca in contrast to the pattern in fruit flesh.  

8.5 Key research questions addressed in this study 

The following questions were addressed in the current research project bearing industry interests in 

mind and as summaries of respective thesis chapters and key outcomes (Figure 8.1).  

• What are the major factors causing IDs in mango fruit? 

Literature reviews (Chapters 2 and 3) were informative in providing an overall insight into how 

mango IDs differ among cultivars and across production regions. Focus for IDs was their putative 

association with fruit mineral concentrations (Chapter 3). This work reflected the working hypothesis 

that fruit mineral nutrients and their ratios may be key indices towards reducing IDs in ‘B74’ mango 

fruit. 

• What are the major IDs in export quality ‘B74’ mango and is there a relationship between 

‘B74’ VHT-induced disorders with flesh minerals? 

A variety of disorders are reported in literature. However, ‘B74’ only expressed FCWP (VHT 
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induced) and FB (present ± VHT, aggravated by VHT) (Chapter 4). Results showed inconsistency of 

individual mineral associations with FCWP. It was hypothesised that N/Ca ratio could be the major 

determining factor (Chapter 2). However, (K+Mg)/Ca ratio showed more consistent correlations with 

FCWP across different seasons and regions. FB was linked to individual mineral concentration, 

particularly [B] in fruit flesh (Chapter 4). 

• Is there any effect of pre-harvest fertiliser application on IDs and mineral concentrations in 

‘B74’ mango? 

Application of supplementary N- and Ca-based fertilisers for three consecutive seasons did not 

significantly (p > 0.05) improve fruit mineral concentrations or reduce incidence of FCWP (Chapter 

5). FCWP incidence and fruit mineral concentrations and ratios were primarily driven by crop load 

rather than fertiliser (Table 5.12). Fruit from trees with high crop load (>150 fruit per tree) had 

significantly (p ≤ 0.05) lower (K+Mg)/Ca ratio and FCWP disorder (Chapter 6). When sampling fruit 

from high crop load trees, fruit position in the canopy (e.g., top, bottom, middle, sun-exposed or 

shaded) has no significant (p > 0.05) effect on mineral nutrient ratios (Chapter 6). 

• What is the right time to sample fruit ahead of harvest for mineral analysis and from where in 

the canopy? 

Crop load estimation can be done by flowering estimation or fruit counting after second fruit drop 

post-stone hardening (Payne et al. 2014). However, flesh mineral concentrations are dynamic 

throughout development (Joyce et al. 2001). Moreover, fruit mineral analyses by commercial 

laboratories have a 2-week plus turnaround time, which is hindrance for industry for informed fruit 

marketing decisions. Serial sampling of ‘B74’ mango fruit showed that mineral ratios (K+Mg/Ca) do 

not change significantly (p > 0.05) after stone hardening stage (Chapter 7). Thus, this development 

stage may be used for at-harvest estimation of fruit mineral concentrations.  
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Figure 8.1: Schematic representation linking thesis chapters and outlining overall and individual 

research objectives in subsequent chapters and take-home messages. 

8.6 Future research directions 

• The present study investigated absolute mineral concentrations as a function of fruit 

robustness. However, minerals are present in different physiological forms within the plant. 

For instance, Ca is available in plant cells in different fractions, viz., soluble Ca 

(physiologically active form), cell wall-bound, and oxalate crystals. A recent study reported 

significantly (p ≤ 0.05)  higher [Ca] oxalate and lower soluble [Ca] in severely affected spongy 

tissue compared to healthy ‘Keitt’ fruit (Ma et al. 2023). This begs the question as to how 

these Ca fractions are involved in the predisposition of ‘B74’ mango to disorders. Future 

research should consider this aspect as it could inform which type of Ca fertiliser may prove 
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to be more useful to raise soluble Ca levels in the mesocarp cells during critical fruit growth 

and development stages. 

• An in-depth study on developmental aspects of ‘B74’ mango (xylem, phloem, and 

transpiration) is needed to better understand fruit Ca uptake during growth and development, 

key mechanisms involved in driving or limiting mineral accumulation, genetic variability, as 

well as environmental and crop management factors (including under varying crop load 

conditions). Understanding fruit Ca uptake is very important to effectively control the amount 

of Ca desired in the fruit at harvest. 

• Mineral analyses can be very costly with turnaround times of greater than 2 weeks for many 

commercial laboratories. This encourages sample pooling to reduce analysis cost and leads to 

loss of variability within data sets. Future research should explore rapid, efficient, and cost-

effective benchtop/on-farm analysis tools. These can markedly improve crop quality through 

timely and efficient monitoring of fertiliser application. It also can help generate extensive 

datasets to better understand the dynamic roles of these nutrients in horticultural crops. 

A preliminary effort was made to use handheld XRF (Appendix B) as an alternative tool for 

mineral analysis. Linear regression correlation was obtained between handheld XRF and ICP 

laboratory methods; for (K+Mg)/Ca: r2 = 0.7, p < 0.001 in mango flesh and r2 = 0.8, p < 0.001 

in avocado skin. However, handheld XRF requires calibration for crop and tissue types. Other 

potential test methods include ion selective electrodes, pocket ion meters, and portable 

nutrient analysers as a potentially quick and relatively low-cost means to measure soluble Ca 

concentrations. Suh techniques are currently being used for plant sap testing (Parks et al. 2012; 

Buajaila & Miles 2019) and could be optimised for fruit tissue analysis. 

• Considerable differences within ‘B74’ orchards in terms of flesh nutrients and quality were 

observed. Future research could focus more on site-specific environmental monitoring and 

precision orchard management strategies to optimise fruit quality for export. 

• Towards producing more robust ‘B74’ mango fruit across Australia for export, a ‘systems 

thinking’ approach could be implemented for fruit quality. With quality as the systems output, 

to map how multiple factors pre-harvest and post-harvest interact to influence robustness 

status. For example and based on the literature and secondary data, an elementary causal loop 

diagram (CLD) representing systems thinking is presented in Chapter 3. CLDs can be 

modified and iteratively improved to effectively depict how complex production systems 
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work. In turn, this may inform management actions and/or be used as a decision support tool 

for stakeholders seeking to better understanding their intricate system. 

 

 

 

  



128 
 

Chapter 9 References 

 

Acosta, R, Neito, A, Mena, N, Teliz, O, Vaquera, H & Nieto, A 2000, 'Effect of post-harvest 

temperatures on the development of internal darkening in mango fruits (Mangifera indica L.) cv. 

Haden and their quality', Acta Horticulturae no. 509, pp. 401-12. 

 

Adams, S, Cockshull, K & Cave, C 2001, 'Effect of temperature on the growth and development of 

tomato fruits', Annals of Botany, vol. 88, no. 5, pp. 869-77.  

 

Altundag, H & Tuzen, M 2011, 'Comparison of dry, wet and microwave digestion methods for the 

multi element determination in some dried fruit samples by ICP-OES', Food and Chemical 

Toxicology, vol. 49, no. 11, pp. 2800-7.  

 

AMIA, BPR 2022a, Mango Flowering in QLD Australian Mango Industry Association.  

 

AMIA, BPR 2022b, Mango Flowering in the NT Australian Mango Industry Association.  

 

Amin, M, Malik, AU, Din, N, Jabbar, A & Ahmad, I 2007, 'Mango soft nose disorder and fruit quality 

in relation to pre-and postharvest treatments', Life Sciences International Journal, vol. 1, pp. 455-62.  

 

Anderson, N, Underwood, J, Rahman, M, Robson, A & Walsh, K 2019, 'Estimation of fruit load in 

mango orchards: tree sampling considerations and use of machine vision and satellite imagery', 

Precision agriculture, vol. 20, pp. 823-39.  

 

Anderson, NT, Subedi, PP & Walsh, KB 2017, 'Manipulation of mango fruit dry matter content to 

improve eating quality', Scientia Horticulturae, vol. 226, pp. 316-21.  

 

Andrade, MEAD, Silva, BOSD, Ribeiro, TDS, Santos, LFD, Lima, AMN, Oliveira, FFD & Freitas, 

STD 2022, 'Fruit traits at harvest and after storage related to the incidence of postharvest 

physiological disorders in ‘Keitt’ mangoes', Acta Scientific Nutritional Health, vol. 6, no. 1, pp. 49-

63.  

 

Arpaia, M, Meyer, J, Witney, G, Bender, G, Stottlemyer, D & Robinson, P 1996, 'The Cashin Creek 

nitrogen fertilizer trial-what did we learn', California Avocado Society Yearbook, vol. 80, pp. 85-98.  



129 
 

 

Arvind, B, Mishra, N, Mishra, D & Singh, C 2012, 'Foliar application of potassium, calcium, zinc 

and boron enhanced yield, quality and shelf life of mango', HortFlora Research Spectrum, vol. 1, no. 

4, pp. 300-5.  

 

Assis, JSd, Silva, DJ & Moraes, PLDd 2004, 'Equilíbrio nutricional e distúrbios fisiológicos em 

manga 'Tommy Atkins'', Revista Brasileira de Fruticultura, vol. 26, no. 2, pp. 326-9.  

 

Atay, E, Crété, X, Loubet, D & Lauri, P-E 2023, 'Diurnal and seasonal growth responses of Apple 

trees to water-deficit stress', Erwerbs-Obstbau, vol. 65, no. 1, pp. 1-6.  

 

Bally, IS 1999, 'Changes in the cuticular surface during the development of mango (Mangifera indica 

L.) cv. 'Kensington Pride'', Scientia Horticulturae, vol. 79, no. 1-2, pp. 13-22.  

 

Bally, IS, Hofman, PJ, Irving, D, Coates, LM & Dann, E 2006, 'The effects of nitrogen on postharvest 

disease in mango (Mangifera indica L. 'Keitt')', Acta horticulturae, no. 820, pp. 365-70.  

 

Bally, ISE 2006, 'The effect of preharvest nutrition and crop load on fruit quality and postharvest 

disease in mango (Mangifera indica L.)', PhD thesis, University of Queensland.  

 

Bally, ISE 2009, '12. Crop production: mineral nutrition', The mango, botany, production and uses, 

2nd edn. CAB International, Wallingford, pp. 404-31.  

 

Bally, ISE & Owens, L 2001, Control of internal disorders in Mango, Horticultural Australia, 

Sydney.  

 

Baloch, M & Bibi, F 2012, 'Effect of harvesting and storage conditions on the post harvest quality 

and shelf life of mango (Mangifera indica L.) fruit', South African Journal of Botany, vol. 83, pp. 

109-16.  

 

Banuelos, GS, Bangerth, F & Marschner, H 1987, 'Relationship between polar basipetal auxin 

transport and acropetal Ca2+ transport into tomato fruits', Physiologia Plantarum, vol. 71, no. 3, pp. 

321-7.  

 



130 
 

Bariya, H, Bagtharia, S & Patel, A 2014, 'Boron: A promising nutrient for increasing growth and 

yield of plants', in Nutrient use efficiency in plants, Springer, pp. 153-70.  

 

Baugher, TA, Marini, R, Schupp, JR & Watkins, CB 2017, 'Prediction of bitter pit in ‘Honeycrisp’ 

apples and best management implications', HortScience, vol. 52, no. 10, pp. 1368-74.  

 

Bautista, O 1990, 'Postharvest technology for Southeast Asian perishable crops [vegetables, fruits, 

plantation crops, ornamental crops, other crops]'.  

 

Bautista, O & Esguerra, E 2007, 'Postharvest Technology for Southeast Asian Perishable Crops 

(Laguna, Philippines: University of the Philippines Los Banos (UPLB), College)'.  

 

Biermann, RT, Bach, LT, Kläring, H-P, Baldermann, S, Börnke, F & Schwarz, D 2022, 'Discovering 

Tolerance—A Computational Approach to Assess Abiotic Stress Tolerance in Tomato Under 

Greenhouse Conditions', FRONTIERS IN SUSTAINABLE FOOD SYSTEMS, vol. 6.  

 

Bitange, NM, Chemining'wa, GN, Ambuko, J & Owino, WO 2020, 'Can calcium sprays alleviate 

jelly seed in mango fruits?', Journal of Agriculture and Rural Development in the Tropics and 

Subtropics, vol. 121, no. 1, pp. 35-42.  

 

Bizzani, M, Flores, DWM, Moraes, TB, Colnago, LA, Ferreira, MD & Spoto, MHF 2020, 'Non-

invasive detection of internal flesh breakdown in intact Palmer mangoes using time-domain nuclear 

magnetic resonance relaxometry', Microchemical Journal, vol. 158, p. 105208.  

 

Bojappa, K & Singh, R 1975, 'The feeder root distribution pattern of young and old mango (Mangifera 

indica L.) trees', Indian Journal of Horticulture, vol. 32, no. 3and4, pp. 123-7.  

 

Bondada, BR, Matthews, MA & Shackel, KA 2005, 'Functional xylem in the post-veraison grape 

berry', Journal of Experimental Botany, vol. 56, no. 421, pp. 2949-57.  

 

Bonomelli, C, de Freitas, ST, Aguilera, C, Palma, C, Garay, R, Dides, M, Brossard, N & O’Brien, JA 

2021, 'Ammonium excess leads to Ca restrictions, morphological changes, and nutritional imbalances 

in tomato plants, which can be monitored by the N/Ca ratio', Agronomy, vol. 11, no. 7, p. 1437.  

 



131 
 

Brecht, JK, Sargent, SA, Kader, AA, Mitcham, EJ, Maul, F, Brecht, PE & Menocal, O 2020, 'Mango 

postharvest best management practices manual: HS1185, rev. 10/2020', EDIS, vol. 2020, no. 5.  

 

Brown, MM & Ho, L 1993, 'Factors affecting calcium transport and basipetal IAA movement in 

tomato fruit in relation to blossom-end rot', Journal of Experimental Botany, vol. 44, no. 7, pp. 1111-

7.  

 

Brunetto, G, Melo, GWBD, Toselli, M, Quartieri, M & Tagliavini, M 2015, 'The role of mineral 

nutrition on yields and fruit quality in grapevine, pear and apple', Revista Brasileira de Fruticultura, 

vol. 37, no. 4, pp. 1089-104.  

 

Buajaila, F & Miles, CA 2019, 'Petiole sap nitrate-N quick test for determining nitrogen status of 

tomato'.  

 

Burdon, J, Moore, K & Wainwright, H 1991, 'Mineral distribution in mango fruit susceptible to the 

physiological disorder soft-nose', Scientia Horticulturae, vol. 48, no. 3-4, pp. 329-36.  

 

Burdon, J, Moore, K & Wainwright, H 1992, 'A preliminary examination of the physiological 

disorder'soft-nose'in mango fruit', Tropical Fruits, XXIII IHC 296, pp. 15-22.  

 

Burondkar, M, Jadhav, B & Chetti, M 2009, 'Effect of plant growth regulators, polyamine and 

nutrients on fruit quality and occurrence of spongy tissue in Alphonso mango', Acta Horti, vol. 820, 

pp. 689-96.  

 

Campisi-Pinto, S, Zheng, Y, Rolshausen, PE, Crowley, DE, Faber, B, Bender, G, Bianchi, M, 

Khuong, T & Lovatt, CJ 2017, 'Optimal nutrient concentration ranges of ‘Hass’ avocado cauliflower 

stage inflorescences—potential diagnostic tool to optimize tree nutrient status and increase yield', 

HortScience, vol. 52, no. 12, pp. 1707-15.  

 

Carella, A, Gianguzzi, G, Scalisi, A, Farina, V, Inglese, P & Bianco, RL 2021, 'Fruit Growth Stage 

Transitions in Two Mango Cultivars Grown in a Mediterranean Environment', Plants, vol. 10, no. 7, 

p. 1332.  

 



132 
 

Casero, T, Benavides, A, Puy, J & Recasens, I 2004, 'Relationships between leaf and fruit nutrients 

and fruit quality attributes in golden smoothee apples using multivariate regression techniques', 

Journal of Plant Nutrition, vol. 27, no. 2, pp. 313-24.  

 

Caspari, HW, Behboudian, MH & Chalmers, DJ 1994, 'Water use, growth, and fruit yield of 

Hosui'Asian Pears under deficit irrigation', Journal of the American Society for Horticultural Science, 

vol. 119, no. 3, pp. 383-8.  

 

Cellier, P, Ruget, F, Chartier, M & Bonhomme, R 1993, 'Estimating the temperature of a maize apex 

during early growth stages', Agricultural and Forest Meteorology, vol. 63, no. 1-2, pp. 35-54.  

 

Chacko, E 1989, 'Mango flowering-Still an enigma!', in III International Mango Symposium 291, pp. 

12-21.  

 

Chacko, E, Kohli, R & Randhawa, G 1974, 'Investigations on the use of (2-chloroethyl) phosphonic 

acid (ethephon, cepa) for the control of biennial bearing in mango', Scientia Horticulturae, vol. 2, no. 

4, pp. 389-98.  

 

Chagne, D, Dayatilake, D, Diack, R, Oliver, M, Ireland, H, Watson, A, Gardiner, SE, Johnston, JW, 

Schaffer, RJ & Tustin, S 2014, 'Genetic and environmental control of fruit maturation, dry matter and 

firmness in apple (Malus x domestica Borkh.)', Horticulture Research, vol. 1, p. 14046.  

 

Cheema, G & Dani, P 1934, 'Report on the export of Mangoes to Europe in 1932 and 1933', Bulletin 

of the Department of Agriculture, Bombay, vol. 170, pp. 1-31.  

 

Chitarra, M, Chitarra, A & de Oliveira Lima, L 1997, 'Internal breakdown in mango fruit: changes in 

cell wall compounds', Acta horticulturae, no. 485, pp. 91-6.  

 

Choat, B, Gambetta, GA, Shackel, KA & Matthews, MA 2009, 'Vascular function in grape berries 

across development and its relevance to apparent hydraulic isolation', Plant Physiology, vol. 151, no. 

3, pp. 1677-87.  

 

Cochran, WG 1977, Sampling techniques, John Wiley & Sons.  

 



133 
 

Corcoran, R, Peterson, P, Heslin, L, Eelkema, M & Jen, E 2000, 'Study of the response to heat of 

Queensland fruit fly in mangoes allows additional varieties to be exported to Japan', in International 

Symposium on Tropical and Subtropical Fruits 575, pp. 673-9.  

 

Coyago-Cruz, E, Corell, M, Moriana, A, Hernanz, D, Stinco, CM & Melendez-Martinez, AJ 2017, 

'Effect of the fruit position on the cluster on fruit quality, carotenoids, phenolics and sugars in cherry 

tomatoes (Solanum lycopersicum L.)', Food Res Int, vol. 100, no. Pt 1, pp. 804-13.  

 

Cracknell Torres, A, Cid Ballarin, M, Socorro Monzon, A, Fernandez Galvan, D & Rosell Garcia, P 

2004, 'Incidence of internal fruit breakdown in various mango (Mangifera indica L.) cultivars', Acta 

horticulturae, no. 645, pp. 315-8.  

 

Crisostol, C, Johnson, R, DeJong, T & Day, K 1997, 'Orchard factors affecting postharvest stone fruit 

quality', HortScience, vol. 32, no. 5.  

 

Cull, B 1991, 'Mango crop management', Acta horticulturae, no. 291, pp. 154-73.  

 

Cutting, J & Bower, J 1987, 'Effect of harvest date and applied abscisic acid on browning potential 

of avocado fruit', South African Avocado Growers Association Yearbook, vol. 10, pp. 130-2.  

 

Cutting, J & Bower, J 1989, 'The relationship between basipetal auxin transport and calcium 

allocation in vegetative and reproductive flushes in avocado', Scientia Horticulturae, vol. 41, no. 1-

2, pp. 27-34.  

 

Cybulska, J, Zdunek, A & Konstankiewicz, K 2011, 'Calcium effect on mechanical properties of 

model cell walls and apple tissue', Journal of Food Engineering, vol. 102, no. 3, pp. 217-23.  

 

De Freitas, ST & Pareek, S 2019, Postharvest physiological disorders in fruits and vegetables, CRC 

Press.  

 

De Freitas, ST, Shackel, KA & Mitcham, EJ 2011, 'Abscisic acid triggers whole-plant and fruit-

specific mechanisms to increase fruit calcium uptake and prevent blossom end rot development in 

tomato fruit', Journal of Experimental Botany, vol. 62, no. 8, pp. 2645-56.  

 



134 
 

De la Cruz Medina, J & Garcia, H 2002, 'Mango: postharvest operations', Compendium on post-

harvest operations, pp. 2-8.  

 

De Oliveira Lima, L, Chitarra, A, Chitarra, M & Silva, E 1999, 'Enzymatic activity changes in spongy 

tissue: a physiological ripening disorder of 'Tommy Atkins' mango', Acta horticulturae, no. 485, pp. 

255-8.  

 

Dichio, B, Remorini, D & Lang, S 2003, 'Developmental changes in xylem functionality in kiwifruit 

fruit: implications for fruit calcium accumulation', Acta horticulturae, vol. 610, pp. 191-5.  

 

Dillon, NL, Bally, IS, Wright, CL, Hucks, L, Innes, DJ & Dietzgen, RG 2013, 'Genetic diversity of 

the Australian national mango genebank', Scientia Horticulturae, vol. 150, pp. 213-26.  

 

Dodd, AN, Kudla, J & Sanders, D 2010, 'The language of calcium signaling', Annual Review of Plant 

Biology, vol. 61, pp. 593-620.  

 

Donahue, DJ, Reig Córdoba, G, Elone, SE, Wallis, AE & Basedow, MR 2021, '‘Honeycrisp’ bitter 

pit response to rootstock and region under eastern New York climatic conditions', Plants, vol. 10, no. 

5, p. 983.  

 

Dos Santos, MR, Neves, BR, Da Silva, BL & Donato, SLR 2015, 'Yield, water use efficiency and 

physiological characteristic of 'Tommy Atkins' Mango under partial rootzone drying irrigation 

system', Journal of Water Resource and Protection, vol. 07, no. 13, pp. 1029-37.  

 

Durner, EF 2013, Principles of horticultural physiology, CABI.  

 

Eaks, IL 1985, 'Effect of calcium on ripening, respiratory rate, ethylene production, and quality of 

avocado fruit', Journal of the American Society for Horticultural Science, vol. 110, no. 2, pp. 145-8.  

 

East, A, Trujillo, F & Winley, E 2009, 'Modelling the incidence of decay development 

in'B74'mangoes as a function of supply chain temperature', Acta horticulturae, no. 877, pp. 1815-20.  

 

Ebel, RC, Proebsting, EL & Evans, RG 1995, 'Deficit irrigation to control vegetative growth in apple 

and monitoring fruit growth to schedule irrigation', HortScience, vol. 30, no. 6, pp. 1229-32.  



135 
 

 

El-Hoseiny, HM, Helaly, MN, Elsheery, NI & Alam-Eldein, SM 2020, 'Humic acid and boron to 

minimize the incidence of alternate bearing and improve the productivity and fruit quality of mango 

trees', HortScience, vol. 55, no. 7, pp. 1026-37.  

 

El-Motaium, R, Shaban, A, Badawy, S & Ibrahim, A 2019, 'Alleviation of alternate bearing 

phenomenon in mango (Mangifera indica L.) trees using boron and nitrogen fertilization', Journal of 

Plant Nutrition, vol. 42, no. 20, pp. 2861-72.  

 

Else, MA, Stankiewicz-Davies, AP, Crisp, CM & Atkinson, CJ 2004, 'The role of polar auxin 

transport through pedicels of Prunus avium L. in relation to fruit development and retention', Journal 

of Experimental Botany, vol. 55, no. 405, pp. 2099-109.  

 

Escobar, JV, Cortes, M, Correa, G, Rondon, T & Rodríguez, P 2021, '‘Hass’ avocado internal 

disorders under simulated export conditions and its relationship with flesh mineral content and 

preharvest variables', Horticulturae, vol. 7, no. 4, p. 77.  

 

Esguerra, E, Brena, S, Reyes, M & Lizada, M 1990, 'Physiological breakdown in vapor heat-treated 

‘Carabao’mango', Acta horticulturae, no. 269, pp. 425-34.  

 

Evans, EA, Ballen, FH & Siddiq, M 2017, 'Mango production, global trade, consumption trends, and 

postharvest processing and nutrition', Handbook of mango fruit: production, postharvest science, 

processing technology and nutrition, pp. 1-16.  

 

Everett, K, Boyd, L, Pak, H & Cutting, J 2007, 'Calcium, fungicide sprays and canopy density 

influence postharvest rots of avocado', Australasian Plant Pathology, vol. 36, no. 1, pp. 22-31.  

 

Everett, K, Rees-George, J, Parkes, S & Johnston, P 2003, 'Predicting avocado fruit rots by 

quantifying inoculum potential in the orchard before harvest', in Proceedings V World Avocado  

Congress (Actas V Congreso Mundial del Aguacate), pp. 601-6.  

 

Falchi, R, D’Agostin, E, Mattiello, A, Coronica, L, Spinelli, F, Costa, G & Vizzotto, G 2017, 'ABA 

regulation of calcium-related genes and bitter pit in apple', Postharvest Biology and Technology, vol. 

132, pp. 1-6.  



136 
 

 

Fallahi, E, Colt, WM & Fallahi, B 2001, 'Optimum ranges of leaf nitrogen for yield, fruit quality, and 

photosynthesis in 'BC-2 Fuji' apple', Journal of the American Pomological Society, vol. 55, no. 2, p. 

68.  

 

Fallahi, E, Conway, WS, Hickey, K & Sams, CE 1997, 'The role of calcium and nitrogen in 

postharvest quality and disease resistance of apples', HortScience, vol. 32, no. 5, pp. 831-5.  

 

Fallahi, E, Righetti, TL & Raese, JT 1988, 'Ranking tissue mineral analysis to identify mineral 

limitations on quality in fruit', Journal of the American Society for Horticultural Science, vol. 113, 

no. 3, pp. 382-9.  

 

Fallahi, E & Simons, BR 1996, 'Interrelations among leaf and fruit mineral nutrients and fruit quality 

in 'Delicious' apples', Journal of Tree Fruit Production, vol. 1, no. 1, pp. 15-25.  

 

FAO 2022, Major tropical fruits - Statistical compendium 2021., Rome.  

 

FAOSTAT 2022, Food and Agriculture Organization of the United Nations (FAO).  FAOSTAT 

Database. http://www.fao.org/faostat/en/#data/QC.  

 

Ferguson, I 1984, 'Calcium in plant senescence and fruit ripening', Plant, Cell & Environment, vol. 

7, no. 6, pp. 477-89.  

 

Ferguson, I & Triggs, C 1990, 'Sampling factors affecting the use of mineral analysis of apple fruit 

for the prediction of bitter pit', New Zealand Journal of Crop and Horticultural Science, vol. 18, no. 

2-3, pp. 147-52.  

 

Ferguson, I, Volz, R, Harker, F, Watkins, C & Brookfield, P 1994, 'Regulation of postharvest fruit 

physiology by calcium', Acta horticulturae, no. 398, pp. 23-30.  

 

Ferguson, I, Volz, R & Woolf, A 1999, 'Preharvest factors affecting physiological disorders of fruit', 

Postharvest Biology and Technology, vol. 15, no. 3, pp. 255-62.  

 

http://www.fao.org/faostat/en/#data/QC


137 
 

Ferreira, EB, Cavalcanti, PP & Nogueira, DA 2014, 'ExpDes: an R package for ANOVA and 

experimental designs', Applied Mathematics, vol. 5, no. 19, p. 2952.  

 

Flanagan, B, Williams, B, Sonni, F, Chen, P, Mikkelsen, D & Gidley, M 2022, 'In vitro fermentation 

profiles of undigested fractions from legume and nut particles are affected by plant tissue architecture 

and entrapped macronutrients', Food & Function, vol. 13, pp. 5075-88.  

 

Fonseca, SC, Oliveira, FA & Brecht, JK 2002, 'Modelling respiration rate of fresh fruits and 

vegetables for modified atmosphere packages: a review', Journal of Food Engineering, vol. 52, no. 

2, pp. 99-119.  

 

Franceschi, VR & Horner, HT 1980, 'Calcium oxalate crystals in plants', The Botanical Review, vol. 

46, no. 4, pp. 361-427.  

 

Franceschi, VR & Nakata, PA 2005, 'Calcium oxalate in plants: formation and function', Annu. Rev. 

Plant Biol., vol. 56, pp. 41-71.  

 

G. Pandey, VS, R.A. Kaushik, DKS & Gora, JS 2017, 'Influence of Pre Harvest Application of 

Calcium on Shelf Life and Fruit Quality of Mango (Mangifera indica L.) Cultivars', International 

Journal of Current Microbiology and Applied Sciences, vol. 6, no. 4, pp. 1366-72.  

 

Gabriels, S, Brouwer, B, de Villiers, H, Westra, E & Woltering, E 2019, 'Near infrared spectroscopy 

to predict internal quality of mangoes', Acta horticulturae, no. 1256, pp. 289-94.  

 

Gabriëls, SHEJ, Mishra, P, Mensink, MGJ, Spoelstra, P & Woltering, EJ 2020, 'Non-destructive 

measurement of internal browning in mangoes using visible and near-infrared spectroscopy supported 

by artificial neural network analysis', Postharvest Biology and Technology, vol. 166, p. 111206.  

 

Galvão, MdS, Narain, N & Nigam, N 2014, 'Influence of different cultivars on oil quality and 

chemical characteristics of avocado fruit', Food Science and Technology, vol. 34, pp. 539-46.  

 

Génard, M & Bruchou, C 1992, 'Multivariate analysis of within-tree factors accounting for the 

variation of peach fruit quality', Scientia Horticulturae, vol. 52, no. 1-2, pp. 37-51.  

 



138 
 

Gilliham, M, Dayod, M, Hocking, BJ, Xu, B, Conn, SJ, Kaiser, BN, Leigh, RA & Tyerman, SD 2011, 

'Calcium delivery and storage in plant leaves: exploring the link with water flow', Journal of 

Experimental Botany, vol. 62, no. 7, pp. 2233-50.  

 

Gomez, R & Kalcsits, L 2020, 'Physiological factors affecting nutrient uptake and distribution and 

fruit quality in ‘Honeycrisp’ and ‘WA 38’ apple (Malus× domestica Borkh.)', HortScience, vol. 55, 

no. 8, pp. 1327-36.  

 

Gosbee, M, Joyce, D & Johnson, G 1998, 'Partial pressure infiltration of mango fruit with dye to 

reveal the potential xylem pathway for stem-end rot infection', in Australian Centre for International 

Agricultural Research Proceedings, vol. 81, pp. 77-80.  

 

Grassi, G, Millard, P, Gioacchini, P & Tagliavini, M 2003, 'Recycling of nitrogen in the xylem of 

Prunus avium trees starts when spring remobilization of internal reserves declines', Tree Physiology, 

vol. 23, no. 15, pp. 1061-8.  

 

Grimm, E, Pflugfelder, D, van Dusschoten, D, Winkler, A & Knoche, M 2017, 'Physical rupture of 

the xylem in developing sweet cherry fruit causes progressive decline in xylem sap inflow rate', 

Planta, vol. 246, pp. 659-72.  

 

Guichard, S, Gary, C, Leonardi, C & Bertin, N 2005, 'Analysis of growth and water relations of 

tomato fruits in relation to air vapor pressure deficit and plant fruit load', Journal of Plant Growth 

Regulation, vol. 24, no. 3, p. 201.  

 

Gunjate, R, Tare, S, Rangawala, A & Limaye, V 1979a, 'Changes in calcium content in Alphonso 

mango fruits and leaves from fruit-set to harvesting', Indian Journal of Horticulture, vol. 36, no. 4, 

pp. 383-6.  

 

Gunjate, R, Tare, S, Rangwala, A & Limaye, V 1979b, 'Calcium content in Alphonso mango fruits 

in relation to occurrence of spongy tissue [India]', Journal of Maharashtra Agricultural Universities 

(India), vol. 4, pp. 159-61.  

 



139 
 

Gunjate, R, Walimbe, B, Lad, B & Limaye, V 1982, 'Development of internal breakdown in Alphonso 

mango by post harvest exposure of fruits to sunlight', Science and Culture (India), vol. 48, no. 5, pp. 

188-90.  

 

Hamilton, D, Martin, C, Bennet, M, Hearnden, M & Asis, CA 2017, 'Effect of tree leaf N status and 

N application time on yield and fruit N partitioning of mango', Acta horticulturae, no. 1183, pp. 161-

6.  

 

Haraldsson, HV 2004, Introduction to system thinking and causal loop diagrams, Department of 

chemical engineering, Lund University Lund, Sweden.  

 

Harvey, M-A, Erskine, PD, Harris, HH, Brown, GK, Pilon-Smits, EA, Casey, LW, Echevarria, G & 

Van Der Ent, A 2020, 'Distribution and chemical form of selenium in Neptunia amplexicaulis from 

Central Queensland, Australia', Metallomics, vol. 12, no. 4, pp. 514-27.  

 

He, F, Mu, L, Yan, GL, Liang, NN, Pan, QH, Wang, J, Reeves, MJ & Duan, CQ 2010, 'Biosynthesis 

of anthocyanins and their regulation in colored grapes', Molecules, vol. 15, no. 12, pp. 9057-91.  

 

Hermoso, J, Guirado, E, Gómez, R, Castilla, A, Velasco, R & Farré, J 1997, 'Effects of nutrients and 

growth substances on internal breakdown of 'Sensation' mango fruits', Acta horticulturae, no. 455, 

pp. 92-9.  

 

Hewett, EW 2006, 'An overview of preharvest factors influencing postharvest quality of horticultural 

products', International Journal of Postharvest Technology and Innovation, vol. 1, no. 1, pp. 4-15.  

 

Higuchi, H & Sakuratani, T 2005, 'The sap flow in the peduncle of the mango (Mangifera indica L.) 

inflorescence as measured by the stem heat balance method', Journal of the Japanese Society for 

Horticultural Science (Japan), vol. 74, no. 2, pp. 109-14.  

 

Hirons, AD & Thomas, PA 2018, Applied Tree Biology, Wiley Online Library.  

 

Hirschi, KD 2004, 'The calcium conundrum. Both versatile nutrient and specific signal', Plant 

Physiology, vol. 136, no. 1, pp. 2438-42.  

 



140 
 

Ho, L & Adams, P 1994, 'Nutrient uptake and distribution in relation to crop quality', Hydroponics 

and Transplant Production 396, pp. 33-44.  

 

Ho, L, Belda, R, Brown, M, Andrews, J & Adams, P 1993, 'Uptake and transport of calcium and the 

possible causes of blossom-end rot in tomato', Journal of Experimental Botany, vol. 44, no. 2, pp. 

509-18.  

 

Hocking, B, Tyerman, SD, Burton, RA & Gilliham, M 2016, 'Fruit calcium: transport and 

physiology', Frontiers in Plant Science, vol. 7, p. 569.  

 

Hofman, P 1995, 'Mango fruit quality at harvest is affected by production condition', in Mango 2000 

Marketing Seminar and Production Workshop, DPI, Brisbane, Australia, pp. 199-207.  

 

Hofman, P 1998, 'Production factors influence fruit quality and response to postharvest treatments', 

in Australian Centre for International Agricultural Research Proceedings, vol. 81, pp. 6-18.  

 

Hofman, P, Holmes, R & Barker, L 2010a, ''B74' mango quality assessment manual', Brisbane: Agri-

Science Queensland, Department of Employment, Economic Development and Innovation.  

 

Hofman, P, Joyce, D & Beasley, D 1999, 'Effect of preharvest bagging and of embryo abortion on 

calcium levels in ‘Kensington Pride’ mango fruit', Australian journal of experimental agriculture, 

vol. 39, no. 3, pp. 345-9.  

 

Hofman, P, Marques, J, Macnish, A & Joyce, D 2012, 'Interaction between production characteristics 

and postharvest performance and practices for fresh fruit', Acta horticulturae, no. 1012, pp. 55-69.  

 

Hofman, P, Smith, L, Meiburg, G & Giles, J 1997a, 'Production locality affects mango fruit quality', 

Australian journal of experimental agriculture, vol. 37, no. 7, pp. 801-8.  

 

Hofman, PJ, Smith, LG, Joyce, DC, Johnson, GI & Meiburg, GF 1997b, 'Bagging of mango 

(Mangifera indica cv.Keitt') fruit influences fruit quality and mineral composition', Postharvest 

Biology and Technology, vol. 12, no. 1, pp. 83-91.  

 



141 
 

Hofman, PJ, Vuthapanich, S, Whiley, AW, Klieber, A & Simons, DH 2002, 'Tree yield and fruit 

minerals concentrations influence ‘Hass’ avocado fruit quality', Scientia Horticulturae, vol. 92, no. 

2, pp. 113-23.  

 

Hofman, PJ & Whiley, A 2010, Calypso™ Best Practice Guide —From Tree to Taste. Horticulture 

Australia Ltd.  

 

Hofman, PJ, Whiley, A, Marques, JR, Taylor, L, Stubbings, BA & Whiley, D, G., 2010b, 

Development of best practice pre- and postharvest of 'B74' mango: Phase II. Final report MG06005., 

Horticulture Australia Ltd., Sydney.  

 

Hort. Innovation Australia 2021, 'Australian horticulture statistics handbook: fruit 2019/2020'.  

 

Hort. Innovation Australia 2023, 'Australian horticulture statistics handbook: fruit 2021/2022'.  

 

Hou, X, Li, H, Zhang, W, Yao, Z, Wang, Y & Du, T 2021, 'Water transport in fleshy fruits: Research 

advances, methodologies, and future directions', Physiologia Plantarum, vol. 172, no. 4, pp. 2203-

16.  

 

Huang, S-J, Lin, S-Y, Wang, T-T & Hsu, F-C 2020, 'Combining acetic acid and ethanol as an anti-

browning treatment for lettuce butt discoloration through repression of the activity and expression of 

phenylalanine ammonia lyase', Postharvest Biology and Technology, vol. 164, p. 111151.  

 

Huang, X, Li, J, Wang, H, Huang, H & Gao, F 2001, 'Relationship between fruit cracking and calcium 

in litchi pericarp', Acta horticulturae, no. 558, pp. 209-15.  

 

Huang, X, Wang, H, Gao, F & Huang, H 1999, 'A comparative study of the pericarp of litchi cultivars 

susceptible and resistant to fruit cracking', The Journal of Horticultural Science and Biotechnology, 

vol. 74, no. 3, pp. 351-4.  

 

Huang, X, Wang, H, Li, J, Yin, J, Yuan, W, Lu, J & Huang, H 2005, 'An overview of calcium's role 

in lychee fruit cracking', Acta horticulturae, vol. 665, pp. 231-40.  

 



142 
 

Ibell, P, Bally, ISE, Wright, CL & Maddox, C 2017, 'When is the best time to apply postharvest 

nitrogen fertiliser?', Acta horticulturae, no. 1183, pp. 153-60.  

 

Isarangkoo, S, Ayutthaya, N, Kawphaitoon, S & Techawongstien, S 2019, 'Effect of crop load on 

fruit size and nutrients in fruit parts of mango ‘Num Dok Mai Sithong’', Acta horticulturae, no. 1244, 

pp. 101-8.  

 

Iyer, C & Subramanyam, M 1992, 'Possibilities of overcoming physiological disorders in mango by 

breeding', Fruit Breeding and Genetics 317, pp. 241-4.  

 

Iyer, CPA & Degani, C 1997, 'Classical breeding and genetics', in Litz, R.E. (ed.) The Mango, Botany, 

Production and Uses., CAB International, , Wallingford, UK, pp. 49-68.  

 

Jabbar, A, Malik A, U, Islam-ud-Din, Anwar, R, Ayub, M, Rajwana, I, Amin, M, Khan, A & Saeed, 

M 2011, 'Effect of combined application of fungicides and hot water quarantine treatment on 

postharvest diseases and quality of mango fruit', Pak. J. Bot, vol. 43, no. 1, pp. 65-73.  

 

Jackson, K & Meetei, T 2018, 'Influence of soil pH on nutrient availability: A Review', J. Emerg. 

Technol. Innov. Res, vol. 5, pp. 708-13.  

 

Jacobi, KK & Giles, JE 1997, 'Quality of 'Kensington' mango (Mangifera indica L.) fruit following 

combined vapour heat disinfestation and hot water disease control treatments', Postharvest Biology 

and Technology, vol. 12, no. 3, pp. 285-92.  

 

Jacobi, KK, MacRae, EA & Hetherington, SE 2001, 'Postharvest heat disinfestation treatments of 

mango fruit', Scientia Horticulturae, vol. 89, no. 3, pp. 171-93.  

 

Janave, MT 2009, 'Profile of peroxidase isoforms influenced by spongy tissue disorder in 'Alphonso' 

mango (Mangifera indica L.) fruits', Acta Physiologiae Plantarum, vol. 31, no. 6, pp. 1175-84.  

 

Janave, MT & Sharma, A 2008, 'Spongy tissue development in 'Alphonso' mango: association with 

Staphylococcus xylosus', European Journal of Plant Pathology, vol. 122, no. 3, pp. 335-48.  

 



143 
 

Joas, J, Vulcain, E & Léchaudel, M 2010, 'Effect of fruit position in the canopy on physiological age 

and physicochemical composition of mango 'Cogshall'', Acta horticulturae, no. 992, pp. 123-8.  

 

Joyce, D, Kiloes, AM, Ullah, MA, Chen, Y & Aziz, AA 2023, 'Growing robust avocado fruit – A 

systems thinking approach to inform decision making', paper presented to 10th World Avocado 

Congress New Zealand 2023, New Zealand.  

 

Joyce, D, Perkins, M, Newett, S, Coates, L & Irvine-Brown, S 2021, 'Mineral nutrition for avocado 

fruit quality-a brief review and recommendations', Acta horticulturae, no. 1333, pp. 285-90.  

 

Joyce, D, Shorter, A & Hockings, P 2001, 'Mango fruit calcium levels and the effect of postharvest 

calcium infiltration at different maturities', Scientia Horticulturae, vol. 91, no. 1-2, pp. 81-99.  

 

Joyce, DC 2021, Improved fruit robustness and quality in avocado supply chains (mineral nutrition), 

0734144679, Horticulture Australia Ltd., Sydney.  

 

Joyce, DC & Shorter, AJ 1994, 'High-temperature conditioning reduces hot water treatment injury of 

Kensington Pride'mango fruit', HortScience, vol. 29, no. 9, pp. 1047-51.  

 

Juan, L & Jiezhong, C 2017, 'Citrus fruit-cracking: causes and occurrence', Horticultural Plant 

Journal, vol. 3, no. 6, pp. 255-60.  

 

Kalcsits, L, Mattheis, J, Giordani, L, Reid, M, Mullin, K & Beres, B 2019, 'Fruit canopy positioning 

affects fruit calcium and potassium concentrations, disorder incidence, and fruit quality for 

‘Honeycrisp’ apple', Canadian Journal of Plant Science, vol. 99, no. 5, pp. 761-71.  

 

Kalcsits, LA 2016, 'Non-destructive measurement of calcium and potassium in apple and pear using 

handheld X-ray fluorescence', Frontiers in Plant Science, vol. 7, p. 442.  

 

Kamthan, A, Kamthan, M, Kumar, A, Sharma, P, Ansari, S, Thakur, SS, Chaudhuri, A & Datta, A 

2015, 'A calmodulin like EF hand protein positively regulates oxalate decarboxylase expression by 

interacting with E-box elements of the promoter', Scientific reports, vol. 5, no. 1, pp. 1-14.  

 



144 
 

Karley, AJ & White, PJ 2009, 'Moving cationic minerals to edible tissues: potassium, magnesium, 

calcium', Current Opinion in Plant Biology, vol. 12, no. 3, pp. 291-8.  

 

Katrodia, J 1988, 'Spongy tissue in mango—causes and control measures', Acta horticulturae, no. 

231, pp. 814-26.  

 

Katrodia, J & Rane, D 1981, 'Effect of tree vigour in relations to spongy tissue development in 

'Alphonso' mango fruit', Haryana journal of horticultural sciences, vol. 10, pp. 151-4.  

 

Katrodia, J & Rane, D 1988, 'Pattern of distribution of spongy tissue in the affected 'Alphonso' fruits 

at different locations', Acta horticulturae, no. 231, pp. 873-7.  

 

Katrodia, J & Sheth, I 1988, 'Spongy tissue development in mango fruit of cultivar 'Alphonso' in 

relation to temperature and its control', Acta horticulturae, no. 231, pp. 827-34.  

 

Katrodia, JS 1979, 'The study into the casues of the development of Spongy tissue in Mango 

(Mangifera indica L) fruit of cultivar 'Alphonso'', Horticulture Department, NM College of 

Agriculture, Navsari Agriculture.  

 

Kaur, H, Sidhu, GS, Mittal, A, Yadav, IS, Mittal, M, Singla, D, Singh, N & Chhuneja, P 2023, 

'Comparative transcriptomics in alternate bearing cultivar Dashehari reveals the genetic model of 

flowering in mango', Frontiers in Genetics, vol. 13, p. 1061168.  

 

Kawphaitoon, S, Isarangkool Na Ayutthaya, S & Techawongstien, S 2014, 'Effect of fruit position on 

fruit quality of 'Num Dok Mai Sithong' mango', Acta horticulturae, no. 1111, pp. 335-40.  

 

Ketsa, S, Pota, S & Subhadrabandhu, S 1991, 'Effect of fruit position in the tree canopy on postharvest 

changes and quality of 'Nam Dok Mai' mangoes', Frontier in Tropical Fruit Research, no. 321, pp. 

455-62.  

 

Kiloes, AM, Azizan, FA, Checco, J, Joyce, D & Abdul Aziz, A 2022, 'What do consumers want in 

fresh mangoes? A systematic literature review', International Journal of Food Science & Technology, 

vol. 57, no. 3, pp. 1473-92.  

 



145 
 

Kiloes, AM, Ullah, MA, Chen, Y, Aziz, AA & Joyce, D 2023, 'A participatory systems approach to 

understanding and managing avocado robustness', Talking Avocado.  

 

Kimeu, E, Mutui, T & WR, O 2010, 'Influence of Fruit Canopy Position on Post-harvest Quality and 

Longevity of Avocado (Persea americana Mill.)', paper presented to 6th Annual International 

Conference, Moi University, Kenya.  

 

Kitma, S & Esguerra, E 2009, 'Effects of conditioning on the response of 'Carabao' mango (Mangifera 

indica L.) fruits to extended hot water dip', in Asia Pacific Symposium on Assuring Quality and Safety 

of Agri-Foods 837, pp. 115-22.  

 

Knipfer, T, Fei, J, Gambetta, GA, McElrone, AJ, Shackel, KA & Matthews, MA 2015, 'Water 

transport properties of the grape pedicel during fruit development: insights into xylem anatomy and 

function using microtomography', Plant Physiology, vol. 168, no. 4, pp. 1590-602.  

 

Koirala, A, Walsh, KB, Wang, Z & Anderson, N 2020, 'Deep learning for mango (Mangifera indica) 

panicle stage classification', Agronomy, vol. 10, no. 1, p. 143.  

 

Kopittke, PM, Punshon, T, Paterson, DJ, Tappero, RV, Wang, P, Blamey, FPC, Van Der Ent, A & 

Lombi, E 2018, 'Synchrotron-based X-ray fluorescence microscopy as a technique for imaging of 

elements in plants', Plant Physiology, vol. 178, no. 2, pp. 507-23.  

 

Krishna, KR, Sharma, R & Srivastav, M 2020, 'Physiological and biochemical attributes associated 

with jelly‑seed disorder in mango (Mangifera indica L.)', Acta Physiologiae Plantarum, vol. 42, no. 

90, p. 90.  

 

Krishna, KR, Sharma, RR, Kar, A & Srivastav, M 2019, 'Non-destructive detection of jelly seed 

disorder in Amrapali and Pusa Surya varieties of mango (Mangifera indica)', Indian Journal of 

Agricultural Sciences, vol. 89, no. 1, pp. 95-8.  

 

Krishnamurthy, S 1980, 'Internal breakdown during ripening of 'Alphonso' mango (Mangifera indica 

Linn.) in relation to specific gravity of the fruit', Journal of food science and technology, no. 17, pp. 

198-9.  

 



146 
 

Krishnamurthy, S 1982, 'Effect of calcium and boron on the incidence of internal breakdown in 

'Alphonso' mango (Mangifera indica Linn.)', Journal of food science and technology, vol. 19, no. 2, 

pp. 80-1.  

 

Kruger, F, Snijders, B, Mathumbu, J, Lemmer, D & Malumane, R 2004, 'Establishing appropriate 

maturity and fruit mineral content norms for the main avocado export cultivars', South African 

Avocado Growers’ Association Yearbook, vol. 27, pp. 10-6.  

 

Kulkarni, VJ, Hamilton, D., 1992, Fruit disorders in mango, Technical Annual Report Department 

of Primary Industry and Fisheries, Northern Territory, Technical Bulletin No. 207, 5152.  

 

Lad, B, Gunjate, R & Salvi, M 1992, 'Causes and control measures of spongy tissue disorder in 

'Alphonso' mango fruit: An integrated approach', Maharashtra Journal of Horticulture, vol. 6, no. 2, 

pp. 25-32.  

 

Lahav, E & Whiley, A 2002, 'Irrigation and mineral nutrition', in The avocado: Botany, production 

and uses, CAB International, pp. 259-97.  

 

Lammertyn, J, Scheerlinck, N, Verlinden, B, Schotsmans, W & Nicolaı̈, BM 2001, 'Simultaneous 

determination of oxygen diffusivity and respiration in pear skin and tissue', Postharvest Biology and 

Technology, vol. 23, no. 2, pp. 93-104.  

 

Le, TD, Nguyen, TV, Van Muoi, N, Toan, HT, Lan, NM & Pham, TN 2022, 'Supply chain 

management of Mango (Mangifera indica L.) fruit: A review with a focus on product quality during 

postharvest', FRONTIERS IN SUSTAINABLE FOOD SYSTEMS, vol. 5, p. 799431.  

 

Léchaudel, M & Joas, J 2007, 'An overview of preharvest factors influencing mango fruit growth, 

quality and postharvest behaviour', Brazilian Journal of Plant Physiology, vol. 19, no. 4, pp. 287-98.  

 

Leonardi, C, Baille, A & Guichard, S 2000, 'Predicting transpiration of shaded and non-shaded tomato 

fruits under greenhouse environments', Scientia Horticulturae, vol. 84, no. 3-4, pp. 297-307.  

 

Lewis, T, Martin, D, Cerny, J & Ratkowsky, D 1977, 'The effects of increasing the supply of nitrogen, 

phosphorus, calcium and potassium to the roots of Merton Worcester apple trees on leaf and fruit 



147 
 

composition and on the incidence of bitter pit at harvest', Journal of Horticultural Science, vol. 52, 

no. 3, pp. 409-19.  

 

Lim, TK & Khoo, KC 1985, Diseases and disorders of mango in Malaysia, Tropical Press.  

 

Lima, LCdO, Chitarra, AB & Chitarra, MIF 2001, 'Changes in amylase activity starch and sugars 

contents in mango fruits pulp cv. Tommy Atkins with spongy tissue', Brazilian Archives of Biology 

and technology, vol. 44, no. 1, pp. 59-62.  

 

Lin, H, Shiesh, C & Chen, P 2013, 'Physiological disorders in relation to compositional changes in 

mango (Mangifera indica L.'Chiin Hwang') fruit', Acta horticulturae, no. 984, pp. 357-63.  

 

Litz, RE 2009, The mango: botany, production and uses, Centre for Agriculture and Bioscience 

International.  

 

Lizada, C 1993, Mango. In ‘Biochemistry of fruit ripening’.(Eds GB Seymour, JE Taylor, GA Tucker) 

pp. 255–271, Chapman and Hall: London.  

 

Lizada, M & Rumbaoa, R 2017, 'Ethylene and the adaptive response of mango to hypoxia', Acta 

horticulturae, no. 1178, pp. 143-6.  

 

Lo'ay, A 2009, 'Ascorbic acid and tissue browning in mango CV Hindi Be-Sennara fruits (Mangifera 

indica L.) under cold storage', Journal of Agricultural Sciences, vol. 34, pp. 11301-10.  

 

Lo’ay, A & Ameer, N 2019, 'Performance of calcium nanoparticles blending with ascorbic acid and 

alleviation internal browning of ‘Hindi Be-Sennara’ mango fruit at a low temperature', Scientia 

Horticulturae, vol. 254, pp. 199-207.  

 

Lovatt, CJ 1990, 'Factors affecting fruit set/early fruit drop in avocado', California Avocado Society 

Yearbook, vol. 74, pp. 193-9.  

 

Ma, X, Liu, B, Zhang, Y, Su, M, Zheng, B, Wang, S & Wu, H 2023, 'Unraveling correlations between 

calcium deficiency and spongy tissue in mango fruit flesh', Scientia Horticulturae, vol. 309, p. 

111694.  



148 
 

 

Ma, X, Wang, J, Su, M, Liu, B, Du, B, Zhang, Y, He, L, Wang, S & Wu, H 2022, 'The link between 

mineral elements variation and internal flesh breakdown of ‘Keitt’ Mango in a steep slope mountain 

area, Southwest China', Horticulturae, vol. 8, no. 6, p. 533.  

 

Ma, X, Yao, Q, Ma, H, Wu, H, Zhou, Y & Wang, S 2018, 'Relationship between internal breakdown 

and mineral nutrition in the flesh of 'Keitt' mango', Acta horticulturae, no. 1217, pp. 351-5.  

 

Malo, S & Campbell, C 1978, 'Studies on mango fruit breakdown in Florida', Proceedings of 

American Society for Horticultural Science, vol. 22, pp. 1-15.  

 

Marcelle, R 1989, 'Predicting storage quality from preharvest fruit mineral analyses a review', Acta 

horticulturae, no. 274, pp. 305-14.  

 

Marguí, E, Hidalgo, M, Queralt, I, Van Meel, K & Fontàs, C 2012, 'Analytical capabilities of 

laboratory, benchtop and handheld X-ray fluorescence systems for detection of metals in aqueous 

samples pre-concentrated with solid-phase extraction disks', Spectrochimica Acta Part B: Atomic 

Spectroscopy, vol. 67, pp. 17-23.  

 

Maria Gloria Lobo, JSS 2017, 'Biology, Postharvest Physiology, and Biochemistry of Mango', in 

Handbook of mango fruit: production, postharvest science, processing technology and nutrition, 

Wiley Online Library.  

 

Marques, J, Hofman, P & Macnish, A 2016, 'Postharvest handling practices and irradiation increase 

lenticel discolouration in ‘B74’mango fruit', The Journal of Horticultural Science and Biotechnology, 

vol. 91, no. 5, pp. 542-8.  

 

Marques, J, Hofman, P & Wearing, A 2003, 'Rootstocks influence ‘Hass’ avocado fruit quality and 

fruit minerals', The Journal of Horticultural Science and Biotechnology, vol. 78, no. 5, pp. 673-9.  

Marschner, H 1995, Mineral nutrition of higher plants. Academic Press, Cambridge, UK, Academic 

Press, Cambridge, UK.  

 

Marschner, P 2012, Mineral nutrition of higher plants. 3rd edn, Academic Press: London.  

 



149 
 

Marschner, P & Rengel, Z 2023, 'Nutrient availability in soils', in Marschner's Mineral Nutrition of 

Plants, Elsevier, pp. 499-522.  

 

Matoh, T 1997, 'Boron in plant cell walls', Plant and Soil, vol. 193, no. 1, pp. 59-70.  

 

McLaren, TI, Guppy, CN & Tighe, MK 2012, 'A rapid and nondestructive plant nutrient analysis 

using portable X‐ray fluorescence', Soil Science Society of America Journal, vol. 76, no. 4, pp. 1446-

53.  

 

McLaughlin, S & Wimmer, R 1999, 'Tansley review no. 104: calcium physiology and terrestrial 

ecosystem processes', New Phytologist, vol. 142, no. 3, pp. 373-417.  

 

McQuaker, NR, Brown, DF & Kluckner, PD 1979, 'Digestion of environmental materials for analysis 

by inductively coupled plasma-atomic emission spectrometry', Analytical Chemistry, vol. 51, no. 7, 

pp. 1082-4.  

 

Mead, A & Winston, E 1989, 'Description of the disorder 'stem-end cavity', possible causes and 

suggestions for reducing incidence in packing sheds', Acta horticulturae, no. 291, pp. 265-71.  

 

Mehta, V, Haldankar, P, Burondkar, M, Jadhav, B, Shinde, V, Khandekar, R & Kadam, S 2013, 'Use 

of a soft x-ray imaging system for on-line detection of spongy tissue in 'Alphonso' mango fruit', Acta 

horticulturae, no. 992, pp. 575-8.  

 

Mengel, D 1995, Roots, growth and nutrient uptake, Purdue University.  

 

Mengel, K, Kirkby, EA, Kosegarten, H & Appel, T 2001, 'Nitrogen', in Principles of plant nutrition, 

Springer, pp. 397-434.  

 

Menino, MR, Carranca, C & de Varennes, A 2007, 'Distribution and remobilization of nitrogen in 

young non-bearing orange trees grown under Mediterranean conditions', Journal of Plant Nutrition, 

vol. 30, no. 7, pp. 1083-96.  

 

Millard, P 1993, 'Internal cycling of nitrogen in trees', Mineral Nutrition of Deciduous Fruit Plants 

383, pp. 3-14.  



150 
 

 

Miqueloto, A, Amarante, CVTd, Steffens, CA, dos Santos, A & Mitcham, E 2014a, 'Relationship 

between xylem functionality, calcium content and the incidence of bitter pit in apple fruit', Scientia 

Horticulturae, vol. 165, pp. 319-23.  

 

Miqueloto, A, do Amarante, CVT, Steffens, CA, dos Santos, A & Mitcham, E 2014b, 'Relationship 

between xylem functionality, calcium content and the incidence of bitter pit in apple fruit', Scientia 

Horticulturae, vol. 165, pp. 319-23.  

 

Mirta, S & Baldwin, E 1997, 'Mango', Book Chapter.  

 

Mishra, D, Tripathi, A & Nimbolkar, P 2016, 'Review on physiological disorders of tropical and 

subtropical fruits: Causes and management approach', International Journal of Agriculture, 

Environment and Biotechnology, vol. 9, no. 6, pp. 925-35.  

 

Mitcham, EJ & McDonald, RE 1993, 'Respiration rate, internal atmosphere, and ethanol and 

acetaldehyde accumulation in heat-treated mango fruit', Postharvest Biology and Technology, vol. 3, 

no. 1, pp. 77-86.  

 

Mitchell, PD, Van de Ende, B, Jerie, P & Chalmers, D 1989, 'Responses of 'Bartlett' pear to 

withholding irrigation, regulated deficit irrigation, and tree spacing', Journal of the American Society 

for Horticultural Science, pp. 15-9.  

 

Mogollon, M, Jara, A, Contreras, C & Zoffoli, JP 2020, 'Quantitative and qualitative VIS-NIR models 

for early determination of internal browning in ‘Cripps Pink’ apples during cold storage', Postharvest 

Biology and Technology, vol. 161, p. 111060.  

 

Mogollón, R, Contreras, C, da Silva Neta, ML, Marques, EJN, Zoffoli, JP & de Freitas, ST 2020, 

'Non-destructive prediction and detection of internal physiological disorders in 'Keitt' mango using a 

hand-held Vis-NIR spectrometer', Postharvest Biology and Technology, vol. 167.  

 

Monselise, S & Goren, R 1987, 'Preharvest growing conditions and postharvest behavior of 

subtropical and temperate-zone fruits', HortScience, vol. 22, no. 6, pp. 1185-9.  

 



151 
 

Montanaro, G, Dichio, B, Lang, A, Mininni, AN, Nuzzo, V, Clearwater, MJ & Xiloyannis, C 2014, 

'Internal versus external control of calcium nutrition in kiwifruit', Journal of Plant Nutrition and Soil 

Science, vol. 177, no. 6, pp. 819-30.  

 

Montanaro, G, Dichio, B, Lang, A, Mininni, AN & Xiloyannis, C 2015, 'Fruit calcium accumulation 

coupled and uncoupled from its transpiration in kiwifruit', Journal of Plant Physiology, vol. 181, pp. 

67-74.  

 

Montanaro, G, Dichio, B & Xiloyannis, C 2010, 'Significance of fruit transpiration on calcium 

nutrition in developing apricot fruit', Journal of Plant Nutrition and Soil Science, vol. 173, no. 4, pp. 

618-22.  

 

Montanaro, G, Dichio, B, Xiloyannis, C & Celano, G 2006, 'Light influences transpiration and 

calcium accumulation in fruit of kiwifruit plants (Actinidia deliciosa var. deliciosa)', Plant Science, 

vol. 170, no. 3, pp. 520-7.  

 

Montanaro, G, Dichio, B, Xiloyannis, C & Lang, A 2012, 'Fruit transpiration in kiwifruit: 

environmental drivers and predictive model', AoB plants, vol. 2012.  

 

Montanaro, G, Treutter, D & Xiloyannis, C 2007, 'Phenolic compounds in young developing kiwifruit 

in relation to light exposure: implications for fruit calcium accumulation', Journal of Plant 

Interactions, vol. 2, no. 1, pp. 63-9.  

 

Morton, J 1987, Mango. In: Fruits of Warm Climates (ed. J.F. Morton), Miami Florida   

 

Mukherjee, S 1997, 'Introdution: Botany and Importance In: LITZ, RE (Ed.) The Mango: botany, 

production and uses', Wallingford: CAB INTERNATIONAL, p. 10.  

 

Murthy, SK 1981, 'Chemical studies on internal breakdown in 'Alphonso' mango (Mangifera indica 

Linn.)', Journal of Horticultural Science, vol. 56, no. 3, pp. 247-50.  

 

Musacchi, S & Serra, S 2018, 'Apple fruit quality: Overview on pre-harvest factors', Scientia 

Horticulturae, vol. 234, pp. 409-30.  

 



152 
 

Nagamani, JE, Shivashankara, KS & Roy, TK 2010, 'Role of oxidative stress and the activity of 

ethylene biosynthetic enzymes on the formation of spongy tissue in 'Alphonso' mango', Journal of 

food science and technology, vol. 47, no. 3, pp. 295-9.  

 

Nakagawa, M, Honsho, C, Kanzaki, S, Shimizu, K & Utsunomiya, N 2012, 'Isolation and expression 

analysis of FLOWERING LOCUS T-like and gibberellin metabolism genes in biennial-bearing 

mango trees', Scientia Horticulturae, vol. 139, pp. 108-17.  

 

Nazaroff, AJ, Prufer, KM & Drake, BL 2010, 'Assessing the applicability of portable X-ray 

fluorescence spectrometry for obsidian provenance research in the Maya lowlands', Journal of 

Archaeological Science, vol. 37, no. 4, pp. 885-95.  

 

Neilsen, G, Hogue, E & Meheriuk, M 1999, 'Nitrogen fertilization and orchard-floor vegetation 

management affect growth, nutrition and fruit quality of Gala apple', Canadian Journal of Plant 

Science, vol. 79, no. 3, pp. 379-85.  

 

Neto, C, Carranca, C, Clemente, J & de Varennes, A 2008, 'Nitrogen distribution, remobilization and 

re-cycling in young orchard of non-bearing ‘Rocha’ pear trees', Scientia Horticulturae, vol. 118, no. 

4, pp. 299-307.  

 

Nguyen, H, Hofman, P, Holmes, R, Bally, I, Stubbings, B & McConchie, R 2004, 'Effect of nitrogen 

on the skin colour and other quality attributes of ripe ‘Kensington Pride’ mango (Mangifera indica 

L.) fruit', The Journal of Horticultural Science and Biotechnology, vol. 79, no. 2, pp. 204-10.  

 

Niederholzer, F, DeJong, T, Saenz, J-L, Muraoka, T & Weinbaum, S 2001, 'Effectiveness of fall 

versus spring soil fertilization of field-grown peach trees', Journal of the American Society for 

Horticultural Science, vol. 126, no. 5, pp. 644-8.  

 

Nightingale, A 2009, 'A guide to systematic literature reviews', Surgery (Oxford), vol. 27, no. 9, pp. 

381-4.  

 

Nishizawa, T, Taira, S, Nakanishi, M, Ito, M, Togashi, M & Motomura, Y 1998, 'Acetaldehyde, 

ethanol, and carbohydrate concentrations in developing muskmelon fruit (Cucumis melo L. cv. 

Andesu) are affected by short-term shading', HortScience, vol. 33, no. 6, pp. 992-4.  



153 
 

 

Njuguna, J, Ambuko, J, Hutchinson, M & Owino, W 2016, 'Incidence of jelly seed disorder in 

‘Tommy Atkins’ and ‘Van Dyke’ mangoes as affected by agro-ecological conditions in Kenya', 

International Journal of Plant and Soil Science, vol. 11, no. 5, pp. 1-9.  

 

Nordey, T, Léchaudel, M & Génard, M 2015, 'The decline in xylem flow to mango fruit at the end of 

its development is related to the appearance of embolism in the fruit pedicel', Functional Plant 

Biology, vol. 42, no. 7, pp. 668-75.  

 

Oak, P, Deshpande, A, Giri, A & Gupta, V 2019, 'Metabolomic dynamics reveals oxidative stress in 

spongy tissue disorder during ripening of Mangifera indica L. fruit', Metabolites, vol. 9, no. 11, p. 

255.  

 

Oak, P, Jha, V, Deshpande, A, Tanpure, R, Dawkar, V, Mundhe, S, Ghuge, S, Prabhudesai, S, 

Krishanpal, A & Jere, A 2022, 'Transcriptional and translational perturbation in abiotic stress induced 

physiological activities and metabolic pathway networks in spongy tissue disorder of mango fruit', 

Postharvest Biology and Technology, vol. 188, p. 111880.  

 

Oldoni, FCA, Florencio, C, Bertazzo, GB, Grizotto, PA, Junior, SB, Carneiro, RL, Colnago, LA & 

Ferreira, MD 2022, 'Fruit quality parameters and volatile compounds from ‘Palmer’ mangoes with 

internal breakdown', Food Chemistry, vol. 388, p. 132902.  

 

Oldoni, FCA, Lima, AMN, Cavalcante, ÍHL, Sousa, KdSMd, Carneiro, MA & Carvalho, IRBd 2018, 

'Boron fertilizing management on fruit production and quality of mango cv. Palmer in semiarid', 

Revista Brasileira de Fruticultura, vol. 40.  

 

Oosthuyse, S 1993, 'Disorders of fibreless mangoes grown in South Africa for export', Yearbook–

South African Mango Growers’ Association, vol. 13, pp. 80-8.  

 

Orr, R, Ibell, P, Wilkie, J, Wright, C & Bally, I 2023, 'Competition regulates mango fruiting above a 

floral density threshold', Scientia Horticulturae, vol. 321, p. 112241.  

 

Parks, SE, Irving, DE & Milham, PJ 2012, 'A critical evaluation of on-farm rapid tests for measuring 

nitrate in leafy vegetables', Scientia Horticulturae, vol. 134, pp. 1-6.  



154 
 

 

Paull, RE & Chen, NJ 1990, 'Heat shock response in field-grown, ripening papaya fruit', Journal of 

the American Society for Horticultural Science, vol. 115, no. 4, pp. 623-31.  

 

Paull, RE & Chen, NJ 2000, 'Heat treatment and fruit ripening', Postharvest Biology and Technology, 

vol. 21, no. 1, pp. 21-37.  

 

Pavicic, N, Jemric, T, Kurtanjek, Z, Cosic, T, Pavlovic, I & Blaskovic, D 2004, 'Relationship between 

water‐soluble Ca and other elements and bitter pit occurrence in ‘Idared’ apples: a multivariate 

approach', Annals of Applied Biology, vol. 145, no. 2, pp. 193-6.  

 

Payne, A, Walsh, K, Subedi, P & Jarvis, D 2014, 'Estimating mango crop yield using image analysis 

using fruit at ‘stone hardening’stage and night time imaging', Computers and Electronics in 

Agriculture, vol. 100, pp. 160-7.  

 

Penter, M & Stassen, P 2000, 'The effect of pre-and postharvest calcium applications on the 

postharvest quality of 'Pinkerton' avocados', South African Avocado Growers Association Yearbook, 

vol. 23, pp. 1-7.  

 

Perring, MA & Jackson, CH 1975, 'The mineral composition of apples. Calcium concentration and 

bitter pit in relation to mean mass per apple', Journal of the Science of Food and Agriculture, vol. 26, 

no. 10, pp. 1493-502.  

 

Pesis, E 2005, 'The role of the anaerobic metabolites, acetaldehyde and ethanol, in fruit ripening, 

enhancement of fruit quality and fruit deterioration', Postharvest Biology and Technology, vol. 37, 

no. 1, pp. 1-19.  

 

Pesis, E, Dvir, O, Feygenberg, O, Arie, RB, Ackerman, M & Lichter, A 2002, 'Production of 

acetaldehyde and ethanol during maturation and modified atmosphere storage of litchi fruit', 

Postharvest Biology and Technology, vol. 26, no. 2, pp. 157-65.  

 

Pina, A, Angel, D & Nevarez, G 2000, 'Effect of water stress and chemical spray treatments on 

postharvest quality in mango fruits cv. Haden, in Michoacan, Mexico', Acta horticulturae, no. 509, 

pp. 617-30.  



155 
 

 

Ploetz, RC 2003, Diseases of tropical fruit crops, CABI.  

 

Prasad, A & Patak, R 1970, 'Biennial bearing of mango', Tropical Agriculturist, vol. 126, pp. 35-56.  

 

Pusittigul, I, Kondo, S & Siriphanich, J 2012, 'Internal browning of pineapple (Ananas comosus L.) 

fruit and endogenous concentrations of abscisic acid and gibberellins during low temperature storage', 

Scientia Horticulturae, vol. 146, pp. 45-51.  

 

Qiu, Y, Nishina, MS & Paull, RE 1995, 'Papaya fruit growth, calcium uptake, and fruit ripening', 

Journal of the American Society for Horticultural Science, vol. 120, no. 2, pp. 246-53.  

 

Qureshi, W, Payne, A, Walsh, K, Linker, R, Cohen, O & Dailey, M 2017, 'Machine vision for 

counting fruit on mango tree canopies', Precision agriculture, vol. 18, pp. 224-44.  

 

Rahim, AA, Elaminand, O & Bangerth, FK 2011, 'Effects of paclobutrazol (PBZ) on floral induction 

and associated hormonal and metabolic changes of biennially bearing mango (Mangifera indica L.) 

cultivars during off year', Journal of Agricultural and Biological Science, vol. 6, no. 2, pp. 55-67.  

 

Raja, M 2009, 'Investigation on causes and correction of spongy tissue in 'Alphonso' mango 

(Mangifera indica L.)', Acta horticulturae, no. 820, pp. 697-706.  

 

Rajan, S 2012, 'Phenological responses to temperature and rainfall: A case study of mango', in 

Bioversity International Office for South Asia, National Agricultural.  

 

Rajan, S, Tiwari, D, Singh, V, Saxena, P, Singh, S, Reddy, Y, Upreti, K, Burondkar, M, Bhagwan, A 

& Kennedy, R 2011, 'Application of extended BBCH scale for phenological studies in mango 

(Mangifera indica L.)', Journal of Applied Horticulture, vol. 13, no. 2, pp. 108-14.  

 

Ram, S 1985, 'Factors associated with black tip and internal necrosis in mango and their control', Acta 

horticulturae, no. 231, pp. 797-804.  

 

Rane, D, Katrodia, J & Kulkarni, D 1976, 'Problem of spongy tissue development in mango 

(Mangifera indica L.) cv. Alphonso. a review', Journal of Maharashtra agricultural universities.  



156 
 

 

Rao, D & Mukherjee, S 1985, 'Feeder root distribution of different varieties of mango', Indian Journal 

of Horticulture, vol. 42, no. 3and4, pp. 189-98.  

 

Ravindra, V & Shivashankar, S 2004, 'Spongy tissue in 'Alphonso' mango–significance of in situ seed 

germination events', Current Science, vol. 87, no. 8, pp. 1045-9.  

 

Ravindra, V & Shivashankar, S 2006, 'Spongy tissue in 'Alphonso' mango. II. A key evidence for the 

causative role of seed', Current Science, pp. 1712-4.  

 

Ravindra, V, Shivashankar, S, Reddy, TM & Kotur, S 2010, 'Spongy tissue in 'Alphonso' mango. III. 

Radiotracer evidence for increased mobilization of water from mesocarp to seed', Current Science, 

vol. 99, no. 5, pp. 571-4.  

 

Rayment, GE & Lyons, DJ 2011, Soil chemical methods: Australasia, vol. 3, CSIRO publishing.  

 

Raymond, L, Schaffer, B, Brecht, JK & Crane, JH 1998a, 'Internal breakdown in mango fruit: 

symptomology and histology of jelly seed, soft nose and stem-end cavity', Postharvest Biology and 

Technology, vol. 13, no. 1, pp. 59-70.  

 

Raymond, L, Schaffer, B, Brecht, JK & Hanlon, EA 1998b, 'Internal breakdown, mineral element 

concentration, and weight of mango fruit', Journal of Plant Nutrition, vol. 21, no. 5, pp. 871-89.  

 

Razali, NM & Wah, YB 2011, 'Power comparisons of shapiro-wilk, kolmogorov-smirnov, lilliefors 

and anderson-darling tests', Journal of statistical modeling and analytics, vol. 2, no. 1, pp. 21-33.  

 

Rehman, A, Malik, AU, Ali, H, Alam, MW & Sarfraz, B 2015, 'Preharvest factors influencing the 

postharvest disease development and fruit quality of mango', Journal of Environmental and 

Agricultural Sciences, vol. 3, pp. 42-7.  

 

Reidinger, S, Ramsey, MH & Hartley, SE 2012, 'Rapid and accurate analyses of silicon and 

phosphorus in plants using a portable X‐ray fluorescence spectrometer', New Phytologist, vol. 195, 

no. 3, pp. 699-706.  

 



157 
 

Ribeiro, SMR, Queiroz, JH, de Queiroz, MELR, Campos, FM & Sant’Ana, HMP 2007, 'Antioxidant 

in mango (Mangifera indica L.) pulp', Plant Foods for Human Nutrition, vol. 62, no. 1, pp. 13-7.  

 

Riboldi, LB, de Freitas, ST, Norris, AM & Jiang, C-Z 2022, 'Xylem functionality controlling 

blossom-end rot incidence in transgenic ALC:: NCED tomato plants', South African Journal of 

Botany, vol. 150, pp. 120-8.  

 

Rivera, SA, Ferreyra, R, Robledo, P, Selles, G, Arpaia, ML, Saavedra, J & Defilippi, BG 2017, 

'Identification of preharvest factors determining postharvest ripening behaviors in ‘Hass’ avocado 

under long term storage', Scientia Horticulturae, vol. 216, pp. 29-37.  

 

Robinson, T & Lopez, S 2010, 'Crop load affects 'Honeycrisp' fruit quality more than nitrogen, 

potassium, or Irrigation', Acta horticulturae, no. 940, pp. 529-37.  

 

Roccuzzo, G, Scandellari, F, Allegra, M, Torrisi, B, Stagno, F, Mimmo, T, Zanotelli, D, Gioacchini, 

P, Millard, P & Tagliavini, M 2017, 'Seasonal dynamics of root uptake and spring remobilisation of 

nitrogen in field grown orange trees', Scientia Horticulturae, vol. 226, pp. 223-30.  

 

Rogiers, S, Keller, M, Holzapfel, BP & Virgona, JM 2000, 'Accumulation of potassium and calcium 

by ripening berries on field vines of Vitis vinifera (L) cv. Shiraz', Australian Journal of Grape and 

Wine Research, vol. 6, no. 3, pp. 240-3.  

 

San, A, Joyce, D, Hofman, P, Macnish, A, Marques, J, Li, G & Gupta, M 2014, 'Postharvest treatment 

effects on 'B74' mango fruit lenticel discolouration after irradiation', Acta horticulturae, no. 1111, pp. 

385-92.  

 

San, AT, Hofman, PJ, Joyce, DC, Macnish, AJ, Marques, JR, Webb, RI, Li, G & Smyth, HE 2019, 

'Diurnal Harvest Cycle and Sap Composition Affect Under-Skin Browning in 'Honey Gold' Mango 

Fruit', Front Plant Sci, vol. 10, p. 1093.  

 

Sandip, M, Makwana, A, Barad, A & Nawade, B 2015, 'Physiology of flowering-the case of mango', 

International Journal of Applied Research, vol. 1, no. 11, pp. 1008-12.  

 



158 
 

Santos, MRd & Martinez, MA 2013, 'Soil water distribution and extraction by 'Tommy Atkins' mango 

(Mangifera indica L.) trees under different irrigation regimes', Idesia (Arica), vol. 31, no. 3, pp. 7-

16.  

 

Saran, P & Kumar, R 2011, 'Boron deficiency disorders in mango (Mangifera indica): field screening, 

nutrient composition and amelioration by boron application', Indian Journal of Agricultural Sciences, 

vol. 81, no. 6, p. 506.  

 

Sauco, VG 2009, 'Physiological disorders in RE Litz (ed.),' in The Mango: Botany, production and 

uses, CAB International Publishing, Wallingford, UK, 303-312.  

 

Saudreau, M, Sinoquet, H, Santin, O, Marquier, A, Adam, B, Longuenesse, J-J, Guilioni, L & Chelle, 

M 2007, 'A 3D model for simulating the spatial and temporal distribution of temperature within 

ellipsoidal fruit', Agricultural and Forest Meteorology, vol. 147, no. 1-2, pp. 1-15.  

 

Saure, M 2001, 'Blossom-end rot of tomato (Lycopersicon esculentum Mill.)—a calcium-or a stress-

related disorder?', Scientia Horticulturae, vol. 90, no. 3-4, pp. 193-208.  

 

Saure, MC 2005, 'Calcium translocation to fleshy fruit: its mechanism and endogenous control', 

Scientia Horticulturae, vol. 105, no. 1, pp. 65-89.  

 

Schaffer, B 1994a, 'Mango disorders caused by abiotic factors', PLOETZ, RC; ZENTHYER, GA; 

NISHIJIMA, WT; ROHRBACH, KG, pp. 43-4.  

 

Schaffer, B 1994b, Mango disorders caused by abiotic factors.(In) Compendium of Tropical Fruit 

Diseases, APS Press, The American Phytopathological Society, Minnesota, USA.  

 

Schober, P, Boer, C & Schwarte, LA 2018, 'Correlation coefficients: appropriate use and 

interpretation', Anesthesia & Analgesia, vol. 126, no. 5, pp. 1763-8.  

 

Schulze, K, Spreer, W, Keil, A, Ongprasert, S & Müller, J 2013, 'Mango (Mangifera indica L. cv. 

Nam Dokmai) production in Northern Thailand—Costs and returns under extreme weather conditions 

and different irrigation treatments', Agricultural Water Management, vol. 126, pp. 46-55.  

 



159 
 

Seehanam, P, Chaiya, P, Theanjumpol, P, Tiyayon, C, Ruangwong, O, Pankasemsuk, T, Nakano, K, 

Ohashi, S & Maniwara, P 2022, 'Internal disorder evaluation of ‘Namdokmai Sithong’mango by near 

infrared spectroscopy', Horticulture, Environment, and Biotechnology, vol. 63, no. 5, pp. 665-75.  

 

Selvaraj, Y, Edward Raja, M & Rawal, R 2000, 'Biochemical studies on internal breakdown-a 

ripening disorder in mango fruits', Indian Journal of Horticulture, vol. 57, no. 3, pp. 183-8.  

 

Selvarajah, S, Bauchot, A & John, P 2001, 'Internal browning in cold-stored pineapples is suppressed 

by a postharvest application of 1-methylcyclopropene', Postharvest Biology and Technology, vol. 23, 

no. 2, pp. 167-70.  

 

Serra, S, Leisso, R, Giordani, L, Kalcsits, L & Musacchi, S 2016, 'Crop load influences fruit quality, 

nutritional balance, and return bloom in ‘Honeycrisp’ apple', HortScience, vol. 51, no. 3, pp. 236-44.  

 

Seshadri, S, Manoharan, S & Singh, HS 2019, 'Preventive regulation of jelly seed disorder in 

‘Amrapali’ mango (Mangifera indica) by preharvest spray', Horticultural Plant Journal, vol. 5, no. 

2, pp. 70-8.  

 

Sharma, R & Singh, R 2009, 'The fruit pitting disorder—A physiological anomaly in mango 

(Mangifera indica L.) due to deficiency of calcium and boron', Scientia Horticulturae, vol. 119, no. 

4, pp. 388-91.  

 

Shear, C 1975a, 'Calcium-related disorders of fruits and vegetables', HortScience, vol. 10, pp. 361-5.  

 

Shear, C 1975b, 'Calcium nutrition and quality in fruit crops', Communications in Soil Science and 

Plant Analysis, vol. 6, no. 3, pp. 233-44.  

 

Shinde, A, Dabke, D, Jadhav, B, Kandalkar, M & Burondkar, M 2006, 'Effect of dose and source of 

potassium on yield and quality of 'Alphonso' mangao (Mangifera indica)'.  

 

Shinde, A, Jadhav, B, Dabke, D & Kandalkar, M 2009, 'Effect of potassium on yield and quality of 

'Alphonso' mango (Mangifera indica)', Indian Journal of Agricultural Sciences, vol. 79, no. 12, pp. 

1007-9.  

 



160 
 

Shivashankar, S, Ravindra, V & Louis, H 2007, 'Biochemical changes in seed and mesocarp of mango 

(Mangifera indica L.) cv. ‘Alphonso’ and their significance during the development of spongy tissue', 

The Journal of Horticultural Science and Biotechnology, vol. 82, no. 1, pp. 35-40.  

 

Shivashankar, S & Sumathi, M 2019, 'Rapid burst of ethylene evolution by premature seed: A 

warning sign for the onset of spongy tissue disorder in 'Alphonso' mango fruit?', Journal of 

biosciences, vol. 44, no. 6, pp. 1-13.  

 

Shivashankar, S, Sumathi, M & Roy, TK 2015, 'Do seed VLCFAs trigger spongy tissue formation in 

'Alphonso' mango by inducing germination?', Journal of biosciences, vol. 40, no. 2, pp. 375-87.  

 

Shivashankar, S, Sumathi, M & Singh, HS 2016, 'Premature seed germination induced by very-long-

chain fatty acids causes jelly seed disorder in the mango (Mangifera indica L.) cultivar ‘Amrapali’ in 

India', The Journal of Horticultural Science and Biotechnology, vol. 91, no. 2, pp. 138-47.  

 

Shivashankara, K & Mathai, C 1999, 'Relationship of leaf and fruit transpiration rates to the incidence 

of spongy tissue disorder in two mango (Mangifera indica L.) cultivars', Scientia Horticulturae, vol. 

82, no. 3-4, pp. 317-23.  

 

Shorter, A & Joyce, D 1998, 'Effect of partial pressure infiltration of calcium into ‘Kensington’ 

mango fruit', Australian journal of experimental agriculture, vol. 38, no. 3, pp. 287-94.  

 

Siddiqui, MW 2015, Postharvest biology and technology of horticultural crops: principles and 

practices for quality maintenance, CRC Press.  

 

Silva, DJ, Choudhury, MM, Mendes, AMS & Dantas, BF 2008, 'Quality and nutrient level of mango 

cv. 'Tommy Atkins' as affected by calcium application before harvest', Revista Brasileira de 

Fruticultura, vol. 30, no. 1, pp. 74-8.  

 

Silva, J, Hamasaki, R, Paull, R, Ogoshi, R, Bartholomew, D, Fukuda, S, Hue, N, Uehara, G & Tsuji, 

G 2005, 'Lime, gypsum, and basaltic dust effects on the calcium nutrition and fruit quality of 

pineapple', in V International Pineapple Symposium 702, pp. 123-31.  

 



161 
 

Simmons, S, Hofman, P & Hetherington, S 1995, 'The effects of water stress on mango fruit quality', 

in Proceedings of Mango 2000 marketing seminar and production workshop. Brisbane, Australia, 

pp. 191-7.  

 

Simmons, S, Hofman, P, Whiley, A & Hetherington, S 1996, 'Effects of leaf to fruit ratios on mango 

(Mangifera indica L.‘Kensington’) fruit growth, nutrition and quality', in International Postharvest 

Science Conference Postharvest 96 464, pp. 47-52.  

 

Simmons, S, Hofman, P, Whiley, A & Hetherington, S 1998a, 'Effects of preharvest calcium sprays 

and fertilizers, leaf: fruit ratios, and water stress on mango fruit quality', in ACIAR proceedings, vol. 

81, pp. 19-26.  

 

Simmons, SL, Hofman, P, Whiley, A & Hetherington, SE 1998b, 'Effects of leaf: fruit ratios on fruit 

growth, mineral concentration and quality of mango (Mangifera indica L. cv. 'Kensington Pride')', 

The Journal of Horticultural Science and Biotechnology, vol. 73, no. 3, pp. 367-74.  

 

Simmons, SL, Hofman, PJ, Whiley, AW & Hetherington, SE 2015, 'Effects of leaf: fruit ratios on 

fruit growth, mineral concentration and quality of mango (Mangifera indica L. cv. 'Kensington 

Pride')', The Journal of Horticultural Science and Biotechnology, vol. 73, no. 3, pp. 367-74.  

 

Singh, B, Tandon, D & Kalra, S 1993, 'Changes in postharvest quality of mangoes affected by 

preharvest application of calcium salts', Scientia Horticulturae, vol. 54, no. 3, pp. 211-9.  

 

Singh, D, Singh, V, Ram, R & Yadava, L 2011, 'Relationship of heat units (degree days) with 

softening status of fruits in mango cv. 'Dashehari'', Plant Archives, vol. 11, no. 1, pp. 227-30.  

 

Singh, DK, Ram, RB & Yadava, LP 2013a, 'Preharvest treatment of Ca, K, and B reduces softening 

of tissue in ‘Dashehari’ mango', International Journal of Fruit Science, vol. 13, no. 3, pp. 299-311.  

Singh, L 1969, 'Session V. bearing behaviour in mango biennial bearing in mango-retrospect and 

prospect', in Acta horticulturae, pp. 145-8.  

 

Singh, SP & Saini, MK 2014, 'Postharvest vapour heat treatment as a phytosanitary measure 

influences the aroma volatiles profile of mango fruit', Food Chemistry vol. 164, pp. 387-95.  

Singh, V, Pathak, S & Singh, D 2006a, 'Spongy tissue in 'Malika' mango (Mangifera indica)'.  



162 
 

 

Singh, V, Singh, D & Pathak, S 2006b, 'Relationship of leaf and fruit transpiration rates to the 

incidence of softening of tissue in mango (Mangifera indica L.) cultivars', American Journal of Plant 

Physiology, vol. 1, pp. 28-33.  

 

Singh, V & Swati, K 2011, 'Changes in biochemical and mineral constituents associated with jelly 

seed in mango (Mangifera indica) cv. 'Dashehari'', Indian Journal of Agricultural Sciences, vol. 81, 

no. 6, pp. 563-6.  

 

Singh, Z 2005, 'Embryo abortion in relation to fruit size, quality, and concentrations of nutrients in 

skin and pulp of mango', Journal of Plant Nutrition, vol. 28, no. 10, pp. 1723-37.  

 

Singh, Z, Singh, RK, Sane, VA & Nath, P 2013b, 'Mango-postharvest biology and biotechnology', 

Critical Reviews in Plant Sciences, vol. 32, no. 4, pp. 217-36.  

 

Sinha, R, Jaiswal, U, Ahmad, MF, Mishra, PK & Sinha, S 2017, 'Elemental accumulation in mango 

(Mangifera indica L.) as a function of maturity stage and variety', Journal of Plant Nutrition, vol. 40, 

no. 13, pp. 1805-15.  

 

Sivakumar, D, Jiang, Y & Yahia, EM 2011, 'Maintaining mango (Mangifera indica L.) fruit quality 

during the export chain', Food Research International, vol. 44, no. 5, pp. 1254-63.  

 

Sivankalyani, V, Feygenberg, O, Diskin, S, Wright, B & Alkan, N 2016, 'Increased anthocyanin and 

flavonoids in mango fruit peel are associated with cold and pathogen resistance', Postharvest Biology 

and Technology, vol. 111, pp. 132-9.  

 

Smith, TE, Asher, CJ, Stephenson, RA & Hetherington, SE 1997a, 'Boron deficiency of avocado. 2. 

Effects on fruit size and ripening', in Boron in Soils and Plants: Proceedings of the International 

Symposium on Boron in Soils and Plants held at Chiang Mai, Thailand, 7–11 September, 1997, pp. 

135-7.  

 

Smith, TE, Hofman, PJ, Stephenson, RA, Asher, CJ & Hetherington, SE 1997b, 'Improving boron 

nutrition improves ‘Hass’ avocado fruit size and quality', in Proceedings from Conference, vol. 97, 

pp. 131-7.  



163 
 

 

Smith, TE, Stephenson, RA, Asher, CJ & Hetherington, SE 1997c, 'Boron deficiency of avocado. 1. 

Effects on pollen viability and fruit set', in Boron in Soils and Plants: Proceedings of the International 

Symposium on Boron in Soils and Plants held at Chiang Mai, Thailand, 7–11 September, 1997, pp. 

131-3.  

 

Song, W, Yi, J, Kurniadinata, OF, Wang, H & Huang, X 2018, 'Linking fruit Ca uptake capacity to 

fruit growth and pedicel anatomy, a cross-species study', Frontiers in Plant Science, vol. 9, p. 575.  

 

Sorce, C, Lombardi, L, Remorini, D & Montanaro, G 2011, 'Occurrence of natural auxin and 

accumulation of calcium during early fruit development in kiwifruit', Australian Journal of Crop 

Science, vol. 5, no. 7, p. 895.  

 

Spreer, W, Ongprasert, S, Hegele, M, Wünsche, JN & Müller, J 2009, 'Yield and fruit development 

in mango (Mangifera indica L. cv. 'Chok Anan') under different irrigation regimes', Agricultural 

Water Management, vol. 96, no. 4, pp. 574-84.  

 

Srivastav, M, Singh, S & Ajang, M 2015, 'Evaluation of mango genotypes for jelly seed disorder', 

Indian Journal of Horticulture, vol. 72, no. 3, pp. 408-10.  

 

Stellacci, AM, Cristiano, G, Rubino, P, De Lucia, B & Cazzato, E 2013, 'Nitrogen uptake, nitrogen 

partitioning and N-use efficiency of container-grown holm oak (Quercus ilex L.) under different 

nitrogen levels and fertilizer sources', J. Food Agric. Environ, vol. 11, pp. 990-4.  

 

Subraman, H, Krishnam, S, Subhadra, N, Dalal, V, Randhawa, G & Chacko, E 1971, 'Studies on 

internal breakdown, A physiological ripening disorder in 'Alphonso' mangoes.', Tropical Science, vol. 

13, no. 3, pp. 203-10.  

 

Tagliavini, M, Quartieri, M & Millard, P 1997, 'Remobilised nitrogen and root uptake of nitrate for 

spring leaf growth, flowers and developing fruits of pear (Pyrus communis L.) trees', Plant and Soil, 

vol. 195, no. 1, pp. 137-42.  

 



164 
 

Tarmizi, A, Malik, TTA, Pauziah, M & Zahrah, T 1993, 'Incidence of insidious fruit rot as related to 

mineral nutrients in 'Harumanis' mangoes', Journal of the Malaysian Agricultural Research and 

Development Institute, vol. 21, pp. 43-9.  

 

Taylor, MD & Locascio, SJ 2004, 'Blossom-end rot: a calcium deficiency', Journal of Plant Nutrition, 

vol. 27, no. 1, pp. 123-39.  

 

Thomas, P, Saxena, SC, Chandra, R, Rao, R & Bhatia, CR 1993, 'X-ray imaging for detecting spongy 

tissue, an internal disorder in fruits of ‘Alphonso’ mango (Mangifera indica L.)', Journal of 

Horticultural Science, vol. 68, no. 5, pp. 803-6.  

 

Thorp, TG, Hutching, D, Lowe, T & Marsh, K 1997, 'Survey of fruit mineral concentrations and 

postharvest quality of New Zealand‐grown ‘Hass’ avocado (Persea americana Mill.)', New Zealand 

Journal of Crop and Horticultural Science, vol. 25, no. 3, pp. 251-60.  

 

Tonetto de Freitas, S, McElrone, AJ, Shackel, KA & Mitcham, EJ 2014, 'Calcium partitioning and 

allocation and blossom-end rot development in tomato plants in response to whole-plant and fruit-

specific abscisic acid treatments', Journal of Experimental Botany, vol. 65, no. 1, pp. 235-47.  

 

Tonetto de Freitas, S & Mitcham, EI 2012, 'Factors involved in fruit calcium deficiency disorders', 

Horticultural Reviews, vol. 40, no. 1, pp. 107-46.  

 

Torres, A, Cid, M, Socorro, A, Fernández, D, Rosell, P & Galán, V 2004a, 'Effects of nitrogen and 

calcium supply on the incidence of internal fruit breakdown in ‘Tommy Atkins’ mangoes (Mangifera 

indica L.) grown in a soilless system', Acta horticulturae, vol. 645, pp. 387-93.  

 

Torres, AC & Saúco, VG 2004, 'The study of the problem of mango (Mangifera Indica L.) internal 

breakdown', Acta horticulturae, pp. 167-74.  

 

Torres, M, Guirado, E, Farré, J & Hermoso, J 2009, 'Influence of weed cover on mango nutrition, 

productivity and fruit quality', Acta horticulturae, no. 820, pp. 351-6.  

 

Torres, M, Hermoso, J & Farre, J 2004b, 'Influence of nitrogen and calcium fertilisation on 

productivity and fruit quality of the mango cv. 'Sensation'', Acta horticulturae, no. 645, pp. 395-401.  



165 
 

 

Towett, EK, Shepherd, KD & Lee Drake, B 2016, 'Plant elemental composition and portable X‐ray 

fluorescence (pXRF) spectroscopy: quantification under different analytical parameters', X‐Ray 

Spectrometry, vol. 45, no. 2, pp. 117-24.  

 

Tromp, J & Ovaa, J 1979, 'Uptake and distribution of nitrogen in young apple trees after application 

of nitrate or ammonium, with special reference to asparagine and arginine', Physiologia Plantarum, 

vol. 45, no. 1, pp. 23-8.  

 

Van Der Ent, A, Kopittke, PM, Paterson, DJ, Casey, LW & Nkrumah, PN 2020, 'Distribution of 

aluminium in hydrated leaves of tea (Camellia sinensis) using synchrotron-and laboratory-based X-

ray fluorescence microscopy', Metallomics, vol. 12, no. 7, pp. 1062-9.  

 

Van Lelyveld, L & Smith, J 1979, 'Physiological factors in the maturation and ripening of mango 

(Mangifera indica L.) fruit in relation to the jelly-seed physiological disorder', Journal of 

Horticultural Science, vol. 54, no. 4, pp. 283-7.  

 

Vasanthaiah, HK, Ravishankar, K, Narayanaswamy, P & Shivashankara, K 2008, 'Influence of 

temperature on spongy tissue formation in ‘Alphonso’ mango', International Journal of Fruit Science, 

vol. 8, no. 3, pp. 226-34.  

 

Vasanthaiah, HKN, Ravishankar, KV, Shivashankara, KS, Anand, L, Narayanaswamy, P, Mukunda, 

G & Prasad, TG 2006, 'Cloning and characterization of differentially expressed genes of internal 

breakdown in mango fruit (Mangifera indica)', Journal of Plant Physiology, vol. 163, no. 6, pp. 671-

9.  

 

Vithana, MDK, Singh, Z & Johnson, SK 2019, 'Harvest maturity stage affects the concentrations of 

health-promoting compounds: Lupeol, mangiferin and phenolic acids in the pulp and peel of ripe 

‘Kensington pride’ mango fruit', Scientia Horticulturae, vol. 243, pp. 125-30.  

 

Wainwright, H & Burbage, M 1989, 'Physiological disorders in mango (Mangifera indica L.) fruit', 

Journal of Horticultural Science, vol. 64, no. 2, pp. 125-35.  

 



166 
 

Walters, JP, Archer, DW, Sassenrath, GF, Hendrickson, JR, Hanson, JD, Halloran, JM, Vadas, P & 

Alarcon, VJ 2016, 'Exploring agricultural production systems and their fundamental components with 

system dynamics modelling', Ecological Modelling, vol. 333, pp. 51-65.  

 

Wang, G-y, Zhang, X-z, Yi, W, Xu, X-f & Han, Z-h 2015, 'Key minerals influencing apple quality in 

Chinese orchard identified by nutritional diagnosis of leaf and soil analysis', Journal of Integrative 

Agriculture, vol. 14, no. 5, pp. 864-74.  

 

Wang, P, McKenna, BA, Menzies, NW, Li, C, Glover, CJ, Zhao, F-J & Kopittke, PM 2019a, 

'Minimizing experimental artefacts in synchrotron-based X-ray analyses of Fe speciation in tissues 

of rice plants', Journal of Synchrotron Radiation, vol. 26, no. 4, pp. 1272-9.  

 

Wang, Z, Koirala, A & Walsh, K 2017, 'Using machine vision in mango orchard management', in XII 

International Mango Symposium 1244, pp. 109-16.  

 

Wang, Z, Underwood, J & Walsh, KB 2018, 'Machine vision assessment of mango orchard 

flowering', Computers and Electronics in Agriculture, vol. 151, pp. 501-11.  

 

Wang, Z, Walsh, K & Koirala, A 2019b, 'Mango fruit load estimation using a video based 

MangoYOLO—Kalman filter—hungarian algorithm method', Sensors, vol. 19, no. 12, p. 2742.  

 

Warnes, GR, Bolker, B, Bonebakker, L, Gentleman, R, Huber, W, Liaw, A, Lumley, T, Maechler, 

M, Magnusson, A & Moeller, S 2009, 'gplots: Various R programming tools for plotting data', R 

package version, vol. 2, no. 4, p. 1.  

 

Whangchai, K, Gemma, H, Uthaibutra, J & Iwahori, S 2001, 'Postharvest physiology and 

microanalysis of mineral elements of 'Nam Dork Mai' mango fruit grown under different soil 

composition', Journal of the Japanese Society for Horticultural Science, vol. 70, no. 4, pp. 463-5.  

 

Whiley, A, Chapman, K & Saranah, J 1988, 'Water loss by floral structures of avocado (Persea 

americana cv. 'Fuerte') during flowering', Australian Journal of Agricultural Research, vol. 39, no. 

3, pp. 457-67.  

 



167 
 

Whiley, A, Hofman, PJ, Marques, JR, Christiansen, H, Stubbings, BA & Whiley, DA 2006, 

Development of Best Practice Protocols for production of Calypso™ Mango, FR02049, Horticulture 

Australia Ltd., Sydney.  

 

Whiley, A, Smith, T, Wolstenholme, B & Saranah, J 1996, 'Boron nutrition of avocados', South 

African Avocado Growers’ Association Yearbook, vol. 19, pp. 1-7.  

 

White, PJ 2001, 'The pathways of calcium movement to the xylem', Journal of Experimental Botany, 

vol. 52, no. 358, pp. 891-9.  

 

White, PJ & Broadley, MR 2003, 'Calcium in plants', Annals of Botany, vol. 92, no. 4, pp. 487-511.  

Whiteside, MD, Digman, MA, Gratton, E & Treseder, KK 2012, 'Organic nitrogen uptake by 

arbuscular mycorrhizal fungi in a boreal forest', Soil Biology and Biochemistry, vol. 55, pp. 7-13.  

 

Wickham, H 2011, 'ggplot2', Wiley interdisciplinary reviews: computational statistics, vol. 3, no. 2, 

pp. 180-5.  

 

Willingham, S, Coates, L, Cooke, A & Dean, J 2004, 'Tree vigour influences disease susceptibility 

of ‘Hass’ avocado fruits', Australasian Plant Pathology, vol. 33, no. 1, pp. 17-21.  

 

Willingham, S, Pegg, K, Anderson, J, Cooke, A, Dean, J, Giblin, F & Coates, L 2006, 'Effects of 

rootstock and nitrogen fertiliser on postharvest anthracnose development in 'Hass' avocado', 

Australasian Plant Pathology, vol. 35, no. 6, pp. 619-29.  

 

Wills, R & Golding, J 2016a, Postharvest: an introduction to the physiology and handling of fruit 

and vegetables, UNSW press.  

 

Wills, R, McGlasson, B, Graham, D, Joyce, D & Rushing, JW 1999, 'Postharvest: an introduction to 

the physiology and handling of fruit, vegetables and ornamentals', Journal of vegetable crop 

production, vol. 4, no. 2, pp. 83-4.  

 

Wills, RB & Golding, J 2016b, Advances in postharvest fruit and vegetable technology, CRC press.  

Witney, G, Hofman, P & Wolstenholme, B 1990, 'Effect of cultivar, tree vigour and fruit position on 

calcium accumulation in avocado fruits', Scientia Horticulturae, vol. 44, no. 3-4, pp. 269-78.  



168 
 

 

Woolf, AB, Bowen, JH & Ferguson, IB 1999, 'Preharvest exposure to the sun influences postharvest 

responses of ‘Hass’ avocado fruit', Postharvest Biology and Technology, vol. 15, no. 2, pp. 143-53.  

 

Xu, X, Lei, H, Ma, X, Lai, T, Song, H, Shi, X & Li, J 2017, 'Antifungal activity of 1-

methylcyclopropene (1-MCP) against anthracnose (Colletotrichum gloeosporioides) in postharvest 

mango fruit and its possible mechanisms of action', International Journal of Food Microbiology, vol. 

241, pp. 1-6.  

 

Yoshida, Y, Irie, N, Vinh, TD, Ooyama, M, Tanaka, Y, Yasuba, K-i & Goto, T 2014, 'Incidence of 

blossom-end rot in relation to the water-soluble calcium concentration in tomato fruits as affected by 

calcium nutrition and cropping season', Journal of the Japanese Society for Horticultural Science, 

pp. CH-107.  

 

Young, T 1960, '" Soft-nose", a physiological disorder in mango fruits', Punjab Fruit Journal, vol. 

23, pp. 259-61.  

 

Young, T, Koo, RC & Miner, J 1962, 'Effects of nitrogen, potassium and calcium fertilization on 

‘Kent’ mangoes in deep, acid, and sandy soil', USA. Florida State Horticultural Society, vol. 75, pp. 

364-71.  

 

Young, T & Miner, J 1961, 'Relation ship of nitrogen and calcium to" soft-nose" disorder in mangoes 

fruits', in Proc. Amer. Soc. Hort. Sci., vol. 78, pp. 201-8.  

 

Yu, X-C, Li, M-J, Gao, G-F, Feng, H-Z, Geng, X-Q, Peng, C-C, Zhu, S-Y, Wang, X-J, Shen, Y-Y & 

Zhang, D-P 2006, 'Abscisic acid stimulates a calcium-dependent protein kinase in grape berry', Plant 

Physiology, vol. 140, no. 2, pp. 558-79.  

 

Yuan, W, Kuang, X, Huang, J, Huang, X, Li, J & Wang, H 2002, 'Comparative study of calcium level 

in the pericarp of different cracking resistant litchi cultivars and effects calcium application', Adv. 

Hort, vol. 5, pp. 171-7.  

 



169 
 

Zabedah, M, Yusoff, A, Halim, R, Hassan, S & Fauzi, R 2008, 'Effect of crop load on nutrient status 

of starfruit cv. 'B10' under netted structure', Journal of Tropical Agriculture and Food Science, vol. 

36, no. 2, pp. 000-.  

 

Zagade, M & Chaudhari, J 2010, 'Impact of meteorological parameters on population dynamics of 

mango hopper in high rainfall zone of Konkan region', J. Agrometeorol, vol. 12, no. 1, pp. 111-3.  

 

Zekri, M & Obreza, T 2013, 'Nitrogen (N) for citrus trees', EDIS, vol. 2013, no. 6.  

 

Zhang, C, Huang, H & Kuang, Y 1995, 'A study of the cause of the mango black tip disorder', Scientia 

Horticulturae, vol. 64, no. 1-2, pp. 49-54.  

 

Zhang, X, Xiong, X & Zhou, W 1999, 'Advances in researches on calcium nutrition of apple tree', 

Soils and Fertilizers, vol. 4, pp. 3-7.  

 

Zhao, F-J, Moore, KL, Lombi, E & Zhu, Y-G 2014, 'Imaging element distribution and speciation in 

plant cells', Trends in Plant Science, vol. 19, no. 3, pp. 183-92.  

 

Zhao, Y & Wang, C 2015, 'Effect of calcium chloride in combination with salicylic acid on post-

harvest freshness of apples', Food Science and Biotechnology, vol. 24, no. 3, pp. 1139-46.  

 

Zhou, S, Cheng, Q, Weindorf, DC, Yuan, Z, Yang, B, Sun, Q, Zhang, Z, Yang, J & Zhao, M 2020, 

'Elemental assessment of dried and ground samples of leeches via portable X-ray fluorescence', 

Journal of Analytical Atomic Spectrometry, vol. 35, no. 11, pp. 2573-81.  

 

Zhu, Y & Weindorf, DC 2009, 'Determination of soil calcium using field portable x-ray fluorescence', 

Soil Science, vol. 174, no. 3, pp. 151-5.  

 

Zocchi, G & Mignani, I 1995, 'Calcium physiology and metabolism in fruit trees', Mineral Nutrition 

of Deciduous Fruit Plants, no. 383, pp. 15-24.  



170 
 

Appendix A 

Appendix A1. Individual mineral nutrients and their ratios in internal disorders of mango. ‘+’ sign indicate direct and ‘-‘ sign indicate inverse 

relationship with expression of disorders. Here internal breakdown refers to the combination of more than one type of disorder in individual mango 

fruit. 

Mineral elements 
Flesh concentration 

(high + or low -) 
Disorder type References 

N + 

Spongy tissue 

Jelly seed 

Flesh browning 

Internal breakdown 

(Tarmizi et al. 1993; Torres et al. 2004a; Torres & Saúco 2004; Saran & Kumar 2011; 

Singh & Swati 2011; Ma et al. 2018; Andrade et al. 2022; Ma et al. 2022; Ma et al. 2023) 

Ca - 

Spongy tissue 

Soft nose 

Jelly seed 

Flesh browning 

Internal breakdown 

(Subraman et al. 1971; Gunjate et al. 1979b; Burdon et al. 1992; Tarmizi et al. 1993; 

Whangchai et al. 2001; Torres et al. 2004a; Torres & Saúco 2004; Raja 2009; Singh & 

Swati 2011; Ma et al. 2018; Bitange et al. 2020; Andrade et al. 2022; Ma et al. 2022; Ma et 

al. 2023) 

K 

+ 

Spongy tissue 

Soft nose 

Flesh browning 

(Burdon et al. 1991; Ma et al. 2018; Ma et al. 2022) 

- 
Spongy tissue 

Jelly seed 
(Murthy 1981; Raja 2009; Singh & Swati 2011) 

B - 
Spongy tissue 

Flesh browning 
(Saran & Kumar 2011; Ma et al. 2018) 

P + 

Spongy tissue 

Soft nose 

Flesh browning 

Internal breakdown 

(Subraman et al. 1971; Murthy 1981; Burdon et al. 1991; Raymond et al. 1998b; Ma et al. 

2022) 

Mg 

+ 
Spongy tissue 

Soft nose 
(Burdon et al. 1991; Ma et al. 2018; Ma et al. 2022; Ma et al. 2023) 

- 

Spongy tissue 

Jelly seed 

Flesh browning 

(Andrade et al. 2022) 



171 
 

N: Ca + 

Spongy tissue 

Jelly seed 

Flesh browning 

Internal breakdown 

(Tarmizi et al. 1993; Torres & Saúco 2004; Silva et al. 2008; Andrade et al. 2022; Ma et al. 

2022; Ma et al. 2023) 

K: Ca + 

Spongy tissue 

Jelly seed 

Flesh browning 

Internal breakdown 

(Andrade et al. 2022; Ma et al. 2022; Ma et al. 2023) 

Mg: Ca + 
Spongy tissue 

Flesh browning 
(Ma et al. 2022; Ma et al. 2023) 



172 
 

Appendix A2. Standard commercial fertiliser application at NT and FNQ farm sites. 

 

 

 

 

 

Region Fertiliser Available nutrient (w/v) Application method Rate 

NT 

NT Horti Trace Mg 2%, Zn 2.5%, Mn 3%, S 

6.2%, Cu 0.5%, Fe 1%, B 

0.04%, Mo 0.05%. 

Foliar 5 (L/ha) 

CK 55 (S) Zn 12.8%, Mn 6.4%, Cu 11.9%, 

Fe 1%, B 14.2%. 

Soil 1.3 (kg/h) 

Organibor B 9.7%, Mg 1.2%, Ca 16%. Soil 50 (kg/ha) 

Encal N 13%, Ca 16%, Mg 1.7%, Fe 

0.12%, B 0.08%, Zn 0.06%, Cu 

0.06%, Mn 0.06%. 

Foliar 2.4 (L/ha) 

Bio Gyp - Fertigation 100 (L/ha) 

Thio K K 30%, S 25%. Fertigation 75 (L/ha) 

FNQ 

Nitrophoska N 12%, P 5.2%, K 14.1%, S 

8%, Ca 3.2%, Mg 1.2%, B 

0.02%, Zn 0.01%. 

- - 

Gypsum Ca 23.3%, S 18.6%. - - 

Thio-sulphate N 16%, S 35%. - - 

Zinc sulphate Zn 22%, 11.7% - - 
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Appendix A3. The % base saturation of Ca, Mg, and K in response to fertiliser treatments over 3 years period (n = 3). 

Depth 

(cm) 
Treatment 

% Ca base saturation % Mg base saturation % K base saturation 

Post-S-1 
Pre-

S-2 

Post-S-

2 

Pre-

S-3 

Post-

S-3 

Post-

S-1 

Pre-

S-2 

Post-

S-2 

Pre-

S-3 

Post-S-

3 

Post-S-

1 

Pre-

S-2 

Post-S-

2 

Pre-

S-3 

Post-S-

3 

0-30 

Control 66.1ab 60.8 b 78.5 a 79.0 75.2 23.7 30.6 14.3 15.4 16.2 5.3 4.7 5.4 4.2 5.0 

low-N, nil-Ca 65.1 ab 61.5 b 67.7 ab 77.1 69.0 25.3 27.7 18.2 17.1 20.3 4.7 5.8 7.4 4.3 6.6 

high-N, nil-Ca 59.5 b 60.9 b 73.8 ab 76.9 81.6 28.8 29.2 18.3 16.6 11.1 6.1 6.0 5.6 4.9 4.5 

low-N, high-Ca 70.2 a 66.6 a 63.2 ab 86.0 78.3 20.6 24.8 23.0 8.7 12.4 5.5 5.5 6.0 3.9 5.8 

high-N, high-Ca 69.2 a 67.4 a 73.8 ab 81.9 84.9 21.0 23.9 18.6 11.3 8.1 5.5 5.1 5.8 4.7 4.3 

v. high-N, high-Ca - 60.8 b 62.7 b 81.3 78.2 - 30.6 25.1 13.0 12.9 - 4.7 6.5 4.3 5.1 

Significance * * * ns ns ns ns ns ns ns ns ns ns ns ns 

30-60 

Control 67.2 62.5 73.2 a 59.3 b 65.7 b 13.0 
22.8 

bc 

18.6 

bc 
22.2 23.0 a 6.0 4.5 6.1 7.7 6.4 

low-N, nil-Ca 66.4 61.9 55.3 b 61.0 b 53.2 c 13.7 16.8 d 24.8 d 28.6 28.0 a 5.0 6.1 6.4 6.0 6.3 

high-N, nil-Ca 58.4 60.5 71.5 a 59.2 b 
66.6 

ab 
14.9 21.8 c 19.0 c 30.2 22.5 a 5.4 5.6 6.2 6.4 6.7 

low-N, high-Ca 63.8 60.1 59.7 ab 73.8 a 65.9 b 19.9 26.0 a 27.6 a 17.0 22.2 a 6.6 5.4 6.0 5.9 6.6 

high-N, high-Ca 63.3 60.7 73.2 a 60.6 b 76.5 a 20.3 
25.9 

ab 

18.2 

ab 
24.0 14.0 b 5.8 5.5 6.0 6.7 5.3 

v. high-N, high-Ca - 62.5 59.8 ab 70.1 a 
60.1 

bc 
- 

22.8 

bc 

25.5 

bc 
21.6 24.0 a - 4.5 5.9 5.4 5.5 

Significance ns ns ** ** ** ns *** * ns * ns ns ns ns ns 

 

Here, Pre: pre-flowering, Post: Post-harvest, S-1: Season 2020, S-2: Season 2021, S-3: Season 2022. 
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Appendix A4. The optimum range of leaf nutrients for fruiting ‘B74’ mango trees (Hofman & Whiley 

2010). Sampled leaves were mature and collected just prior to the flower bud swelling (n = 3). 

Leaf minerals Results Recommended Remarks 

Ca (%) 1.23 ± 0.16 2.0-3.5 Low 

Mg (%) 0.27 ± 0.02 0.2-0.4 Optimum 

K (%) 1.27 ± 0.1 0.4-1.2 Optimum 

P (%) 0.20 ± 0.01 0.08-0.18 Slightly high 

Na (%) 0.03 ± 0.00 < 0.20 Optimum 

S (%) 0.19 ± 0.01 0.2-0.6 Slightly low 

Total N (%) 1.14 ± 0.04 1.0-1.5 Optimum 

B (mg/kg) 86.02 ± 25.9 40-80 Slightly high 

Cu (mg/kg) 19.49 ± 4.66 7-20 Optimum 

Fe (mg/kg) 96.62 ± 18.55 50-200 Optimum 

Mn (mg/kg) 832.27 ± 231.28 50-500 Slightly high 

Zn (mg/kg) 107.97 ± 18.5 02-150 Optimum 

Appendix A5. Mineral analysis of young mature leaves over 3 consecutive seasons. Each value 

represents the average of 3 analyses. 

Treatment 

N (% dw) Ca (%) 

Post-

S-1 

Pre-

S-2 

Post-

S-2 

Pre-

S-3 

Post-

S-3 

Post-

S-1 

Pre-

S-2 

Post-

S-2 

Pre-

S-3 

Post-S-

3 

Control 1.16 1.13 1.10 1.19 1.14 1.30 1.42 2.17 1.39 1.38 

low-N, nil-Ca 1.18 1.11 1.22 1.26 1.25 1.25 1.53 2.02 1.36 1.68 

high-N, nil-Ca 1.15 1.08 1.13 1.29 1.19 1.36 1.50 2.09 1.51 1.76 

low-N, high-Ca 1.22 1.10 1.08 1.11 1.16 1.49 1.50 2.20 1.44 1.96 

high-N, high-Ca 1.22 1.14 1.13 1.26 1.21 1.36 1.58 2.26 1.49 1.81 

v. high-N, high-

Ca 
- 1.13 1.25 

1.23 1.18 
- 1.40 2.26 

1.62 1.89 

Significance ns ns ns ns ns ns ns ns ns ns 

 

Here, Pre: pre-flowering, Post: Post-harvest, S-1: Season 2020, S-2: Season 2021, S-3: Season 2022.  
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Appendix A6. Standard commercial fertiliser application at trial site in Childers, Queensland. 

Season Fertilisers Method Rate (kg/ha) 

2020 

BioGyp (Liquid) Fertigation 90 

Boric Acid Fertigation 2 

Calcium Nitrate Fertigation 107 

Fulvic Acid Powder Fertigation 0 

Inoculant Fertigation 1 

Iron EDDHA Fertigation 4 

Magnesium Sulphate Fertigation 80 

MKP Fertigation 95 

Potassium Nitrate Fertigation 25 

Potassium Sulphate Fertigation 88 

Zinc EDTA Fertigation 3 

2021 

Ammonium Sulphate Fertigation 24 

BioGyp (Liquid) Fertigation 120 

Calcium Nitrate Fertigation 50 

Calcium Nitrate & Boric Acid Fertigation 32 

Easy N Fertigation 10 

Fulvic Acid Powder Fertigation 1 

Inoculant Fertigation 2 

Iron EDDHA Fertigation 2 

Magnesium Nitrate Fertigation 12 

Magnesium Sulphate Fertigation 25 

MKP Fertigation 100 

Mono. Amm. Phosphate (MAP) Fertigation 13 

Potassium Sulphate Fertigation 50 

Urea Fertigation 10 

Gypsum (Mined) Spreading 2000 

2022 

BioGyp (Liquid) Fertigation 90 

Boric Acid Fertigation 5 

Easy N Fertigation 52 

Inoculant Fertigation 2 

MKP Fertigation 25 

Gypsum (Mined) Spreading 2500 
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Appendix A7. Scatter plot between % Ca base saturation in the soil at the pre-flowering stage and 

fruit Ca concentrations at harvest. 
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Appendix B 

Comparison of mineral nutrient concentrations using ICP and 

handheld XRF in fruit flesh 

Introduction 

The importance of mineral contents especially calcium (Ca), potassium (K), magnesium (Mg), 

nitrogen (N) and their ratios have previously been documented in the development of different 

physiological disorders in apples (Pavicic et al. 2004; Miqueloto et al. 2014b), avocado (Witney et 

al. 1990; Hofman et al. 2002; Willingham et al. 2006), tomato (Brown & Ho 1993; Saure 2001; 

Tonetto de Freitas et al. 2014; Yoshida et al. 2014) and mango (Tarmizi et al. 1993; Simmons et al. 

1996, 1998a; Torres et al. 2004a; Silva et al. 2008; Singh et al. 2013a). Higher ratios of these nutrients 

have been implicated in modulating fruit predisposition to the development of postharvest disorders 

and diseases in mango and avocado (Tarmizi et al. 1993; Hofman et al. 2002; Bally 2006, 2009).  

Commercial growers and farmers are required to do extensive mineral analysis to timely manage their 

crop fertilisation regime and eliminate any potentially mineral-related deficiencies. Traditional 

analytical techniques involve sample digestion and analysis using atomic absorption 

spectrophotometry for a range of elemental nutrients i.e., Ca, K, Mg, B etc. However, this can be 

quite expensive, time-consuming and require extensive sample preparation. Such limitations 

encourage sample pooling which leads to a loss of variability within the data sets. The use of rapid, 

efficient, and cost-effective benchtop/on-farm analysis tools can significantly improve crop quality 

through timely and efficient monitoring of fertiliser application and help generate extensive data sets 

to better understand the dynamic roles of these nutrients in horticultural crops and fruit quality. 

Recent technological advances have led to an increased interest in the potential application of 

handheld portable X-ray fluorescence (hhXRF) spectroscopy for the detection of elements such as Ca 

and K in plant materials (Kalcsits 2016). In recent years, several studies have demonstrated the 

usefulness of using hhXRF instruments to analyse minerals in manufactured products (Marguí et al. 

2012), archaeological materials (Nazaroff et al. 2010) and soils and plant samples (Zhu & Weindorf 

2009; McLaren et al. 2012; Reidinger et al. 2012; Zhou et al. 2020).  In plants, Reidinger et al. (2012) 

used a hhXRF destructively to quantify phosphorus and silica in homogenized and pelletized plant 

tissue. McLaren et al. (2012) reported significant correlations between traditional digested plant tissue 

measurements and those made using a hhXRF for analysis of ground, pelletized plant tissue samples 

across a range of elements including calcium and potassium. Kalcsits (2016) demonstrated the non-

destructive potential of hhXRF to determine Ca and K and their role in bitter pit development in 

apples.  
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In the present study, the efficiency of hhXRF against the traditional ICP method was compared to 

determine mineral nutrient concentrations in dried pelletized mango and avocado flesh and avocado 

skin only.  

Materials and Methods 

Mango fruit were sourced from a commercial ‘B74’ mango orchard in Childers South-east 

Queensland (SEQ), Australia in 2021. Fruit were harvested from the orchard at the mature green stage 

and subjected to vapour heat treatment (VHT) and later transferred to the postharvest laboratory at 

The University of Queensland, Gatton campus in an air-conditioned van for postharvest assessment 

and ripening at 20oC. Later, fruit were cut and a portion of flesh (2 x 2.6 cm) from the middle section 

of both cheeks was excised at the ripe stage and dried at 65°C in a fan-forced oven for 3 days and 

then ground to a fine powder using a mini ball mill and homogenised 

Avocado fruit were collected from a commercial ‘Hass’ orchard in Childers, Queensland in 2022. 

Harvested fruit were properly labelled and immediately transported in an air-conditioned van to the 

postharvest laboratory. Upon arrival, each fruit was weighed for fresh weight and kept at 20 °C and 

>90% RH in a shelf life room for ripening. At the eating ripe stage, fruit skin and flesh were separated 

and dried at 65°C in a fan-forced oven for 3 days and then ground to a fine powder using a mini ball 

mill and homogenised. 

A total of 54 mango flesh samples and 50 avocado flesh and 50 skin samples were used to compare 

pXRF with the standard laboratory method. A subsample of dried homogenised samples was taken, 

and Ca, Mg, K, P, and S were measured using Inductively coupled plasma-optical emission 

spectrometry (ICPOES: Thermo iCAP PRO XP). The samples were open-vessel digested with a 5:1 

mixture of nitric and perchloric acids to 200°C. The forward power for the plasma was 1200W and 

the samples were aspirated into the ICPOES using a concentric nebuliser with a Tracey spray 

chamber. The instrument was operated in radial mode for the macronutrients and axial mode for the 

micronutrients. The results were expressed as mg/kg on a dry weight basis.  

The remaining samples were used for XRF analysis using TRACER 5 hhXRF (Bruker Elemental, 

Kennewick, WA, USA). The TRACER 5 was equipped with Rh excitation source to emit X-rays and 

a silicon diode detector with a maximum voltage of 50kV with operator-adjustable voltage and current 

to optimise excitation. The detection window diameter was 8mm. The instrument was calibrated with 

Geo exploration mode under helium conditions which is generally intended for elemental analysis in 

geological samples. The homogenised, finely ground samples were pelletized using a Parr pellet press 

in a sample cup covered with 4 µm Prolene film. The pellet was analysed three times by hhXRF and 

an average value was used for all samples. The results were expressed as ppm. 
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Statistical analysis 

The linear relationship for fruit mineral concentrations between hhXRF and ICPOES methods were 

developed (Microsoft Excel 365). The variation accounted for by the model was determined using 

both the significance of fit of the intercept and the slope of the line (p < 0.05) and the regression 

coefficient (r2).  

Results 

The linear regression correlation r2 values were used to compare and determine the strength and 

significance of the relationship between traditional laboratory ICP method and hhXRF in mango and 

avocado flesh, and avocado skin samples. In mango flesh, there were strong significant (p < 0.001) 

correlations between hhXRF and ICP for S (r2 = 0.76), K (r2 = 0.69), P (r2 = 0.65) and Ca (r2 = 0.53) 

(Table B.1), however, the correlation strength was very low for Mg (r2 = 0.18). The mineral nutrient 

ratios (i.e., K/Ca and K+Mg/Ca) were calculated from the individual elemental concentrations and 

were also strongly and significantly correlated (r2 = 0.69) (Table B.1, Figure B.1). These mineral 

ratios play a vital role in mango fruit robustness as discussed in Chapters 4, 5, and 6.  

Table B.1. Linear regression correlation (r2) between laboratory ICP method and handheld XRF in 

mango flesh, avocado flesh, and skin samples. The level of significance was indicated as * p ≤ 0.05; 

** p ≤ 0.01;  *** p ≤ 0.001. 

Mineral concentrations 

(mg/kg D.W.) 

Lab-ICP vs hhXRF 

Mango flesh (n=54) Avocado flesh (n=50) Avocado skin (n=50) 

Ca 0.53*** 0.03 0.09* 

K 0.69*** 0.07 0.88*** 

Mg 0.18** 0.02 0.54*** 

S 0.76*** 0.04 0.57*** 

P 0.65*** 0.15* 0.75*** 

K/Ca  0.69*** 0.14* 0.79*** 

K+Mg/Ca 0.69*** 0.14* 0.79*** 
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Figure B.1: Linear regression between ICP and hhXRF methods for mineral ratios calculated from 

individual values in mango flesh (n = 54). 

A similar trend was observed in avocado skin tissue samples (Table B.1) with the lowest correlation 

for Ca (r2 = 0.09). The highest regression correlation coefficients were observed for K (r2 = 0.88) and 

P (r2 = 0.75) (Table B.1). Mineral ratios of K/Ca and K+Mg/Ca were also significantly strongly 

correlated with r2 = 0.79 between ICP and hhXRF (Figure B.2). The difference between sample types 

was evident between mango and avocado fruit and within different parts of avocado i.e., flesh and 

skin tissues. Avocado flesh proved to be difficult for hhXRF-based elemental detection. Overall, the 

regression correlation coefficients were very poor and not significant for any individual elemental 

concentration except for P (Table B.1). The strength of relationship improved a little with mineral 

ratios but still were not good for analyses (Figure B.3).  

 

Figure B.2: Linear regression between ICP and hhXRF methods for mineral ratios calculated from 

individual values in avocado skin (n = 50). 
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Figure B.3: Linear regression between ICP and hhXRF methods for mineral ratios calculated from 

individual values in avocado flesh (n = 50). 

The mineral detection power of hhXRF may have been higher if the same sample portion, used for 

hhXRF, was analysed with ICP method. Since a subsample of homogenate was used randomly for 

hhXRF and for ICP, the variability in the r2 values can be anticipated. Instrument calibration can also 

affect mineral detection in a variety of sample types. For example, with single-type calibration, 

McLaren et al. (2012) reported the differences in r2 values for Ca were from 0.62 to 0.90 for Wheat 

and Soybean samples respectively. Hence a custom calibration is needed for a particular sample type 

to improve hhXRF detection efficiency (Towett et al. 2016).  

A visible difference can be seen in our results (Table B.1) where hhXRF showed good mineral 

detection with strong regression correlation coefficient values for almost all the elements in mango 

flesh and avocado skin as compared to avocado flesh samples under similar calibration and detection 

conditions. This difference could be explained by the higher oil content present in avocado flesh as 

compared to the skin tissue which can likely interfere with elemental detection. Galvão et al. (2014) 

reported significantly higher oil content in pulp as compared to the skin tissue of three different 

avocado cultivars ‘Fortuna’, ‘Collinson’ and ‘Barker’. Accounting for tissue differences will likely 

improve hhXRF elemental detection efficiency. 
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