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Abstract 

Kiwifruit is a popular fruit crop worldwide due to its palatable taste and desirable 

nutritional properties. Kiwifruit is a starch-storing fruit: it accumulates abundant 

starch by the time commercial harvesting occurs, and most of the starch is gradually 

hydrolyzed into simple sugars during ripening. Starch plays an important role in 

kiwifruit development, but basic knowledge on kiwifruit starch (e.g., its 

physicochemical properties and molecular structure) has remained very limited. In 

addition, the starch properties and contents may vary across the tissues of kiwifruit, 

and the starch structure may change with the growth stage of the fruit. This study 

aimed to investigate the dynamics of starch properties and structure among different 

tissues and growth stages of kiwifruit and explore a potential use for kiwifruit starch. 

During kiwifruit growth, the starch content (dry weight basis) was observed to 

increase from ~ 2% to 46% and 58% for green and gold kiwifruit, respectively, while 

the starch granules enlarged from 4 to 10 µm (mass moment mean diameter). The 

polymorph type of the starches remained B-type, and the amylose contents leveled off 

(~ 10–12%) in green kiwifruit starch and increased (~ 15 to 19%) in gold kiwifruit 

starch throughout fruit development. The external/internal structures of amylopectins 

remained similar as the starch granules enlarged in growing kiwifruit, indicating 

homogeneous molecular structure from the inside to the outside of a kiwifruit starch 

granule. The dynamics of amylose content and molecular structure of starch in 

growing kiwifruit shared some similarities to those of starches from other growing 

crops (e.g., kidney bean and various cereals). 
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The starch content, properties and structure from the core and outer pericarp of a 

gold kiwifruit were significantly different, suggesting the different biosynthetic 

properties of these two starches. The starch content in the outer pericarp was ~ 5–15% 

higher than that in the core, a significant difference. The enzyme susceptibility and 

amylose content of the core starches were higher, and the granule size, degree of 

crystallinity and gelatinization parameters of core starches were somewhat lower than 

those of the outer pericarp starches. Compared with other starches, the enthalpy 

changes associated with the gelatinization of outer pericarp starches were 

exceptionally high (~21 J/g). The flow properties of the outer pericarp starches also 

showed high yield stress. The internal structure of outer pericarp amylopectin was 

composed of higher amounts of shorter chains than that of core amylopectin, while 

the structure of core amylopectin consisted of higher amounts of longer chains than 

that of outer pericarp amylopectin. The internal chain length of core amylopectin was 

longer than that of outer pericarp amylopectin. These results suggested that outer 

pericarp amylopectin had a more branched and tightly arranged structure than that of 

core amylopectin. Comparing to the outer pericarp, soluble starch synthase in the core 

can be expected to exhibit a higher activity level than that in the outer pericarp, while 

starch branching enzymes in the core are less active. Although starch granules from 

potato were many times larger than those of kiwifruit starch, the amylose leaching, 

swelling power, and dynamic oscillatory properties exhibited by the two starches were 

similar, which might be due to their sharing the same or similar polymorph type, 

amylose content and molecular structure. 
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The total dietary fiber, free phenolic content and in vitro antioxidant capacities of 

kiwifruit flours were ~ 3, ~ 6–10 and ~ 5–20 times higher than those of potato, maize 

and wheat flours, respectively, while the starch contents of the kiwifruit flours were ~ 

40–50%, which were significantly lower than those of the traditional flours. Pasting, 

gel texture and dynamic oscillatory analysis showed that the starchy kiwifruit flours 

had some similar characteristics to those of traditional flours and some differences. It 

might be feasible to incorporate starchy kiwifruit flour into food to achieve desired 

physical and nutritional properties for “novel” and “healthy” food formulations. 

The information presented by this study contributes to the fundamental knowledge 

for developing kiwifruit as a sustainable crop and provides new insights into the 

relationship between the architectural/molecular structures of a starch granule. 
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Chapter 1 Introduction   
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Starch is the most versatile polysaccharide in nature, existing in an inexhaustible 

supply, and has been widely used for both food and nonfood applications. Starch 

consists of two types of glucan polymers, linear amylose and branched amylopectin. 

The molecules are assembled in a semi-crystalline, granular form in high plants for 

energy storage. Molecular structure and proportions of amylose and amylopectin in 

starch vary significantly among diverse botanical sources. The functional properties 

of starch arise largely from the structure and composition of starch. 

Kiwifruit (Actinidia spp.) has become an important fruit crop in international 

commerce, mainly because of the flavor and desirable nutritional properties of the 

fruit. Starch in kiwifruit plays an important role in fruit expansion and ripening, 

during which the starch content peaks at ~ 7% of the fresh weight and is then 

hydrolyzed into simple sugars. The starch can significantly influence the final taste of 

kiwifruit and its storage life. However, basic information on kiwifruit starch (e.g., its 

physicochemical properties and molecular structure) is still limited. Since the edible 

portion of kiwifruit is not homogeneous, the cells and chemical composition vary 

among the kiwifruit tissues. In addition, the chemical composition of each tissue 

varies greatly at different rates during kiwifruit development. Those factors can 

significantly influence the biosynthesis of kiwifruit starch; thus, research on kiwifruit 

starch needs to be specific to the tissue and growth stage to obtain precise 

information. However, no such study on kiwifruit starch has been conducted so far, 

which hinders the development of kiwifruit as a sustainable crop. Furthermore, 

specific studies on the properties and structure of kiwifruit starch would contribute to 
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the basic understanding of the synthesis−structure−functional relationship of a starch. 

This PhD thesis mainly aims to provide information on the following findings: 

1) Physicochemical properties and molecular structure of the starches from the 

different tissues of gold kiwifruit cultivars; 

2) Dynamics of the structure and composition of the starch in growing kiwifruit; 

3) Physicochemical properties of the flour made from starchy kiwifruit. 

This thesis is structured into five main chapters, as follows: 

Chapter 2 introduces the general knowledge on kiwifruit, starch and importance of 

starch in kiwifruit development, followed by a comprehensive review on kiwifruit 

starch. 

Chapters 3 and 4 elaborate the tissue-specific study of physicochemical properties 

and molecular structure of gold kiwifruit starch, respectively. 

Chapter 5 shows the evolution of the polymer chain fractions of starch in growing 

kiwifruit. 

Chapter 6 describes research on physicochemical properties of starch-rich kiwifruit 

flour and discusses viable alternatives to fresh kiwifruit. 
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2.1 Introduction and background 

Kiwifruit is an edible berry belonging to the genus Actinidia (Actinidiaceae). The 

fruit naturally grows only in China, where it is called “mi-hou-tao” or monkey peach 

and has been consumed by the indigenous people since ancient times (Ferguson, 

2004; Motohashi 2002). 

Kiwifruit seeds were brought to Britain and the United States in 1900, and the plant 

then spread throughout the world. The plant grew in the wild or was domesticated as 

an ornamental climber until it was commercially cultivated in New Zealand as fresh 

fruit crop and launched onto the international market in the 1960s (Nishiyama, 2007). 

The fruit was commonly called Chinese gooseberry in New Zealand since 

approximately 1917 because its flavor was similar to that of the European gooseberry. 

The fruit was known as kiwifruit after its export to the United States because the term 

kiwi was associated with New Zealand (Ferguson, 2004). The kiwifruit industry has 

expanded rapidly in the past 40 years, and kiwifruit has become an important fruit 

crop in international trade. The world production of kiwifruit exceeded 4.2 million 

tons in 2016. China is the largest producer, with over 1.3 million tons per year, 

followed by Italy (~ 0.4 million tons per year) and New Zealand (~ 0.3 million tons 

per year) (FAOSTAT, 2018). Only a small proportion of kiwifruit grown in China is 

exported, while New Zealand and Italy export ~ 95% and ~ 80% of their production, 

respectively (Ferguson, 2016a). 

The success of kiwifruit in the global market is mainly attributed to its fine flavor 

and remarkable health properties. Kiwifruit possesses significantly high antioxidant 
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capacity and fiber, vitamin C and vitamin E contents, suggesting that kiwifruit may 

provide numerous health effects for consumers (Singletary, 2012; Hettihewa, 2014). 

Indeed, kiwifruit has been used for symptom relief or therapy to treat illnesses, such 

as dyspepsia, rheumatism, hemorrhoids, and even various cancers since ancient China 

(Singletary, 2012; Ansell et al., 2015). 

Kiwifruit and banana are starch-storing berries, which differ to the other berries 

(e.g. grape, tomato and orange), accumulating most carbon as simple sugars during 

the growth. Some common fruits are sometimes referred as berries, but they are not 

botanically classified as berry, e.g. strawberry. During the growth of kiwifruit, sugars, 

mainly sucrose and planteose, are transported to the fruit and deposited in starch form 

(Nardozza et al., 2013). Starch is gradually accumulated and reaches its maximum 

content (~ 7% of fresh weight) at approximately the time for commercial harvesting. 

Subsequently, most of the starch is degraded into simple sugars during postharvest 

storage for ripening (Beever & Hopkirk, 1990; Richardson et al., 2011). A sufficient 

starch reserve is crucial for developing acceptable taste in a kiwifruit (Nardozza et al., 

2013). Starch degradation can be expected to affect the storage life and final taste of 

kiwifruit. To further explore the utilization of kiwifruit, physicochemical properties of 

the flour made from starch-rich kiwifruit were studied. The results suggested that 

starchy kiwifruit flour has the potential for value-added utilization to enhance the 

nutritional properties of food applications (Li & Zhu, 2019). 
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Starch plays an important role in kiwifruit development. Physicochemical 

properties and molecular structure of kiwifruit starch may provide fundamental 

knowledge for further development of the fruit as a sustainable crop. This information 

on kiwifruit starch has been reported by some previous studies (Sugimoto, 

Yamamoto, Abe, & Fuwa, 1988; Stevenson, Johnson, Jane, & Inglett, 2006; Fuke & 

Matsuoka, 1984; D. Li & Zhu, 2017; D. Li & Zhu, 2018a; D. Li & Zhu, 2018b). 

However, the potential applications of extracted kiwifruit starch have never been 

studied. Compared with other starches from cereals and root/tuber crops, the basic 

knowledge on kiwifruit starch is limited and lacks a systematic summary. Previous 

studies have shown that the physicochemical properties and molecular structure of 

kiwifruit starch vary with the different cultivars, tissues and growth stages of the fruit 

(D. Li & Zhu, 2017; D. Li & Zhu, 2018a; D. Li & Zhu, 2018b). To explore the 

utilization of kiwifruit starch or a viable alternative for culled fresh kiwifruit, basic 

knowledge on kiwifruit is also important. This review aims to provide basic 

knowledge on kiwifruit as a crop and comprehensive information on kiwifruit starch. 

This knowledge can provide the basis for further study of the starch chemistry and 

utilization of kiwifruit. 

2.2 General characteristics of Actinidia berry and commercial cultivars 

Actinidia is a genus of perennial woody vine that climbs along stems or branches. 

The genus includes approximately 66 species and 118 taxa. Most species bear edible 

berries on the vines, but only a few are truly palatable and can be developed as 

commercial fresh fruit (Huang, 2016; Drzewiecki, 2016). The wide range in the 



 

8 

 

appearance and size of Actinidia fruit is illustrated in Figure 2.1. These species differ 

significantly in flesh color, flavor, texture and composition (Huang, 2016; Ferguson, 

2016b). 

  

 

Figure 2.1 Diversity in Actinidia fruit. Reprint from Figure 1.5 of Ferguson (2016b). 

The morphological characteristics of fruit generally consist of four structural zones, 

namely, the skin, outer pericarp, inner pericarp containing radial rows of seeds, and 

central core (Figure 2.2). The core contributes ~ 7% of the whole fresh fruit weight, 

while the outer and inner pericarps constitute ~ 57% and 36% of the weight, 

respectively. The skin accounts for ~ 5% of the weight (Yuliarti, 2011). The fruit size 

of Actinidia species is considered an important criterion for determining commercial 

potential. The fruits of most species are much smaller than those of commercial 

kiwifruit cultivars. The smallest fruit species is A. cylindrica or A. rubricaulis, at ~ 1 

g, while the largest species are generally A. chinensis complex (~ 60–120 g). The 
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texture of eating-ripe Actinidia fruit ranges from soft melting (e.g., A. chinensis 

complex) to almost gelatinous (e.g., A. arguta) (Huang, 2016). 

   

 

Figure 2.2 Kiwifruit tissue zones. Reprint from Figure 1 of Schröder & Atkinson 

(2006). 

Current commercial cultivars are generally developed based on A. chinensis var. 

chinensis (gold-flesh) and A. chinensis var. deliciosa (green-flesh). The green color is 

attributed to chloroplasts and chlorophyll in the fruit, but chlorophyll in A. chinensis 

var. chinensis is gradually lost during fruit growth, resulting in a gold color generated 

by the carotenoids in the fruit. The skin of A. chinensis var. deliciosa cultivars is 

covered by abundant stiff hairs, while the hairs on the skin of A. chinensis var. 

chinensis is fine and delicate. The fruit shape of commercial cultivars is generally 

cylindrical or ovoid (Huang, 2016). ‘Hayward’, a cultivar of A. chinensis var. 
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deliciosa, accounts for two-thirds of the total kiwifruit production of the world. The 

main cultivars of A. chinensis var. chinensis in Italy and South America are ‘Jintao’ 

and ‘Hort16A’. ‘Jintao’ and ‘Hort16A’ are susceptible to the Pseudomonas syringae 

actinidiae (PSA) bacterium, which can devastate kiwifruit cultivation; thus, the future 

of those two cultivars is uncertain. Gold3 (‘Zesy002’) with PSA resistance has been 

developed and introduced to replace ‘Hort16A’ in New Zealand. The production and 

export of Gold3 are expanding rapidly, and the fruit has become the main cultivar of 

gold-flesh kiwifruit in New Zealand (Ferguson, 2016a). ‘Hayward’ and Gold3 are 

excellent for storage for worldwide export.  

2.3 Kiwifruit development, composition changes and post-harvest storage 

The development of a kiwifruit can be roughly categorized into four stages: fruit 

expansion, physiological maturity (time for commercial harvesting), fruit ripening and 

eating-ripe (Richardson et al., 2011). 

2.3.1 Kiwifruit expansion 

The expansion rate of kiwifruit varies with the species. Briefly, the expansion is 

divided into two stages. During the initial growth stage of kiwifruit (up to ~ 60 days 

after anthesis, reaching ~ 50% of final weight), the fruit size increases significantly, 

which is mainly attributed to rapid cell division and the influx of a large amount of 

water into the fruit. Moreover, seed formation and development of the outer and inner 

pericarp tissue also take place in this stage (Richardson et al., 2011; Morton, 2013). 
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Kiwifruit expansion slows down upon entering the next stage (from ~ 60 to 140 

days after anthesis, reaching ~ 90% of final weight). Cell expansion, starch 

accumulation and pectin increases occur during this period. Malic and citric acids 

start to accumulate and significantly increase in ‘Hayward’ during fruit expansion. In 

contrast, quinic acid is the main acid during the growth of ‘Hort16A’, and this acid 

level peaks at the end of the expansion period (Richardson et al., 2011; Nardozza et 

al., 2013). 

2.3.2 Physiological maturity and time for commercial harvesting 

The physiological maturity of kiwifruit is characterized by a maximum or plateaued 

starch content and the start of the accumulation of soluble solids (e.g., sucrose and 

hexoses) (Richardson et al., 2011; Nardozza et al., 2013). Generally, kiwifruit can be 

commercially harvested after the soluble solid content reaches 6.2%. Earlier harvest 

would result in failure to develop a satisfactory flavor during ripening. The optimal 

soluble solid content in the fruit for harvesting is ~ 7–12%, which results in better 

eating quality and storage life. However, later harvesting may be subject to the 

likelihood of winter storms/frosts and problems associated with packing when the 

fruit has started to become soft and emitted ethylene gas (Beever & Hopkirk, 1990). 

2.3.3 Kiwifruit ripening  

The main events that occur during kiwifruit ripening are increases in the levels of 

soluble solids, degradation of the starch/cell wall, softening of the flesh, and the 

generation of volatile compounds. These physicochemical changes during ripening 
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convert a starchy, hard, and sour kiwifruit to a sweet, soft and tasty kiwifruit. Figure 

2.3 illustrates the ripening of kiwifruit, divided into four stages. 

 

Figure 2.3 Schematic representation of postharvest kiwifruit ripening in relation to the 

timing of key physiological events. Reprint from Figure 1 of Atkinson et al. (2011). 

During the first stage, the harvested kiwifruit is firm (~ 10 kg firmness, kgF) and 

softens slowly. In the next stage, the kiwifruit softens extensively and rapidly to ~ 

20% of its firmness at harvesting. The pectin solubilization/depolymerization, starch 

degradation and soluble solids accumulation occur mainly during the first and second 

stages. The softening of kiwifruit is strongly associated with cell wall swelling, 

mainly caused by pectin solubilization (Schröder & Atkinson, 2006). The levels of 

volatile compounds in kiwifruit increase dramatically during ripening (e.g., ethyl 
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butanoate and E-2-hexenal) and can greatly influence the perception of fruit flavor 

(Garcia, Quek, Stevenson, Winz, 2012). The levels of acids in kiwifruit during 

ripening depend on the local climate and storage conditions, which should lead to a 

decrease or little change in the acid levels (Marsh et al., 2004). The third stage is 

considered to be the eating-ripe period for consumers, at which time the kiwifruit has 

become eating-soft, and the characteristics of the ripe fruit flavors have been fully 

developed. When a kiwifruit enters the fourth stage, it becomes unacceptably soft. 

Furthermore, the significantly increased volatile compounds in this stage result in a 

sweet-vomit taste of the fruit (Atkinson et al., 2011; Schröder & Atkinson, 2006). 

2.3.4 Post-harvest storage 

After harvesting, the ripening process of the kiwifruit can be reduced to a minimum 

in a controlled atmosphere and cold temperature, which allows the fruit to be stored 

for months and shipped throughout the world. After storage, the ripening rate of the 

fruit can be resumed at a similar rate to that of a kiwifruit with the same firmness that 

had not been stored (Schröder & Atkinson, 2006). The robustness of kiwifruit to long-

term storage is important for its commercial success. The storage life of kiwifruit is 

considered to be the length of time for softening to 1 kgF, which is the minimal 

firmness required for transport (Manolopoulou & Papadopoulou, 1998). The shelf life 

is considered to be the length of time the fruit remains at eating ripeness (> ~ 0.4 kgF) 

after storage. The storage conditions and postharvest handling of kiwifruit can 

significantly influence the starch degradation and development of volatile compounds, 



 

14 

 

which are crucial for the final flavor of the fruit (Lallu et al., 2005; Macrae, Lallu, 

Searle, & Bowen, 1989b). 

2.4 Chemical composition and flavour of an eating-ripe kiwifruit 

2.4.1 The chemical composition 

The compositions of Gold3 and ‘Hayward’ were summarized by Sivakumaran, 

Huffman, Sivakumaran and Drummond (2018). The major constituent of both 

cultivars is water, at ~ 83%, followed by carbohydrates (~ 12–14%). The sugars in 

Gold3 and ‘Hayward’ mainly include fructose and glucose. The total sugar contents 

are ~ 12% and 9% for Gold3 and ‘Hayward’, respectively. The total dietary fiber 

content in ‘Hayward’ (3%) is approximately 2-fold higher than that in Gold3 (1.5%). 

The total starch contents in those two cultivars are < 0.4%. The total acid contents of 

these cultivars are similar at ~ 2% (mainly citric, quinic and malic acids). The protein 

contents of Gold3 and ‘Hayward’ are also similar at ~ 1%. The lipid content in 

‘Hayward’ (0.7%) is significantly higher than that in Gold3 (0.3%). The most 

abundant mineral in Gold3 and ‘Hayward’ is potassium (~ 300 mg/100 g), followed 

by phosphorus (~ 25–30 mg/100 g) and calcium (~ 17–27 mg/100 g). The vitamin C 

content in Gold3 (161 mg/ 100 g of edible flesh) is approximately 2-fold higher than 

that in ‘Hayward’ (85 mg/ 100 g of edible flesh). The vitamin E content in Gold3 

(1.42 mg/100 g) is significantly higher than that in ‘Hayward’ (0.9 mg/100 g). 

Glutamic acid is the amino acid with the highest content in both Gold3 (186 mg/100 

g) and ‘Hayward’ (138 mg/100 g), followed by aspartic acid (114 mg/100 g in Gold3 
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and 111 mg/100 g in ‘Hayward’). The total phenolic contents of Gold3 and 

‘Hayward’ are 1655 and 1457 mg GAE (gallic acid equivalents)/100 g of dry weight, 

respectively (Li & Zhu, 2019). 

2.4.1 The flavour 

Consumer preference for kiwifruit is primarily determined by the concentration and 

balance of sugar/acid with fruit firmness and volatile content (mainly, E-2-hexenal 

and ethyl butanoate). The simple sugar in eating-ripe kiwifruit is generally sufficient 

to suppress the sourness caused by the acids, leading to a balance of sweetness/acidity 

that is appreciated by customers. Fruit with firmness of 0.45–0.65 kgF obtains higher 

acceptability than fruit with firmness of 0.6–0.8 or 0.8–1.0 kgF. It has been suggested 

that the overall quality of kiwifruit is more dependent on the volatile compounds than 

on the sugar, acids and texture. Ethyl butanoate in kiwifruit contributes to the 

sweet/fruity flavor and is positively linked to customer preference, while a high level 

of E-2-hexenal in the fruit reduces the acceptability (Rossiter, 2000). The content of 

ethyl butanoate in ‘Hort16A’ is 219.5 µg/kg, which is significantly higher than that in 

‘Hayward’ (77.2 µg/kg). Generally, the taste of gold-flesh kiwifruit is sweeter than 

that of green-flesh kiwifruit due to the higher ethyl butanoate content. The 

characteristic flavor of ‘Hayward’ is mainly attributed to E-2-hexenal (5533.4 µg/kg), 

1-penten-3-one (32.0 µg/kg) and hexanal (383.2 µg/kg). These compounds are 

markedly lower or not recorded in ‘Hort16A’. ‘Hort16A’ possesses a fruit candy odor 

and blackcurrant and banana flavors with high sweetness and low acidity. In contrast, 
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‘Hayward’ has a grassy odor with a sourer taste and harder texture than ‘Hort16A’ 

(Garcia et al., 2012). Generally, sweetness is considered the most important factor in 

fruit flavor for consumer appeal. The profit earned by the growers from gold-flesh 

kiwifruit is ~ 2–3 times higher than that earned from green-flesh fruit (Ferguson, 

2015; Testolin & Ferguson, 2009; Rossiter, 2000). 

The edible portion of a kiwifruit consists of three different tissue zones (the outer 

pericarp, inner pericarp and central core) that are visually and chemically different 

(Figure 2.2). The differences among the tissues lead to different textures and taste. For 

example, the core is relatively sweeter, while the inner pericarp is sourer, which is due 

to the higher ratio of sugar/acid in the core tissue (Rossiter, 2000; Macrae, Bowen, & 

Stec, 1989a). The starch content of the core is significantly higher than that in the 

outer pericarp, which may lead to the higher sugar content of the core after starch 

degradation (D. Li & Zhu, 2017). Each of these tissue zones ripens at different rates. 

For example, the ripening rate of the core is slower, resulting in a hard core as rest 

part of the fruit is soft to eat (Macrae et al., 1989b). Therefore, the percentage of each 

tissue zone and its respective stage of ripeness will inevitably influence the overall 

taste perceptions during consumption of the fruit (Rossiter, 2000). 

2.5 Main bioactive compounds and nutritional properties of kiwifruit 

2.5.1 Phenolic compounds 

The total phenolic, flavonoid and flavanol contents showed significantly increasing 

trends during the growth of kiwifruit (including ‘Hayward’ and Gold3) (Jiao, Chen, 
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Fan, & Quek, 2019). Epicatechin is the most abundant phenolic compound in 

kiwifruit: young kiwifruit contains ~ 3000 µg/g DW, while mature kiwifruit contains 

500–700 µg/g DW. The quercitrin content varies from ~ 100–500 µg/g DW in young 

kiwifruit but decreases to < 20 µg/g DW in mature kiwifruit. The rutin content ranges 

from 50–170 µg/g DW in young kiwifruit, then drops to < 10 µg/g DW as the fruit 

matures. The catechin content is 34–50 µg/g DW in young kiwifruit and 10–20 µg/g 

DW in mature kiwifruit. The phenolic acid content in kiwifruit is low. Caffeic acid is 

the most abundant phenolic acid in kiwifruit, peaking at ~ 11–16 µg/g DW during 

fruit growth and then decreasing to < 1 µg/g DW at maturity. The other phenolic acids 

include protocatechuic, vanillic, chromogenic and gallic acids, each of which is 

present at < ~ 2 µg/g DW. Moreover, the phenolic content varies in different tissues 

of kiwifruit (Wang et al., 2018). The total phenolic content in the flesh of kiwifruit is 

significantly higher than that in the seed but only approximately half of that in the 

peel. 

It has been shown that the amount of phenolic compounds in kiwifruit is positively 

related to its antioxidant and antiproliferative activities (Park et al., 2012; Jiao et al., 

2019; Ma et al., 2017). The antioxidant activities of young kiwifruit are ~ 400–500 

and ~ 250–350 µmol TE/g WD from the ABTS and FRAP assays, respectively, which 

are ~ 10 times that the activity of the mature fruit. Li and Zhu (2019) showed that the 

antioxidant activity of mature and eating-ripe kiwifruit was ~ 30 µmol TE/g WD. The 

antioxidant activities of kiwifruit peel were found to be significantly higher than those 
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of the flesh (Wang et al., 2018), suggesting the elevated nutritional properties of 

young kiwifruit and kiwifruit peel. The use of young kiwifruit and kiwifruit peel 

would help to reduce agro-industrial waste; in addition, these materials are promising 

ingredients for value-added utilization (Wang et al., 2018; Jiao et al., 2019). In vivo, 

phenolic compounds can act as free radical scavengers, inhibiting reactive oxygen 

species formation, oxidative stress and tissue damage (Martins, Barros, & Ferreira, 

2016). 

2.5.2 Vitamin C 

The high ascorbic acid content is the most remarkable nutritional property of 

kiwifruit (Figure 2.4). Vitamin C plays important roles in the biosynthesis of L-

carnitine, collagen, peptide hormones, neurotransmitters and catecholamine in 

humans (Richardson, Ansell, & Drummond, 2018). Vitamin C exhibits strong 

antioxidant properties, contributing ∼ 40% of the total antioxidant capacities of 

kiwifruit (Du, Li, Ma, & Liang, 2009). Vitamin C acts as an electron donor to reduce 

the reactive and harmful free radicals produced by human metabolism, thereby 

preventing such compounds from being oxidized and causing damage to the body. For 

example, vitamin C can protect lipids and DNA against oxidative damage. Vitamin C 

is also important for the functioning of the immune system. For example, the cells 

(e.g., neutrophils and leukocytes) in the body that defend against 

infection/inflammation contain high levels of vitamin C (Richardson et al., 2018). 
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Figure 2.4 Graph comparing the vitamin C content of kiwifruit with other commonly 

consumed fruit. Green kiwifruit, ‘Hayward’; Gold kiwifruit, Gold3. Reprint from 

Figure 1 of Richardson et al. (2018). 

A series of studies showed that vitamin C in kiwifruit could provide health benefits 

to consumers. For example, the consumption of gold-flesh kiwifruit can increase the 

vitamin C concentration in the plasma, helping to heal respiratory infection 

symptoms. Eating iron-fortified breakfast cereal with kiwifruit was found to enhance 

the iron status in the body. Eating approximately two kiwifruit per day can saturate 

vitamin C levels in the plasma, contributing to the optimal health and wellbeing 

(Richardson et al., 2018). 

2.5.3 Dietary fiber 

The dietary fiber in kiwifruit consists of approximately one-third soluble and two-

thirds insoluble fibers (Sivakumaran et al., 2018). Pectin is the almost exclusive 
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constituent of the soluble fiber in kiwifruit, while cellulose and hemicelluloses form 

most of the insoluble fiber (Richardson et al., 2018). 

Compared to the dietary fiber derived from wheat bran and apple, kiwifruit fiber 

has higher swelling and water retention capacities, which positively influence the 

transit time, fecal bulk and stool consistency in the body. The dietary fiber in kiwifruit 

has the potential to resist the adhesion of enteropathogens while increasing the 

adhesion of probiotic bacteria in the gastrointestinal tract. Kiwifruit dietary fiber is 

susceptible to fermentation and produces short-chain fatty acids, which are beneficial 

to the gastrointestinal tract. Although a kiwifruit contains ~ 10 g of simple sugar, the 

glycemic index of kiwifruit is relatively low, at 40 and 48 for green and gold 

kiwifruit, respectively. The low glycemic index is attributed mainly to the properties 

of kiwifruit dietary fiber, which significantly increases the viscosity of the chyme, 

reducing the rate of glucose diffusion by ~ 40% (Richardson et al., 2018). 

2.6 Health effects from kiwifruit 

2.6.1 Cell protection 

Previous studies showed that the consumption of a single fresh kiwifruit could 

increase plasma antioxidant activity, while the long-term consumption of one or two 

kiwifruit per day could prevent DNA oxidation in lymphocytes and reduce plasma 

lipid peroxidation and endogenous DNA damage. The consumption of three kiwifruit 

per day by male smokers can result in the significant upregulation of gene sets 

associated with DNA repair (Hunter, Skinner, & Ferguson, 2016; Brevik et al., 2011). 
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2.6.2 Promotion of health wellbeing  

The long-term daily consumption of kiwifruit can be beneficial to human 

wellbeing. First, consumption can effectively promote laxation (e.g., ease of 

defecation, stool bulk, and stool softness), which is attributed to the high water-

holding capacity of the dietary fiber. Next, eating kiwifruit can also promote immune 

function, reducing cold/flu symptoms (e.g., sore throat and head congestion) and 

improving skin condition. For example, children who eat kiwifruit are more energetic 

and suffer less from sore throats/headaches. Eating kiwifruit at night can improve the 

efficiency of sleep, which may be attributed to the high levels of the antioxidants in 

the fruit. It has been shown that covering second-degree burns with slices of kiwifruit 

flesh could help to heal the wound, as measured by changes in the surface area. The 

considerable antibacterial activity of kiwifruit can help to treat various wounds 

(Hunter et al., 2016). Kiwifruit extract can promote skin collagen synthesis and attack 

free radicals to rejuvenate the skin. The acids in kiwifruit could also help to balance 

the pH of skin (Hunter et al., 2016; Xtend-Life, 2018.). 

2.7 Kiwifruit based products 

The best value of kiwifruit is to sell as whole fresh fruit. For maximum profit, the 

harvested kiwifruit are graded and selected for the fresh fruit market (Beever & 

Hopkirk, 1990). The kiwifruit that fail to meet the grade for direct sale are called 

reject kiwifruit, comprising up to ~ 30% of the total kiwifruit production. These fruits 

are processed into diverse products. Substantial harvests of wild kiwifruit in China 
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also processed due to their small size and poor quality (Kennedy et al., 1999; Stanley 

et al., 2007; Huang & Ferguson, 2001). Generally, kiwifruit are processed after the 

fruits become eating-ripe, when the fruit flavor is fully developed. The utilization of 

these ripe fruits depends on the grade of the fruits. Ripe fruit with good quality is 

processed into canned fruit or jam, while riper fruit is squeezed for juice or made into 

wine. Poorer-grade fruit is used to produce spirits (Huang & Ferguson, 2001). 

The nutritional and sensory properties of kiwifruit truly appeal to customers. As the 

market for functional food products with health effects is growing rapidly, many 

companies tend to include kiwifruit or kiwifruit extract as ingredients and to feature 

kiwifruit imagery on their products (e.g., ice-cream, marmalades, candies and 

yogurts) for its associations with freshness and health (Stanley et al., 2007). 

However, the manufacture of such kiwifruit products is still commercially 

unsuccessful, mainly due to the instability of the volatile compounds (e.g., E-2-

hexenal) and color components (e.g., chlorophyll) in the presence of heat, oxygen and 

abundant acids. For example, the green color of A. chinensis var. deliciosa can be 

degraded to pheophytin under pasteurization and low pH, resulting in a brown color 

instead of bright green. Moreover, loss of antioxidant activity and vitamin degradation 

also occur during the processing and storage of the products (Stanley et al., 2007; 

Göksel & Atak, 2015). 

Kiwifruit can be dried and ground to powder for consumption as a nutraceutical. 

The vacuum technique is commonly used for drying kiwifruit (Göksel & Atak, 2015). 

Drying can eliminate water activity, thus preventing microorganism growth and 
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quality deterioration. Furthermore, the perishable components (e.g., vitamin C and 

phenolic compounds) can be preserved to a large extent after drying (Wang et al., 

2018; Göksel & Atak, 2015). Kiwifruit powder can be produced from the waste 

products (e.g., the presscake residue from producing kiwifruit juice) that are rich in 

bioactive compounds (Soquetta et al., 2016). Therefore, processing to obtain such 

products can help to reduce agro-industrial waste. Kiwifruit has also been used for 

skincare (e.g., shampoo, soap, lip balm and facial creme/moisturizer) (Göksel & Atak, 

2015). Nutraceuticals and cosmetics derived from kiwifruit are still manufactured on a 

small scale (Testolin & Ferguson, 2009). 

2.8 Starch 

Starch is synthesized in storage organs (e.g., tubers, fruits and seeds) during the 

development and maturation of higher plants for energy storage. The starch content in 

potato, maize, wheat, sweet potato, and cassava and yam varies between 65% and 

90% of the total dry weight (Preiss, 2009). 

2.8.1 Chemical composition  

Starch is comprised of glucosyl units connected by α-1,4 and/or α-1,6 glycosidic 

linkages. Generally, starch molecules are categorized into two types of glucan 

polymers, amylose and amylopectin. Amylose is a predominantly linear glucan 

polymer with α-1,4 linkages, and the degree of polymerization (DP) ranges from 324 

to 4920. Generally, amylopectin is the main constitute of starch (~ 70–90%) and 

consists of highly branched glucan chains. Most of the glucosyl residues in 
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amylopectin are connected with α-1,4 linkages, forming the backbone and branch 

chains. Hundreds of branch chains spread along the backbone, connected with α-1,6 

linkages. The DP of amylopectin is in the range of ~ 700–26500, making it one of the 

largest natural polymers known to date (Tester, Karkalas, & Qi, 2004). 

2.8.2. Morphology, molecular structure and synthesis 

The starch molecules are deposited in granular forms. The shape of the granules is 

diverse, mainly including polygonal, oval, spherical, and lenticular shapes. Maize 

starch appears polygonal or spherical in shape, while potato starch is oval or spherical 

in shape. The sizes of starch granules range from ~ 1 to 100 μm in diameter. It has 

been observed that the internal architectural structure of starch granules is composed 

of alternating amorphous and semi-crystalline rings. The semi-crystalline rings are 

considered to be composed of alternating amorphous and crystalline lamellae (Pérez 

& Bertoft, 2010; Pilling & Smith, 2003). 

The external chains (from the outermost branch to the non-reducing end) of 

amylopectin tend to form double-stranded helices, greatly contributing to the 

formation of the crystalline lamellae. The helices form either monoclinic or hexagonal 

unit cells and show A- and B-type X-ray diffraction patterns, respectively. C-type 

polymorphic starch is formed by a combination of the A- and B-type polymorphs. 

Generally, the starch from cereals (e.g., maize and rice) consists of A-type 

polymorph, and potato/yam starches are representative B-type polymorphs, while 

legume starch is generally a C-type polymorph (Srichuwong & Jane, 2007). The 



 

25 

 

amorphous lamellae are formed by the internal parts of amylopectin. It has been 

shown that the internal structure of amylopectin is strongly related to the 

physicochemical properties and biosynthesis of starch (Zhu, 2018; Zhu, Bertoft, 

Källman, Myers, & Seetharaman, 2013). The internal part of amylopectin can be 

extracted by treating with β-amylase and/or phosphorylase to remove the external 

parts, resulting in β-limit dextrins (β-LDs) or φ, β-limit dextrins (φ, β-LDs). The unit 

chain length distribution of the β-LDs or φ, β-LDs can be analyzed by high-

performance anion exchange chromatography after debranching with isoamylase and 

pullulanase (Bertoft, 2004). Bertoft, Piyachomkwan, Chatakanonda and Sriroth 

(2008) studied the internal structure of 17 different amylopectins and classified them 

into 4 structural groups. Structural group 1 is characterized by the highest amount of 

short chains and the lowest amount of long chains (e.g., barley, rice and oat 

amylopectins), while group 4 has the lowest amount of short chains and the highest 

amount of long chains (e.g., potato, yam, and canna amylopectins). The amylopectin 

structures in groups 2 and 3 fall between those in groups 1 and 4. Starches with the 

group 1 structure are A-type polymorphs, while those with the group 4 structure are 

B-type polymorphs. 

It has been believed that starch granules were synthesized by apposition in plastids 

and that the size of starch granules increased as the crop grew (Badenhuizen & 

Dutton, 1956; Pilling & Smith, 2003). There are two major types of starch synthases, 

‘granule bound’ and ‘soluble’, each of which has a number of isoforms. These 
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synthases place glucosyl units on the non-reducing ends of starch molecules, leading 

to the enlargement of starch molecules. Granule-bound starch synthase elongates 

malto-oligosaccharides, leading to the formation of amylose, while soluble starch 

synthase may contribute to synthesizing unit chains of amylopectin (Tester et al., 

2004). 

2.9 Kiwifruit starch 

2.9.1 Chemical composition 

The amylose content of kiwifruit starch was analyzed with the iodine-

amperometric-titration-based method by Fuke & Matsuoka (1984) and found to be 

10.8%. The amylose content of starch from ‘Hayward’ was 18.8%, obtained with the 

same technique (Stevenson, et al., 2006). The former study did not specify the fruit 

species. The differences in these two results may be due to the different cultivars 

chosen for the studies. 

The studies by D. Li & Zhu (2017; 2018a) employed four different techniques 

(iodine-spectrophotometry, concanavalin A precipitation (Con A), and gel permeation 

chromatography using Sepharose CL (GPC) 2B and 6B) to study the amylose 

contents of starches from the core and outer pericarp tissues of three gold-fleshed 

cultivars, Gold3, Gold9 and ‘Hort16A’. The results from those four methods showed 

that the amylose content of the starch from the core was significantly higher than that 

of the outer pericarp starch in gold kiwifruit, although the amylose contents obtained 

from the iodine-spectrophotometry-based method and GPC 2B were significantly 
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higher than those obtained with Con A and GPC 6B. The amylose contents obtained 

from the Con A/GPC 6B methods were similar, at ~ 20–23% and ~ 15–18% for the 

core and outer pericarp tissues, respectively. The similar results from the two methods 

suggested a lack of extremely long chains in kiwifruit amylopectin. Noticeably, the 

obtained amylose contents of starch may be affected to the quantification method 

used. For instance, the classification of amylopectin and amylose fractions based on 

GPC 2B tends to be arbitrary (Bertoft et al., 2008). The iodine-spectrophotometry-

based method is likely to obtain a higher amylose content than the actual value, which 

is attributed to interference from amylopectin-iodine interactions (D. Li & Zhu, 2017). 

The higher amylose content in core starch suggested a higher level of granule-bound 

starch synthase activity in the core tissue. 

The amylose content of starch in three green-flesh cultivars (‘Bruno’, ‘Hayward’ 

and ‘Abbot’) was measured during fruit growth by Sugimoto et al. (1988), and ranges 

of 16–22%, 14–21% and 15–17% were obtained, respectively. These amylose 

contents varied with the cultivars and showed increasing trends with fruit growth. The 

dynamics of the amylose content of starch in growing kiwifruit were further 

investigated by D. Li and Zhu (2018b) with Con A. The results showed that the 

amylose content of starches from the outer pericarp tissue of growing ‘Hayward’ 

fruits leveled off (~ 10–12%) during fruit expansion, while that of the Gold3 starches 

appeared to increase approximately one month prior to the time for commercial 

harvesting (~ 16 to 19%). The different results for the amylose contents of the 
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starches from growing ‘Hayward’ given by those two studies may be due to the tissue-

specific analysis carried out in the latter research. The amylose content of outer 

pericarp starch can be expected to be lower than that of the core starch in ‘Hayward’. 

The proportions of tissues in kiwifruit can influence the amylose content of the starch 

derived from the whole growing fruit. Compared to the increase of over ~ 14% in the 

amylose content of the starches from growing wheat and maize, the changes in 

amylose content of the starches from developing kiwifruit are small (D. Li & Zhu, 

2018b). 

Minor components of isolated kiwifruit starch include protein (0.17%), lipid 

(0.11%) and ash (0.14%). Phosphorus is the most abundant mineral in kiwifruit starch 

(255 mg/kg), followed by calcium (81 mg/kg) and potassium (73 mg/kg) (Fuke & 

Matsuoka, 1984). The minor components of starches from the outer pericarp tissues of 

three gold cultivars were studied by D. Li & Zhu (2017). The results showed that the 

protein contents were only 0.02–0.06%, and lipid and ash contents were not detected. 

The highest mineral contents= in these starches was that of phosphorus (~ 150–200 

mg/kg). Gold9 starch had exceptionally high calcium content, at 165 mg/kg, while 

Gold3 and ‘Hort16A’ contained only ~ 40 mg/kg. The potassium contents of these 

starches were similar, at ~ 70 mg/kg. High minor component contents may be 

associated with insufficient starch purification (G. Li & Zhu, 2018a). 
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2.9.2 Structure of kiwifruit starch 

2.9.2.1 Morphology 

Kiwifruit starch was observed by light microscopy, scanning electron microscopy 

(SEM), transmission electron microscopy, and laser light diffraction. Based on the 

observation of unripe kiwifruit tissues under a light microscope, most of the cells in 

the core, outer pericarp, and inner pericarp contained abundant starch. In vivo, 

kiwifruit starches presented in the form of clusters composed of a few adjacent starch 

granules (Hallett, Wegrzyn, & Macrae, 1995). These clusters were also observed in 

freeze-dried kiwifruit tissue slices under SEM. Kiwifruit starches were separated into 

individual granules during starch extraction (D. Li & Zhu, 2017). The SEM 

observations showed that the appearance of kiwifruit starch was similar regardless of 

the tissue and cultivar (Sugimoto et al., 1988; Stevenson et al., 2006; D. Li & Zhu, 

2017). The starch from mature kiwifruit has a smooth surface and is partially 

spheroidal with a few flattened sides, which are caused by contact with adjacent 

starch granules in the cells during biosynthesis (Figure 2.5). 
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Figure 2.5 SEM micrograph of starches in freeze-dried kiwifruit tissues. Reprint from 

supplementary material Figure 2 of D. Li & Zhu (2017). 

The size distribution of starches from the core and outer pericarp tissues of the three 

gold cultivars was studied by D. Li & Zhu (2017). All types of starches exhibited a 

unimodal size distribution. Furthermore, starch granules from the outer pericarp were 

larger than the core starch in gold kiwifruit. D [4, 3] (mass moment mean diameter) of 

the outer pericarp starches ranged from 8.7 to 9.6 μm, while that of the core starches 

varied from 7.5 to 8.0 μm. In contrast, the starch granules from whole ‘Hayward’ 

showed a bimodal size distribution of 4–5 and 7–9 μm (Stevenson et al., 2006). This 

bimodal distribution may be due to the inclusion of starches from both the core and 

outer pericarp tissues. D [4, 3] of maize and potato starches were 15 and 45 μm, 

respectively, being significantly larger than that of kiwifruit starch (D. Li & Zhu, 

2017). 

Starch granules in the outer pericarp were found to enlarge significantly during 

kiwifruit growth (D. Li & Zhu, 2018b). The results showed that D [4, 3] of the 

starches from both ‘Hayward’ and Gold3 increased from ~ 4 to 10 μm. This finding 

largely agreed with the results of an earlier study (Sugimoto et al., 1988). The starch 

granule enlarged rapidly during the early growing stages, and then the enlargement 

slowed down or ceased ~ 30 days prior to the time for commercial harvesting. 
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2.9.2.2 Crystallinity 

Kiwifruit starch is a B-type polymorph (Sugimoto et al., 1988; Stevenson et al., 

2006; Fuke & Matsuoka, 1984; D. Li & Zhu, 2017; D. Li & Zhu, 2018b). The studies 

further showed that the polymorph type of kiwifruit starches remained B-type in 

growing gold and green kiwifruit (Sugimoto et al., 1988; D. Li & Zhu, 2018b). The 

degree of crystallinity of the starch from ‘Hayward’ was similar to that of the gold 

kiwifruit starches, at 26.8%. The degree of crystallinity of kiwifruit starch was similar 

to that of potato starch (~ 26%) and lower than that of maize starch (~ 32%) (D. Li & 

Zhu, 2017; Stevenson et al., 2006). The results also showed that the degree of 

crystallinity of starches from the outer pericarp tissues of the three gold cultivars at 

maturity was ~ 27%, which tended to be ~1–2% higher than that of starch from the 

core tissues (D. Li & Zhu, 2017). 

2.9.2.3 Chemical structure 

2.9.2.3.1 Amylose 

Some structural information on amylose in starch from the gold cultivars was 

reflected by GPC 2B/6B (D. Li & Zhu, 2018a). The higher λmax values suggested 

longer unit chains of amylose. The λmax values of amylose fractions from the core 

starch were 610−618 nm, higher than those of outer pericarp starch (604−608 nm), 

and the former were similar to those of potato (612 nm) and maize (618 nm) amylose. 

The apparent long chain fractions in amylose (LCAAM) of the outer pericarp starch 

were~ 3−5% lower than those of the core starch. The LCAAM/apparent short-chain 

fractions in amylose (SCAAM) ratios of the starches from the core and outer pericarp 
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were ~ 0.9−1.1 and 0.6−0.7, respectively, suggesting a more branched structure of the 

latter amylose. This result again suggested that granule-bound starch synthase is more 

active in core tissues than in outer pericarp. 

2.9.2.3.2 Amylopectin 

The weight-average molar mass of ‘Hayward’ starch was 7.4 × 107 g/mol, which 

was significantly lower than that of most of the other starches (Stevenson et al., 2006; 

Yoo & Jane, 2002). There appeared to be little difference in the λ max values of the 

amylopectin fractions of the starches among the three gold cultivars (564−572 nm), 

which were slightly lower than those of potato (576 nm) and maize (588 nm) 

amylopectins. 

The amylopectin unit chains are categorized into 4 groups in terms of DP of the 

chains, namely, fa with DP of 6−12, fb1 with DP of 13−24; fb2 with DP of 25−36; 

and fb3 with DP of > 36 (Hanashiro, Abe & Hizukuri, 1996). The kiwifruit starches 

from the three gold cultivars gave similar ranges of chain length distributions, namely, 

16.8−18.5% for fa, 35.3−37.3% for fb1, 11.6−12.2% for fb2 and 32.3−35.7% for fb3. 

The average chain length of amylopectin (CLAP) of kiwifruit amylopectins was ~ 20 

glucosyl residues. The chain length distribution of the kiwifruit amylopectin was 

similar to that of B-type polymorph starches (e.g., potato amylopectin) (D. Li & Zhu, 

2018a). 

Chains in amylopectins are categorized into A- and B-chains. A-chains do not carry 

other chains, while B-chains do carry other chains. The percentage of A-chains and 
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chain length distribution of B-chains of kiwifruit amylopectins were estimated based 

on the extracted φ, β-LDs and β-LDs (D. Li & Zhu, 2018a; D. Li & Zhu, 2018b). The 

results showed that the molar amounts of A-chains of kiwifruit amylopectins were ~ 

54 to 58%, higher than that of most of the amylopectins from various botanical 

sources (Bertoft et al., 2008). Furthermore, outer pericarp amylopectins from three 

gold cultivars possessed lower amounts of Acrystal (A-chains that were considered to 

form the crystalline lamellae in amylopectin) than the core amylopectins by ~ 2%, 

suggesting that more A-chains in the latter contributed to the formation of double 

helices in the amylopectins. The results from these three gold cultivars showed that 

the molar amount of short B-chain in the core amylopectins was lower than that in the 

outer pericarp by ~ 3%, whereas the proportion of long B-chains in the core 

amylopectins was higher than that in the outer pericarp amylopectins. The results 

reflected a more branched structure of outer pericarp amylopectins than that of the 

core amylopectins. The soluble starch synthase in the outer pericarp can be expected 

to be more active than that in the core tissue. The internal structure of kiwifruit 

amylopectins can be characterized as structural group 4, as defined by Bertoft et al. 

(2008). 

2.9.2.3.3 Starch structure in developing kiwifruit 

Molecular structure of amylopectins from the outer pericarp starch in growing 

kiwifruit, ‘Hayward’ and Gold3, was studied by D. Li & Zhu (2018b). The study 

assumed that the small starch granules from the early growing stage of the fruit could 
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represent the inner part of the large starch granules from the mature fruit. The results 

showed that the external/internal structure of amylopectins changed little during 

starch increment and granule enlargement in growing kiwifruit, thus suggesting a 

similar structure from the inner regions towards the periphery of a kiwifruit starch 

granule. The results also suggested that the enzyme activity levels for amylopectin 

biosynthesis (e.g., soluble starch synthases) remained similar as kiwifruit growing. 

Comparative analysis of the chemical composition and molecular structure of starches 

in growing crops was also given by D. Li & Zhu (2018b), including kiwifruit, kidney 

bean, rice, maize, barley and wheat. The results showed little or no change in the 

molecular structure of the amylopectins from these growing crops, with the exception 

of maize amylopectin, whose structure varied significantly as the crop grew. The 

change in amylose content in those starches was independent of the dynamics of the 

amylopectin structure. 

2.9.3 Physicochemical properties of kiwifruit starch 

2.9.3.1 Thermal properties of kiwifruit starch measured by DSC  

The gelatinization of kiwifruit starch in aqueous suspension during heating was 

analyzed by DSC. The onset temperature (To), peak temperature (Tp), conclusion 

temperature (Tc) and enthalpy change (ΔH) were calculated based on the endothermic 

peak caused by starch gelatinization. 

The thermal properties of the starches from the three gold cultivars were in the 

ranges of ~ 57−60 °C (To), ~ 61−64 °C (Tp), ~ 66−69 °C (Tc) and ~ 16−21 J/g (ΔH) 
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(D. Li & Zhu, 2017). Starch in the outer pericarp tissues of the three gold cultivars 

had a ~ 2 °C higher gelatinization temperature than the starch in the core tissues. The 

enthalpy change for the gelatinization (ΔH) of the outer pericarp starch was ~20−21 

J/g, which was significantly higher than that of the core starch (15−16 J/g) and other 

starches from various botanical sources. 

The dynamics of the gelatinization of the starches from three growing green 

cultivars were investigated (Sugimoto et al., 1988). The results showed little change 

in the thermal properties of the starches as the fruit grew. This lack of difference 

might be attributed to the similar molecular structure of the starch throughout fruit 

growth. The results suggested that the enlargement of starch granules during growth 

had little effect on the thermal properties of the starch. The thermal properties of the 

starches from the three green cultivars were similar, with ranges of ~ 60−62 °C (To), ~ 

64−65 °C (Tp), ~ 69 °C (Tc) and ~ 17 J/g (ΔH). 

Overall, starches from gold and green cultivars showed similar To, Tp and Tc. The 

gelatinization behaviors of kiwifruit starch are similar to those of starches in potato, 

lotus root and mung bean (Ai & Jane, 2015). Different results on the thermal 

properties of kiwifruit starch were reported by Stevenson et al. (2006), in which To 

and Tp were significantly higher than in the former studies and similar to those of 

maize starch. That study also reported the presence of amylose-lipid inclusion 

complexes in kiwifruit starch by DSC at approximately 100 °C. 
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2.9.3.2 Swelling power (SP), amylose leaching (AML) and water soluble index (WSI) 

The SP, AML and WSI of starch are strongly related to its gelatinization behavior. 

Kiwifruit starches from outer pericarp tissues of the three gold cultivars were 

suspended in water (1.48%, w/w) and then heated at 55, 65, 75, 85 and 95 °C for 30 

min (D. Li & Zhu, 2017). The heated simples were subsequently cooled and 

centrifuged. The AML and WSI of all the kiwifruit starches increased with increasing 

temperature. The SP of the kiwifruit starches peaked at 85 °C and then decreased, 

while that of maize and potato starches increased constantly with increasing 

temperature. The decreases in the SP of the kiwifruit starches suggested that the 

swollen starch granules were disrupted by the higher temperature. Overall, the SP of 

kiwifruit starches was similar to that of potato starch, which is higher than that of 

most starches from diverse botanical sources  though the granule size of kiwifruit 

starch is smaller than most of other starches (Singh, Singh, Kaur, Sodhi, & Gill, 

2003). The small granule size with the high swelling capacity of kiwifruit starch can 

be considered a unique property of the starch. 

AML of kiwifruit starches was higher than that of maize starch and similar to that 

of potato starch. Phospholipids and lipids in maize starch may form complexes with 

the amylose and long branch chains of amylopectin, reinforcing the interconnection of 

those starch molecules, thus restricting swelling/amylose leaching (McPherson, 

1999). The WSI of kiwifruit starches was higher than that of both potato and maize 

starches, reflecting that the granules of kiwifruit starch were disintegrated to a larger 

extent than the others by high temperature. 
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2.9.3.3 Rheological properties 

2.9.3.3.1 Pasting 

The viscosity of kiwifruit starch suspension (8% w/w) during heating (30 to 95 °C) 

and cooling (95 to 50 °C) has been studied (Stevenson et al., 2006). Compared to 

starches from other botanical sources, kiwifruit starch exhibited higher peak, setback 

and final viscosities. The peak viscosity increased mainly because of the swelling of 

the starch granules in the suspension and was thus positively related to the SP. The 

higher setback and final viscosities were mainly attributed to the higher amount of 

leached amylose from the kiwifruit starch, which cross-linked with each other during 

cooling, increasing the viscosity. 

2.9.3.3.2 Steady shear properties 

The steady flow of starch gels (5%, w/w, derived from the three gold cultivars) was 

investigated (D. Li & Zhu, 2017). The results showed that the starch gels exhibited 

shear-thinning behaviors. Compared to the results of the maize and potato starch gels, 

the kiwifruit starch gels were more Newtonian-like during upward shearing. This 

result reflected that kiwifruit starch gel was more subject to shearing, suggesting a 

large extent of disintegration of the remnant of starch granules under shear force (G. 

Li & Zhu, 2018b). The results of downward shearing showed that the shear stability 

of kiwifruit starch was similar to that of potato starch and lower than that of maize 

starch. Thee complexes formed by lipids/phospholipids with amylose/amylopectin in 

maize starch are believed to reinforce the entanglement and interaction of the starch 

molecules, thus resisting shearing (McPherson, 1999). The kiwifruit starches had 
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significantly higher yield stress than the maize and potato starches, which may be 

characteristic of kiwifruit starch. 

2.9.3.3.3 Dynamic oscillatory properties 

The viscoelastic properties of kiwifruit starch suspension (20%, w/w, derived from 

the three gold cultivars) were investigated by dynamic oscillatory measurement (D. Li 

& Zhu, 2017). The results showed that the G′ and G'' values of kiwifruit starches were 

similar to those of potato starch and significantly lower than those of maize starch, 

while the tan δ values of kiwifruit and potato starches were significantly higher than 

that of maize starch during the cooling and frequency sweep, indicating the less 

structured/elastic gels developed by kiwifruit and potato starches. The stronger gel 

formed by maize starch may be attributed to the formation of complexes between 

lipids/phospholipids and the starch molecules (McPherson, 1999). 

2.9.3.4 Retrogradation    

Recrystallization of starch molecules derived from ‘Hayward’ was measured with 

DSC after the gelatinized starch was stored for 7 days at 4 °C (Stevenson et al., 2006). 

To and ΔH of gelatinizing the retrograded kiwifruit starch were 40.3 °C and 7.0 J/g, 

respectively, which were similar to the values for most starches from diverse 

botanical sources, while Tp was exceptionally high, at 60.7 °C (Jane et al., 1999). 

2.9.3.5 In vitro enzyme susceptibility 

The in vitro enzyme susceptibility of raw starches extracted from three gold 

cultivars was studied with porcine pancreatic α-amylase (PPA) at 37 °C (D. Li & Zhu, 
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2017). The enzyme susceptibility of kiwifruit starch was lower than that of maize 

starch and higher than that of potato starch. The results also showed that core starch 

from a gold kiwifruit was more susceptible to PPA than the outer pericarp starch. 

These results supported the previous conclusion that the digestibility of raw starch 

could be significantly influenced by the polymorph type and size of the starch. 

Generally, A-type polymorph starch has higher enzyme susceptibility than B-type 

polymorph starch. Smaller granules are more susceptible to the enzyme than larger 

ones (Srichuwong & Jane, 2007). 

2.9.4 Physicochemical properties of starch-rich kiwifruit flour 

Kiwifruit (‘Hayward’ and Gold3) collected at approximately the time for 

commercial harvesting was made into flour. The physicochemical properties of the 

flours were studied and compared to those of traditional flours (potato, maize and 

wheat) and the flours made from eating-ripe kiwifruit (Li & Zhu, 2019). The contents 

of free phenolics and dietary fiber and the in vitro antioxidant capacities of kiwifruit 

flour were significantly higher than those of traditional flours, suggesting the 

desirable nutritional properties of the flour. The contents of the flours made from 

Gold3 and ‘Hayward’ were 52% and 41%, respectively. The abundant starch in the 

kiwifruit flour allowed the flour to possess similar physical properties to the 

traditional flours. 

Starchy kiwifruit flour exhibited significantly lower viscosity than that of the 

traditional flours during cooling in pasting analysis. The gel formed by the kiwifruit 
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flour was at least 3 times less firm than that of the traditional flours. Furthermore, the 

kiwifruit flour formed a less structured and more liquid-like gel upon cooling in 

dynamic oscillatory analysis. The lower viscosity and weaker gel formation of the 

kiwifruit flours could be attributed to several factors. The abundant pectin and 

phenolics in kiwifruit can aggregate with the leached amylose, reducing amylose-

amylose re-association for the formation of junction zones. The high acid contents of 

kiwifruit flour cause the starch molecules to be hydrolyzed during heating. Moreover, 

the relatively low starch content of the kiwifruit flour also contributes to the low 

viscosity and weak gel formation. 

 In contrast to kiwifruit flour, kiwifruit powder is made from ripe kiwifruit, which 

contains a large amount of simple sugar and little starch. The viscosity and gelation of 

kiwifruit powder are little developed during analysis. Kiwifruit flour is easy to store 

and transport. The use of starchy kiwifruit flour may allow more species(e.g., 

‘Qinmei’) to be selected for cultivation that have excellent yield and strong vines to 

withstand adverse growing conditions, although their taste and storage ability might 

not be as good as those of the current cultivars (e.g., ‘Hayward’). 

2.10 Conclusions  

Despite the great diversity in Actinidia fruit, only a few cultivars (mainly 

‘Hayward’ and Gold3) have achieved commercial success and have shown promise 

for future use due to their palatable flavor, tolerance for long-term storage and 
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resistance to PSA. The flavor, bioactive compounds, nutritional properties and health 

effects of green/gold kiwifruit are discussed in this review. 

The edible portion of a kiwifruit consists of the outer pericarp, inner pericarp and 

central core. The cells and chemical composition differ significantly among these 

tissues. Moreover, these tissues have different ripening rates, and the chemical 

composition of these tissues varies greatly during fruit development. Abundant starch 

is accumulated in those tissues at the time of commercial harvesting. Starch plays an 

important role in kiwifruit development. The differences among the tissues can be 

expected to lead to different biosynthetic properties of starch in each of the tissue 

zones in a kiwifruit. This expectation has been supported by the current results, which 

showed that physicochemical properties and molecular structure of kiwifruit starch 

from the outer pericarp were different from those of starch from the core. Compared 

to the core starch, the outer pericarp starch granule is larger, and the glucan chains 

tend to be more branched. Kiwifruit starch granules enlarged significantly during fruit 

growth, while molecular structure of the starch changed little. The results from 

tissue/growth stage-specific studies on kiwifruit starch can contribute to fundamental 

knowledge of the composition-synthesis-structure relationship of starch. 

Basic knowledge on kiwifruit starch is still very limited. Based on current 

information, the starch content of gold kiwifruit is significantly higher than that of 

green kiwifruit. The amylose content of starch in green kiwifruit is significantly lower 

than that in gold kiwifruit. Amylopectin from green kiwifruit has a more branched 
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structure and more tightly arranged branch chains than that from gold kiwifruit. 

Generally, the amylose content and molecular structure of starch from gold kiwifruit 

are similar to those of potato starch. Kiwifruit starch is significantly smaller than most 

starches (e.g., maize and potato starches). The polymorph type, SP, AML and 

oscillatory properties of gold kiwifruit starch were similar to or the same as those of 

potato starch, which may be due to their similar amylose content and molecular 

structure. This result also suggested that the size of starch granules had limited 

influence on the physical properties of starch. A comprehensive study of  

physicochemical properties and molecular structure of starch from a wide range of 

kiwifruit varieties needs to be conducted to reveal more basic information on this 

novel starch, which would contribute to its utilization (e.g., in starchy kiwifruit flour). 
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Chapter 3 Physicochemical properties of 

kiwifruit starch 
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3.1 Introduction  

Kiwifruit (Actinidia spp.), also known as Chinese gooseberry, originates in China 

and is widely cultivated across the world. Major producers include China, Italy, New 

Zealand, Chile, Greece, and so on. The most common commercial species are fuzzy 

(green) (A. deliciosa) and gold (A. chinensis) kiwifruit (Testolin & Ferguson, 2009). 

The fruit is tasty, nutritious and convenient to eat, and the flesh color can be green or 

gold, depending on the species and variety. Kiwifruit is a rich source of various 

nutrients including carbohydrates, vitamins A, C, E and K, folate and polyphenols 

(Iwasawa, Morita, Yui & Yamazaki, 2011; Somboonkaew & Terry, 2011). The taste 

and flavor of green and gold kiwifruit species differ from each other. The gold 

kiwifruit is more aromatic and sweeter than the green kiwifruit, and has a higher 

commercial value (Testolin et al., 2009).  

Starch begins to accumulate rapidly in kiwifruit after 60 days of the anthesis, and 

the accumulation lasts over ~70 days (Wegrzyn & Macrae, 1995). The maximal starch 

content in kiwifruit is around 40% of the dry weight, which occurs approximately one 

month prior to the commercial harvesting (Richardson, Mcaneney & Dawson, 1997). 

Upon harvesting, the starch of kiwifruit is hydrolyzed to sugar during post-harvest 

storage. The optimum eating condition of kiwifruit is when most of the starch become 

simple sugars. The properties of starch may be related to the development of the 

sweetness in kiwifruit. During ripening, a small portion of kiwifruit detaches from the 

vine and fall on the ground. It may be feasible to utilize these kiwifruit and process 

them into flour for food product formulation. Upon harvesting, kiwifruit is sold 

https://en.wikipedia.org/wiki/Actinidia_chinensis


 

45 

 

primarily as fresh whole fruit. In order to keep the best profit, strict quality standards 

are applied by the marketers (Beever & Hopkirk, 1990). As the result, a proportion of 

the kiwifruits (around 2–8%) fails to meet the market specification for fresh fruits 

(Stanley, Wegrzyn & Saleh, 2007), these fruits can be processed into dried products 

such as preserved kiwifruit slices and crisp chips, or used in the beverage and desserts 

like juice, wine and ice cream (Zhu et al., 2013). It may be expected that the kiwifruit 

starch, which is a major component, plays a role in the quality of these products. 

Furthermore, the starch itself may find unique applications in food and non-food 

sectors. Information on physicochemical properties of kiwifruit starch may help to 

diversify the utilization of starch. 

Kiwifruit is a major horticultural crop in New Zealand, and the annual export 

exceeds $1 billion. Hort16A was the major commercial gold kiwifruit but has suffered 

a great loss due to the infection of Pseudomonas syringae actinidiae (PSA) bacterium 

(Butler et al., 2013). New variety with PSA resistance such as Gold3 and Gold9 has 

since been introduced for commercial production in New Zealand. However, a major 

problem associated with these new varieties is the shelf life of storage is relatively 

short, as compared with Hort16A. As starch is the major component of the kiwifruit 

when harvesting, the study on physicochemical properties of the starch may help to 

reveal its degradation mechanisms in kiwifruit and eventually contribute to 

prolonging the postharvest shelf life.  

It was suggested that the biological composition, starch concentration and 

organelles in outer pericarp and core tissues of kiwifruit were different (Hallett, 



 

46 

 

Wegrzyn & Macrae, 1995; MacRae, Bowen & Stec, 1989a) (cross-section of a gold 

kiwifruit is in Figure A3.1). Therefore, it would be interesting to study the starches 

from the outer pericarp and core of kiwifruit respectively. Previous studies most 

focused on the starches from green kiwifruit, and neither differentiated the starches 

from different tissues and nor specified the growing stage of kiwifruit (Fuke & 

Matsuoka, 1984; Stevenson, Johnson, Jane & Inglett, 2006). The aims of this study 

were to investigate physicochemical properties of starches from outer pericarp and 

core tissues of three gold kiwifruit varieties (Gold3, Gold9 and Hort16A) collected at 

the commercial harvesting time. Normal maize and potato starches of industrial 

importance were used for comparison. The results from this study may provide a basis 

for better understanding of the quality as well as sustainable utilization of kiwifruit.   

3.2 Materials and methods 

3.2.1 Sample collection 

Three varieties of gold kiwifruit, namely, Gold3, Gold9, and Hort16A, were chosen 

for this study. Forty fruits for each variety were randomly collected at the time of 

commercial harvesting from the orchards at Pukekohe, Auckland, New Zealand. The 

fruits were collected on the 161st, 166th, and 176th days after anthesis for Gold3, 

Gold9, and Hort16A, respectively. The picked fruits were frozen at −20 ◦C until starch 

extraction within 1 month. New Zealand white potato was bought from a local 

supermarket (Countdown, Auckland, New Zealand). Maize starch (Melogel) used in 

this study was from Ingredion ANZ Pty Ltd. (Auckland, New Zealand). 
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3.2.2 Starch extraction 

The kiwifruit was processed immediately after taking out of the freezer. The 

kiwifruit was peeled, the core and outer pericarp were separated for starch extraction. 

The tissue was homogenized with iced water in a blender, and filtrated by two layers 

of cheesecloth and a 140 µm nylon mesh. The slurry was centrifuged at 4,000 × g for 

15 min. The supernatant and upper brown layer of the sediment were discarded. The 

starch was dried in an air-forced oven at 45 oC for 24 h. The same procedure was used 

for extracting potato starch. 

3.2.3 Total starch contents of outer pericarp and core tissues of kiwifruit 

Outer pericarp and core tissues were freeze-dried under 0.133 mBar for 3 days 

(FreeZone 12 Plus, Labconco, Total Lab Systems Ltd., Auckland, New Zealand). The 

dried tissues were ground to fine powder. The total starch content in the powder were 

measured by an enzymatic method (total starch assay kit) (Megazyme, Wicklow, 

Ireland). Due to the rather small quantity of starch from core tissues, some parameters 

of the chemical composition and physicochemical properties were not measured.  

3.2.4 Chemical composition of outer pericarp starch of kiwifruit 

The contents of ash, protein, lipid and moisture in the extracted starches were 

measured. The ash content was measured using a Muffle furnace at 500°C. The 

protein content was measured by the Kjeldahl method and 6.25 was used as the 

conversion factor. Lipid content was analyzed by the Soxhlet method, and moisture 

content was determined at 125°C using a convection oven. The mineral composition 
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(Na, Mg, P, K, Ca, Fe, Cu, Zn, and Cd) of the outer pericarp starch was measured by 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (Agilent 7700X, Santa 

Clara, USA). Starch (150 mg) was digested by 5 mL HNO3 (65%) through 

microwaving at 200 ◦C for 15 min (Milestone Ethos-Up microwave system; the 

temperature is monitored through an Infra-Red sensor in the microwave) before 

diluting with distilled water (45 mL). The clear solution was analyzed on ICP-MS.  

Apparent amylose content of starch was measured by iodine binding-

spectrophotometry based method as described previously (Li, Wang & Zhu, 2016). 

The true amylose content of starch was measured by concanavalin A precipitation-

based method, using an amylose/amylopectin assay kit (Megazyme, Wicklow, 

Ireland).  

3.2.5 Starch granule morphology and particle size distribution  

The starch in kiwifruit tissues and extracted starches were examined by SEM and 

ESEM, respectively. The sliced tissues from kiwifruits were freeze-dried before 

analysis. The tissues or starches were coated with platinum in a sputter coater 

(Quorum Q150RS, Laughton, UK), and then observed under SEM (Philips XL30 S-

Field Emission Gun, Amsterdam, Netherlands) or ESEM (Quanta 200 Field Emission 

Gun, Hillsboro, USA).  

Particle size distribution of the starch granules was measured by using a 

Mastersizer 2000 particle size analyzer (Malvern Instruments Ltd., Worcestershire, 

UK). The starch sample (50 mg, dry weight basis) was suspended in 5 mL water, and 
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was gently shaken to disperse the starches. The suspension was slowly added to 

Mastersizer, and the measurements were conducted at a speed of 2,100 rpm/min. 

3.2.6 Wide-angle X-ray diffraction (WAXS) 

The polymorph type and degree of crystallinity of the starches were analyzed by a 

wide-angle X-ray diffractometer (PANalytical, Almelo, Netherlands), equipped with a 

Cu long fine focus tube for sample loading. Before the analysis, the starch was 

equilibrated above a saturated potassium carbonate solution in a desiccator for two 

weeks, in which a relative air humidity was 43% (G. Li & Zhu, 2017c). The settings 

of WAXS was 45 kV for the target voltage, 40 mA for the current, 0.01° for the step 

size, 51 s for the scan step time, 0.1 nm for receiving slit width, and 4‒40° for the 2θ 

scanning range. The degree of crystallinity of starch was calculated as the total areas 

of crystalline peaks divided by the total peak areas following a previous method 

(Hayakawa, Tanaka, Nakamura, Endo & Hoshino, 1997).  

3.2.7 Differential scanning calorimetry (DSC) 

The thermal properties of starch were quantified by DSC following the method 

described previously (Li et al., 2016). The parameters for describing the properties were 

onset temperature (To), peak temperature (Tp), conclusion temperature (Tc) and enthalpy 

change for gelatinization (ΔH).  

3.2.8 Amylose leaching (AML), swelling power (SP), and water soluble index (WSI) 

The quantification of AML, SP, and WSI followed the methods as described 

previously (Li et al., 2016). 
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3.2.9. Rheological properties  

Steady shear and dynamic oscillatory analysis of the starches were conducted by a 

rheometer (Physica MCR 301, Anton Paar, Graz, Austria). The methods followed a 

previous description with some modifications (Kong, Kasapis, Bertoft & Corke, 

2010).  

3.2.9.1. Steady shear analysis 

Starch suspension (5%, w/w) was heated at 90 oC for 30 min under constant 

shaking before transferring onto the plate of rheometer. A parallel plate (25 mm in 

diameter) was applied and the gap between the plates was 1 mm. Sample was 

conditioned at 25 °C for 1 min at a constant shear stress (5 Pa) before shearing from 

0.1 to 1000 s-1 and from 1000 to 0.1 s-1. The shear stress (Pa) in relation to shear rate 

was recorded and modelled by power law (Eq.1) and Herschel–Bulkley (Eq.2) 

equations: 

σ  = K γ n                                                        (Eq.1) 

σ  = 𝜎𝑜 + K γ n                                                    (Eq.2) 

Where σ is the shear stress (Pa), γ is the shear rate (s-1), K is the consistency 

coefficient (Pa sn), the exponent n is flow behavior index, and σo is yield stress (Pa). 

The σo value is sensitive to the data range of shear rates (Achayuthakan, 

Suphantharika & Rao, 2006), and low shear rates (0.1 to 15.8/s) was used for the 

calculation in this study.  
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3.2.9.2 Dynamic oscillatory analysis 

Starch suspension (20%, w/w) was loaded on the plate (25 mm in diameter) of the 

rheometer. The sample edge was covered with a thin layer of oil to minimize the 

water loss. At a strain of 2 % and frequency of 1 Hz, the suspension was conditioned 

at 40 oC for 1 min. Then, the temperature was from 40 to 90 oC, and from 90 to 25 oC 

with a rate of 2 oC /min. Subsequently, the sample was conditioned for 5 min at 25 oC 

before the frequency sweep was applied from 0.1‒ 16 Hz. Dynamic rheological 

parameters including G' (storage modulus) and G'' (loss modulus) were recorded. 

3.2.10. Enzyme susceptibility 

Enzyme susceptibility of starch was measured by a method previously described 

(Li et al., 2016) with some modifications. Porcine pancreatic α-amylase (PPA) 

suspended in sodium chloride (2.9 M) and calcium chloride (3 mM) solution was used 

to hydrolyze the starch. Starch (10 mg) was mixed with 5 mL distilled water and 4 

mL of phosphate buffer (0.1 M, pH 6.9) containing sodium chloride (0.006 M) in 15 

mL centrifuge tubes, and the mixture was warmed at 37 oC for 30 min. PPA 

suspension (0.18 units/mg starch) was added and the tubes put in shaking water bath 

at 37 oC for hydrolysis.  

Hydrolyzed products were collected at the 3rd, 6th, 12th, 24th, 48th and 72th h after 

hydrolysis. The tube was centrifuged at 2,000 × g for 5 min and supernatants (10 µl) 

were collected for soluble carbohydrate analysis. The soluble carbohydrate contents in 

the supernatants were analyzed by sulfuric acid-phenol assay (Dubois, Gilles, 

Hamilton, Rebers & Smith, 1956) on a microplate (Corning 96 well half area 
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microplates, Corning Incorporated, New York, USA) and EnSpire Multimode Plate 

Reader (PerkinElmer Inc, Waltham, USA). The results were expressed by the gram of 

glucose per 100 g of starch. 

3.2.11. Statistical Analysis  

 All measurements were at least in triplicate. Data were analyzed by SPSS software 

(IBM Corporation, New York, USA). Analysis of variance (ANOVA) was employed 

to determine data differed significantly from each other (p < 0.05). Results were 

expressed as mean ± SD. 

3.3 Results and discussion 

3.3.1 Total starch contents in kiwifruit tissues and chemical composition of starches  

The total starch contents in the outer pericarp of Gold3, Gold9 and ‘Hort16A’ (40 

fruit samples per cultivar) were 38.6%, 51.8% and 44.8%, respectively. These starch 

contents were higher than those of core starches, 34.6% (Gold3), 36.8% (Gold9) and 

40.7% (‘Hort16A’) (Table 3.1). This suggests the different chemical composition 

(e.g., non-starch polysaccharides) of the two types of tissues, which may affect the 

enzymatic degradation in kiwifruit during post-harvest storage (Macrae, Lallu, Searle, 

& Bowen, 1989b). The starch content of gold kiwifruit is comparable to that of green 

kiwifruit (Hayward variety) of a previous report (Stevenson et al., 2006).  

The starches in the tissues were isolated and the amylose contents were 

characterized. The amylose contents of core starch were higher than those of outer 

pericarp starch (Table 3.1). The apparent amylose contents of core and outer pericarp 
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starches were 32.4−36.7% and 24.5−27.5%, respectively. The true amylose contents 

of core and outer pericarp starches were 20.7−23.3% and 15.5−17.8%, respectively. 

This may result in differences in the enzyme susceptibility of the starch (Srichuwong 

& Jane, 2007). The higher apparent amylose contents of the starches than the true 

amylose contents could be readily attributed to the binding of amylopectin unit chains 

with the iodine (Gibson, Solah & McCleary, 1997). The apparent amylose contents of 

kiwifruit starches were lower than that of green kiwifruit previously reported (43.1%), 

and both have somewhat similar absolute/true amylose contents (18.8% for the green 

kiwifruit starch) (Stevenson et al., 2006). The discrepancy may be attributed to the 

differences in the genetics and growing conditions as well as the analytical methods 

(e.g., iodine binding-spetrophotometry vs iodine binding-potentiometry based 

methods) (Zhu, 2015a). The amylose contents of outer pericarp starches of kiwifruit 

were similar to those of normal maize starch (apparent and true amylose contents 

were 25.7% and 16.2%, respectively), and were lower than normal potato starch 

(apparent and true amylose contents of starches were 29.7% and 23.1%, respectively). 

The true amylose contents of core starches of kiwifruit were similar to those of potato 

starch, but the apparent amylose contents were higher. This suggests the differences in 

the molecular structures of the amylopectin components of the two starches (Gibson 

et al., 1997).  

The chemical composition of the outer pericarp starches was analyzed (Table 3.1). 

The protein contents were rather low among these starches (0.02−0.06%). Ash and 

lipid contents could not be detected by the methods used in this study, though 
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increasing the sample size for analysis may show a difference. Among the minerals, 

the contents of phosphorus-containing compounds (~150−200 mg/kg) are the highest 

for the kiwifruit starches, followed by K and Ca. The nature of these phosphorus-

containing compounds remains to be studied as these compounds can be very 

influential to the physicochemical properties and biosynthesis of the starch (Lim, 

Kasemsuwan & Jane, 1994).
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Table 3.1 Total starch contents in the kiwifruit tissues and chemical composition of kiwifruit starches 

Starch 

Gold3 Gold9 Hort16A 

Outer pericarp Core Outer pericarp Core Outer pericarp Core 

Total starch content in tissue (%) 38.6 ± 1.6cd 34.6 ± 1.9e 51.8 ± 0.9a 36.8 ± 0.6d 44.8 ± 0.6b 40.7 ± 1.1c 

Apparent amylose content (%) 27.5 ± 0.4d 36.7 ± 0.9a 24.5 ± 0.2e 36.4 ± 0.3a 25.3 ± 0.4e 32.4 ± 0.1b 

True amylose content (%) 17.8 ± 1.5c 23.3 ± 0.9a 15.7 ± 0.4d 23.1 ± 0.6a 15.5 ± 0.2d 20.7 ± 0.5b 

Protein (%) 0.04 ± 0.01a 0.02 ± 0.00a 0.06 ± 0.02a 

Water (%) 10.5 ± 0.2b 10.2 ± 0.2bc 9.8 ± 0.2c 

Na (mg/kg) 1.6 ± 0.5b 2.2 ± 0.8ab 3.9 ± 0.1a 

Mg (mg/kg) 10.6 ± 0.3c 14.9 ± 0.2a 11.9 ± 0.3b 

P (mg/kg) 149.8 ± 3.0c 198.7 ± 1.7a 167.8 ± 4.3b 

K (mg/kg) 76.8 ± 1.8a 76.0 ± 1.9a 70.3 ± 3.3a 
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Ca (mg/kg) 46.4 ± 2.0b 165.5 ± 1.7a 39.6 ± 1.2c 

Values of the same category with the different superscripts differ significantly in each row (p < 0.05); concentrations of ash, lipid, Fe, Cu, Zn, 

and Cd in the starches were out of detection limit; contents of some constitutes of starches from the core of kiwifruit were not measured due to 

limited amount of samples 
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3.3.2 Morphology, particle size, and crystalline polymorph of kiwifruit starches 

The morphology of the extracted kiwifruit starches and the starches in tissues were 

observed by SEM techniques (Figure A3.2). All the starches from the outer pericarp 

and core of the three kiwifruit varieties showed similar shapes with smooth surface, 

which were also similar to the starch of green kiwifruit (Hallett at al., 1995; Stevenson 

et al., 2006). The kiwifruit granules were partially spheroidal with a few flattened 

sides which might be caused by the contact of adjacent starch granules in the fruit 

during biosynthesis. This is evidenced by the fact that the starch granules form the 

clusters in freeze-dried tissue slices (Figure A3.2A; Figure A3.2B). These clusters 

were subsequently disrupted during the starch extraction (Figure A3.2C; Figure 

A3.2D). In comparison, the kiwifruit starch granules are rather different in shapes 

from the maize starch (Figure A3.2E; Figure A3.2F). Overall, the granule morphology 

of kiwifruit starch is unique among starches of diverse botanical origins (Jane, 

Kasemsuwan, Leas, Zobel & Robyt, 1994).  

Particle size distribution analysis showed that kiwifruit starch granules of the outer 

pericarp were larger than the starch of the core (Figure A3.3). The D [4, 3] (volume 

weighted mean value of particle size) of the outer pericarp starches ranged from 8.7 to 

9.6 μm while that of the core starches varied from 7.5 to 7.9 μm (Table 3.2). This 

suggests the differences in their biosynthesis in the kiwifruit (e.g., development stage) 

(Macrae et al., 1989b). The differences in the particle size of the starches from 

different gold kiwifruit varieties could be attributed to the genetics and growing 

conditions. This difference may lead to a difference in the shelf life during the post-

harvest storage as starch granule size can be a factor affecting the enzymatic 

degradation (Srichuwong et al., 2007). The somewhat larger granules of Hort16A 

with the relatively long shelf life of storage suggest other factors affecting the 
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storability. Stevenson et al. (2006) observed a portion of small granules with sizes of 

4–5 μm existed apart from the larger granules (7–9 μm) in green kiwifruit. This may 

be due to the different growing stages and the genetics of the kiwifruit as the granule 

size changes in developing kiwifruit (Sugimoto, Yamamoto, Abe & Fuwa, 1988). As 

compared with normal maize and potato starches, the gold kiwifruit starches were 

much smaller (Figure A3.4). Starches of small granule size may find special 

applications such as fat replacers and carrier materials (Lindeboom, Chang & Tyler, 

2004).  

The wide-angle X-ray diffraction analysis showed that all the kiwifruit starches had 

B-type polymorph (Figure A3.5). This agreed with previous studies on kiwifruit 

starches of different origins (e.g., from Japan and USA) (Sugimoto et al., 1988; 

Stevenson et al., 2006). As expected, the potato and maize starches presented B- and 

A-type polymorph patterns, respectively. The degree of crystallinity of starches was 

calculated (Table 3.2). The degree of crystallinity agreed well with that of green 

kiwifruit of a previous report (Stevenson et al., 2006). The degree of crystallinity of 

outer pericarp starch was somewhat higher than core starch in a gold kiwifruit, again 

suggesting their different biosynthetic properties.  

3.3.3. Thermal properties of kiwifruit starches 

Starches of outer pericarp had higher values of To (~ 59−60 oC), Tp (~ 62−63 oC), Tc 

(~ 68−69 oC), and ΔH (~ 20−21 J/g) than the core starches (To: ~ 57−58 oC; Tp: ~ 

60−61 oC; Tc, 65−66 oC; ∆H, 15−16 J/g) in a gold kiwifruit (Table 3.2). This further 

confirms the different biosynthetic properties of the starches from the core and outer 

pericarp of kiwifruit. The accumulation and degradation of starch in outer pericarp 

and core of kiwifruit may also be time-dependent (Hallett et al., 1995; Macrae et al., 

1989b; Sugimoto et al., 1988). There is rather small variation in the gelatinization 
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properties among starches from either outer pericarp or core of the three kiwifruit 

varieties. To of the kiwifruit starches, but not the ∆H, appeared similar to that of a 

previous report on starches of Japanese kiwifruit (Sugimoto et al., 1988). The 

gelatinization properties of outer pericarp starch appeared different from those of a 

previous report on green kiwifruit cultivated in USA (Stevenson et al., 2006). The 

difference in gelatinization properties among different studies may be attributed to the 

differences in the genetics, developing stage, and growing conditions of kiwifruit. ΔH 

of the outer pericarp starches of kiwifruit were higher than that of potato and maize 

starches (Table 3.2) and also higher as compared to the ΔH of other types of starches 

(Ai & Jane, 2015). This indicates a high degree of double helical order of the 

amylopectin external chains in the kiwifruit starch granules (Cooke & Gidley, 1992). 

Starches with B-type polymorph tend to have higher ΔH than A-type starches (Ai et 

al., 2015). Indeed, kiwifruit starch has B-type polymorph (Figure A3.5). The 

gelatinization parameters of kiwifruit starches appeared to be positively associated 

with the degree of crystallinity, and negatively correlated with the amylose content. 

This agreed with previous observations on other types of starches (Singh, Singh, 

Kaur, Sodhi & Gill, 2003). Other factors such as amylopectin fine structure may 

impact the gelatinization parameters (Srichuwong et al., 2007), which remain to be 

studied for kiwifruit starch.  
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Table 3.2 Degree of crystallinity, granule size, and gelatinization properties of kiwifruit starches 

Starch D [4, 3] (μm)* Degree of crystallinity (%) To (
oC) Tp (

oC) Tc (
oC) ΔH (J/g) 

Gold3 outer pericarp 9.4 ± 0.0d 26.78 ± 1.02bc 60.45 ± 0.29b 63.60 ± 0.46b 69.10 ± 0.06b 21.28 ± 0.05a 

Gold3 core 7.8 ± 0.0g 25.73 ± 0.48c 57.22 ± 0.33e 61.20 ± 0.14d 66.57 ± 0.36d 16.47 ± 0.61b 

Gold9 outer pericarp 8.7 ± 0.0e 27.44 ± 0.66b 59.67 ± 0.46c 62.87 ± 0.49c 68.10 ± 0.43c 21.49 ± 0.53a 

Gold9 core 7.5 ± 0.1h 25.47 ± 1.17c 57.35 ± 0.42e 60.80 ± 0.50d 65.57 ± 0.71e 16.83 ± 0.11b 

Hort16A outer pericarp 9.6 ± 0.0c 27.47 ± 0.36b 59.31 ± 0.11c 62.61 ± 0.16c 68.12 ± 1.09c 20.95 ± 1.17a 

Hort16A core 7.9 ± 0.0f 26.55 ± 0.82bc 58.13 ± 0.43d 61.46 ± 0.36d 65.49 ± 0.30e 15.86 ± 0.54b 

Maize 15.0 ± 0.0b 31.52 ± 1.04a 68.64 ± 0.13a 72.63 ± 0.51a 79.39 ± 0.08a 12.27 ± 0.48c 

Potato 44.8 ± 0.0a 25.98 ± 1.70bc 58.19 ± 0.11d 61.17 ± 0.10d 67.91 ± 0.06c 15.58 ± 0.05b 

Values with the different superscripts differ significantly in each column (p < 0.05); *D [4, 3], volume weighted mean granule size; To: onset 

temperature; Tp: peak temperature; Tc: conclusion temperature; ΔH: enthalpy change
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3.3.4 AML, WSI and SP 

AML, WSI and SP of kiwifruit starches from the outer pericarp were analyzed and 

compared with those of maize and potato starches (Figure 3.1). AML, WSI and SP of 

all the kiwifruit starches increased with the increasing temperatures. SP of Gold3, 

Gold9 and Hort16A starches peaked at 85 oC before decreasing. This suggests that the 

higher temperature disrupted the swollen starch granules (Varatharajan et al., 2011). 

Therefore, the SP development of kiwifruit starch differed from that of maize and 

potato starches. The differences in these parameters among the starches from the three 

kiwifruit varieties are relatively small. Starch of Hort16A had higher AML than the 

other two, while starch of Gold3 had lower WSI than the other two. The AML, WSI 

and SP of kiwifruit starches were compared with those of maize and potato starches 

(Figure 3.1). AML of kiwifruit starches were higher than that of maize starch but 

similar to that of potato starch. WSI of kiwifruit starches were higher than both potato 

and maize starches. The significantly lower WSI of maize starch was consistent with 

its higher gelatinization temperature, leading the higher stability of maize starch 

granule at the higher temperature. This might be mainly due to lipids/phospholipids in 

maize starch, which form complexes with the long branch-chains of amylopectin and 

amylose, enhancing the interactions of the starch molecules. SP of kiwifruit starches 

were similar to that of potato starch but higher than that of maize starch. Factors 

affecting the granule swelling and solubilization include the interactions between 

amylose and amylopectin and amylose and amylose, the granule size, molecular 

structures of amylose and amylopectin, the presence of other minor components and 

so on (Vamadevan & Bertoft, 2015). Potato, similar to kiwifruit starch in SP, has high 

swelling capacity among diverse starches (Vamadevan & Bertoft, 2015). The unique 



 

62 

 

features (small granules and high swelling capacity) of kiwifruit may suggest potential 

for some novel applications.  

 

Figure 3.1 A) water soluble index (WSI), B) swelling power (SP) and C) Amylose 

leaching (AML) of outer pericarp starches of kiwifruit in comparison with maize and 

potato starches 
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3.3.5 Rheological properties  

3.3.5.1. Steady shear properties  

 All of the starch pastes under the shear stress as a function of shear rate showed  

pseudo-plastic, shear-thinning behaviors (Figure A3.6) which were well described by 

both power law and Herschel–Bulkley equations with high coefficients of 

determination (R2) (Table 3.3). The Herschel–Bulkley model gave a higher R2 due to 

the presence of the yield stress component in the equation. Therefore, the data of 

Herschel–Bulkley model is discussed here.  

The difference in the flow behaviors of starch pastes during the upward (0.1 to 1000 

s-1) and downward (1000 to 0.1 s-1) shearing suggests the starch gel network was 

irreversibly altered by the shearing forces (Achayuthakan & Suphantharika 2008). 

The n value indicates the closeness to Newtonian behavior in which stress-shear rate 

relationship is linear and the plot starts at zero (Rao 2014). The flow behaviors of 

starch pastes became more Newtonian-like and less pseudoplastic during downward 

shearing, and the behaviors of kiwifruit (outer pericarp) starch pastes are more 

Newtonian-like than maize and potato starch pastes. The maize starch granules were 

better retained at the higher temperatures than kiwifruit starch granules (e.g., > 85 oC) 

as reflected by their differences in SP (Fig. 3.1). This may result in a lower 

pseudoplasticity of kiwifruit starch pastes. The flow behaviors of starch pastes among 

the three kiwifruit varieties were different (Table 3.3). For example, Gold9 had the 

highest K (28.8 Pa sn) and lowest σo (7.3 Pa), while Hort16A had the highest n (0.432) 

and lowest K (17.2 Pa sn). The differences could be attributed to various factors such 

as granule architecture, molecular structures of amylose and amylopectin, and the 

presence of other components (Doublier, 1981). Amylose component is responsible 

for the initial paste formation (Kong et al. 2010), and the somewhat lower AML of 
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Gold9 may explain the lower σo. Indeed, all the kiwifruit starches with higher AML 

had higher σo than that of maize and potato starches with lower AML. 
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Table 3.3 Steady shear properties of outer pericarp kiwifruit starch pastes modelled by power law and Herschel–Bulkley equations  

Starch 

Power law  Herschel–Bulkley 

K (Pa sn) n R2  σo (Pa) K (Pa sn) n R2 

 
Upward  Upward 

Gold3  26.3 ± 0.6b 0.403 ± 0.008ab 0.997  13.9 ± 0.3a 25.9 ± 0.8b 0.401 ± 0.004b 0.995 

Gold9  27.4 ± 1.3b 0.414 ± 0.005a 0.999  7.3 ± 0.8c 28.8 ± 1.5b 0.407 ± 0.006b 0.999 

Hort16A  19.3 ± 0.8c 0.414 ± 0.003a 0.998  11.7 ± 0.4b 17.2 ± 1.1c 0.432 ± 0.007a 0.999 

Maize 7.9 ± 0.5d 0.389 ± 0.006b 0.999  2.8 ± 0.9d 8.4 ± 0.1d 0.384 ± 0.007b 0.999 

Potato 41.2 ± 0.4a 0.319 ± 0.008c 0.995  2.5 ± 0.2d 43.5 ± 6.9a 0.317 ± 0.034c 0.999 

 Downward  Downward 

Gold3  9.7 ± 0.0b 0.526 ± 0.002b 0.997  5.4 ± 0.1a 6.9 ± 0.2c 0.571 ± 0.001b 0.999 

Gold9  12.3 ± 0.0a 0.517 ± 0.000c 0.998  2.7 ± 0.2b 9.6 ± 0.1a 0.553 ± 0.001c 0.999 

Hort16A  7.5 ± 0.2d 0.540 ± 0.002a 0.997  4.9 ± 0.2a 5.3 ± 0.2d 0.587 ± 0.002a 0.999 

Maize 8.6 ± 0.9c 0.384 ± 0.004d 0.998  5.4 ± 0.9a 7.3 ± 0.3b 0.405 ± 0.007d 0.997 
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Potato 9.2 ± 0.1bc 0.526 ± 0.004b 0.997  2.7 ± 0.1b 6.6 ± 0.1c 0.573 ± 0.004b 0.999 

K, consistency coefficient; n, flow behaviour index; σo, yield stress; R2, coefficient of determination; values with the different superscripts differ 

significantly in each column (p < 0.05)
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3.3.5.2 Dynamic oscillatory properties  

In order to better exam the viscoelastic properties of kiwifruit starches, dynamic 

oscillatory measurements (temperature and frequency sweeps) were conducted to gain 

different aspects of the rheological properties (Table 3.4; Figure A3.7). The higher G' 

and lower tan δ are associated to higher elasticity and more rigid structure of the 

paste. During cooling, the decrease in tan δ suggests the gel formation, and the 

increasing tan δ during frequency sweep indicate the weakening of gel strength. There 

is a diversity in dynamic oscillatory properties of kiwifruit starch which are 

significantly different from maize and somewhat similar to that of potato starch. The 

comparative results of maize and potato starches agreed with a previous report (Li & 

Yeh, 2001). Gold9 and Hort16A starches had the lower G' than Gold3 starch (Figure 

A3.7). This may be partially attributed to the higher amylose of Gold3 (Table 3.1) 

(Waterschoot, Gomand, Fierens & Delcour, 2015). The re-association of leached 

amylose is responsible for the initial re-ordering and development of network of 

starch gel (Srichuwong et al., 2007). The G' of kiwifruit starches were much lower 

than that of maize starch, and tan δ of kiwifruit starch at the end of cooling and during 

frequency sweep was higher than that of both maize and potato starches. This 

suggests other factors such as granule morphology and architecture, degree of 

crystallinity, amylopectin and amylose structure, and presence of other components 

play roles in the dynamic rheology of starch (Srichuwong et al., 2007; Li & Yeh, 

2001). For example, the degree of crystallinity of maize starch with the highest G' is 

much higher than that of the other starches. TG'max of the starches were higher than Tp 

of DSC analysis (Table 3.2). This can be attributed to the different nature of the 

analytical methods (e.g., samples of DSC is sealed while that of the rheometer is 

open).
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Table 3.4 Dynamic oscillatory properties of outer pericarp kiwifruit starches   

Sample 

Heating  Cooling  Frequency sweep 

TG'max G'max tan δG'max G'90C tan δ90C  G'25C tan δ25C  G'16Hz tan δ16Hz 

Gold3  64.3 ± 0.0b 2707 ± 31b 0.172 ± 0.001c 867 ± 22b 0.220 ± 0.003c  1647 ± 32b 0.121 ± 0.001c  2343 ± 38b 0.179 ± 0.000c 

Gold9  63.0 ± 0.3c 1913 ± 40d 0.277 ± 0.004a 635 ± 12c 0.286 ± 0.003a  853 ± 12e 0.187 ± 0.001a  1297 ± 38d 0.267 ± 0.000a 

Hort16A  62.8 ± 0.0c 2083 ± 59c 0.199 ± 0.005b 601 ± 19c 0.244 ± 0.005b  1177 ± 40d 0.134 ± 0.001b  1687 ± 49c 0.221 ± 0.000b 

Maize 76.2 ± 0.4a 7130 ± 170a 0.117 ± 0.006d 4420 ± 71a 0.072 ± 0.002e  9395 ± 64a 0.032 ± 0.002e  9455 ± 233a 0.059 ± 0.000e 

Potato 63.8 ± 0.5b 1873 ± 85d 0.201 ± 0.001b 885 ± 2b 0.16 ± 0.006d  1260 ± 46c 0.105 ± 0.004d  1627 ± 61c 0.165 ± 0.006d 

Units for T and G′ are oC and Pa, respectively; TG'max, temperature at the maximal G' during heating; G'max, maximal G' during heating; tan 

δG'max, G'' (at G'max) / G'max during heating; G'90C, G' at 90 °C during heating; tan δ90C, G''/G' at 90 oC during heating; G'25C, G' at 25 ◦C after 

cooling; tan δ25C, G'' / G' at 25 °C after cooling; G'16Hz, G' at 16 Hz during frequency sweep; tan δ16C, G'' / G' at 16 Hz during frequency sweep; 

values with the different superscripts differ significantly in each column (p < 0.05)
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3.3.6 Enzyme susceptibility 

Core starch of a gold kiwifruit was more susceptible to PPA than the outer pericarp 

starches (Figure 3.2). There is a great variation in the enzyme susceptibility of 

kiwifruit starches among different varieties (Gold9 > Gold3 > Hort16A) (Figure 3.2). 

The enzyme susceptibility of kiwifruit starches was lower than that of maize starch 

and higher than that of potato starch. Enzyme susceptibility of starch is affected by 

various factors including granule size, polymorph type and degree of crystallinity, 

degree of granule damage, molecular structures of amylose and amylopectin, and 

presence of other minor components (e.g., lipids) (Srichuwong et al., 2007; Dreher, 

Dreher, Berry, & Fleming, 1984). The size of core starch was smaller than that of 

outer pericarp starch of kiwifruit (Figure A3.3), and the outer pericarp starches had 

higher degree of crystallinity as well as the double helical order (∆H). Also, amylose 

molecules tend to be amorphous in the granules and core starches had higher amylose 

content than the outer pericarp starches (Table 3.1). These factors resulted in the 

lower enzyme susceptibility of the outer pericarp starch. Gold3 had the lower enzyme 

susceptibility to PPA than Gold9 and Hort16A. Gold3 is the newly introduced variety 

for commercial production, but it tends to have a relatively short shelf life during 

storage partially due to fast degradation of starch. Therefore, physiological factors 

other than the starch play important roles in the storability of the kiwifruit (e.g., fruit 

size). Starch of A-type polymorph tends to be more susceptible than B-type starch 

(Srichuwong et al., 2007; Jane, Ao, Duvick, Wiklund, & Yoo, 2003). Indeed, maize 

starch had higher enzyme susceptibility than kiwifruit and potato starches. The results 

of maize and potato starches agreed well with the previous study (Zhang, Li, Wang, 

Yao, & Zhu, 2017). 
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Figure 3.2 Enzyme susceptibility of kiwifruit starches by porcine pancreatic α-

amylase (37 oC, 72 h)  

 

3.4 Conclusions 

Physicochemical properties of starches of three gold kiwifruit varieties (Gold3, 

Gold9 and Hort16A) were characterized with normal maize and potato starches as 

control. The total starch content in outer pericarp of kiwifruit was higher than that of 

the core tissue. The shapes of outer pericarp and core starches were rather similar and 

were partially spherical with flattened sides, and former had larger granule size (~9.6 

μm) than the latter by ~ 1.5 μm. All the kiwifruit starch has B type polymorph, and 

the core starches had somewhat lower degree of crystallinity by ~1%.  Core starches 

had higher amylose content and enzyme susceptibility and lower gelatinization 

parameters than outer pericarp starch. Swelling and water solubilisation, and 

rheological properties of outer pericarp starches were analyzed and compared with 

those of maize and potato starches. The ΔH of gelatinization of kiwifruit starches 

were higher than common starches. The yield stresses of outer pericarp starch pastes 
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were higher than potato and maize starch pastes. Dynamic rheological properties of 

outer pericarp starches of kiwifruit were more similar to those of potato starch than 

maize starch. The relatively small differences in the properties and composition 

between Gold3, Gold9 and Hort16A suggest that starch may not be a key factor 

affecting the shelf life of storage for different varieties of kiwifruit. The results of this 

study will be of great importance to better understand the role of starch in the quality 

of kiwifruit products as well as potential development of this starch for applications.  
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Chapter 4 Characterization of polymer 

chain fractions of kiwifruit starch 
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4.1 Introduction 

Kiwifruit (Actinidia spp.) or Chinese gooseberry is native to China, and now is 

widely cultivated over the world. The most popular commercial species are green (A. 

deliciosa) and gold (A. chinensis) kiwifruits (Testolin & Ferguson, 2009). Their 

popularity are mainly contributed by the pleasant taste and important nutrients such as 

vitamin C and polyphenols. The commercial value of the gold kiwifruit tends to be 

higher than the green ones (Testolin & Ferguson, 2009). Kiwifruit is economically 

important for the New Zealand horticulture, and the export exceeds $1 billion per 

year. Hort16A, which played a significant role in the kiwifruit commerce, was 

infected by Pseudomonas syringae pv. actinidiae (PSA). New varieties such as Gold3 

and Gold9 which are resistant to PSA have been cultivated in New Zealand to replace 

Hort16A. However, the shelf life of some of the new varieties during post-harvest 

storage may be short.  

Starch is a major component in developing kiwifruit. The starch accumulates as the 

kiwifruit grows and the content reaches a peak (~ 40 % of the dry weight) around one 

month before the commercial harvesting (Richardson, McAneney, & Dawson, 1997). 

The starch is then gradually hydrolyzed to simple sugars as the fruit becomes ripe 

during storage (Beever & Hopkirk, 1990). The starch degradation may play a role in 

the kiwifruit shelf life during the storage. Understanding the molecular structure of 

kiwifruit starch would provide a basis for studying the starch degradation in ripening 

fruits. Furthermore, as the outer pericarp (flesh) of kiwifruit becomes eating-ripe, the 

core tissue inside the fruit may still be hard. The eating quality of kiwifruit can be 

largely affected by heterogeneous distribution of hardness in the fruit. The 

considerable amount of starch in the core tissue and the starch degradation in the outer 

pericarp contribute to such a phenomenon (Macrae, Lallu, Searle, & Bowen 1989b). 
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The different degradation behaviors of the starches from the two types of tissue may 

suggest some differences in the structure. To the best of our knowledge, the molecular 

structure of kiwifruit starch remains largely unknown. Only one study presented some 

structural information on green kiwifruit starch, and the kiwifruit starch studied was 

not specific to the tissue type (Stevenson, Johnson, Jane, & Inglett 2006). 

Starch molecules are categorized into amylose and amylopectin. Amylose is linear 

with the glucosyl units being connected by α-(1−4)-linkages. A few branches of α-

(1−6)-linkages may exist in amylose. Amylopectin has highly branched structure, in 

which the glucosyl units are branched by α-(1−6)-bonds. The molecules are 

assembled in granular forms with amorphous and semi-crystalline rings (Pérez & 

Bertoft, 2010). The semi-crystalline rings are composed of alternating amorphous and 

crystalline lamellae. The external unit chains of amylopectin tend to form the double 

helices, contributing to the formation of the crystalline lamellae. The internal part of 

amylopectin tends to form the amorphous lamellae in clustered manner (Bertoft, 

2013). The amylopectin molecular structure are critically responsible for the 

physicochemical properties of starch (Vamadevan & Bertoft, 2015). In particular, 

there is increasing research interest in understanding the importance of amylopectin 

internal structure in various physicochemical properties and biosynthesis of starch 

(Bertoft, 2013; Vamadevan & Bertoft, 2015). The internal part of amylopectin can be 

obtained by using phosphorylase and/or β-amylase to remove the external parts. For 

example, all the internal chains appear as B-chains and all the A-chains appear as 

maltose stubs when the amylopectin is in the form of φ, β-limit dextrins (φ, β-LDs) 

(Bertoft, 2004). The unit chain length distribution of the φ, β-LDs can be obtained by 

high-performance anion exchange chromatography after debranching with isoamylase 

and/or pullulanase (Bertoft, 2004). To the best of our knowledge, there is no report on 
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the amylopectin structure of gold kiwifruit and internal molecular structure of 

kiwifruit amylopectin. The lack of structural knowledge of this starch hinders the 

understanding of starch degradation in kiwifruit, which may be important for the fruit 

storage and final eating quality. The physicochemical properties of starches from 3 

gold kiwifruit varieties (Hort16A, Gold3, and Gold9) have been studied recently (D. 

Li & Zhu, 2017). Kiwifruit starch has a B-type polymorph. The particle size of the 

granules is ~8−9 µm (volume-weighted mean value) (D. Li & Zhu, 2017). Variations 

in the properties such as rheology and gelatinization among different starches were 

noted. Interestingly, the starch contents and properties from the outer pericarp and 

core tissues of a gold kiwifruit are different. The amylose contents of outer pericarp 

and core starches were 15.5–17.8% and 20.7–23.3%, respectively, according to the 

concanavalin A precipitation-based method (D. Li & Zhu, 2017). This suggests 

different molecular structure and biosynthetic properties of the starches in these 

tissues. It would be interesting to study if the molecular structure of gold kiwifruit 

starch is tissue-specific. The results would contribute to the knowledge of the 

synthesis-structure-function relationships of kiwifruit starch, while providing useful 

information for developing kiwifruit-based food products. For example, a research 

topic in our laboratory is to develop starch-rich flour from whole unripen kiwifruits 

for novel food formulations.   

The chemical compositions and molecular structures of starches from various 

botanical source have been studied by enzymatic and chromatographic techniques 

(Bertoft, 2004; Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008; Kong, Bertoft, 

Bao & Corke, 2008; G. Li & Zhu, 2017b; Zhu, Corke & Bertoft, 2011). Our study aims 

to apply the methodology to investigate the composition and structure of starches from 

3 gold kiwifruit varieties (A. chinensis) which were used in a previous study (D. Li & 
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Zhu, 2017). The study highlights the differences in internal molecular structures of the 

amylopectin components between core and outer pericarp starches. A large number of 

nomenclatures related to the internal molecular structure of amylopectin are employed 

in this report, which are summarized in Table A4.1. Potato and maize starches, as two 

of the most known starches, were employed as references for comparison. 

4.2 Materials and methods 

4.2.1. Starches and enzymes 

Three gold kiwifruit varieties (Gold3, Gold9, and ‘Hort16A’) were collected from 

an orchard at Pukekohe, Auckland, New Zealand. The kiwifruits were picked on the 

161st, 166th, and 176th days after anthesis for Gold3, Gold9, and ‘Hort16A’, 

respectively. The background information on the starches from 3 gold kiwifruit 

varieties have been described in a previous paper (D. Li & Zhu, 2017). The starches 

from both outer pericarp and core tissues of the fruit (Figure A4.1) were extracted 

according to the report of Matsuoka and Fuke (1984) with some modifications (D. Li 

& Zhu, 2017). Maize and potato starches were studied as reference samples, the 

background information of which were detailed in a previous study (D. Li & Zhu, 

2017).   

 β-Amylase from barley (EC 3.2.1.2, specific activity ∼ 600 U/mg), Pseudomonas 

sp. isoamylase (EC 3.2.1.68, specific activity ∼ 280 U/mg), and Klebsiella planticola 

pullulanase (EC 3.2.1.41, specific activity ∼ 30 U/mg) are from Megazyme 

International (Wicklow, Ireland). Rabbit muscle phosphorylase ɑ (EC 2.4.1.1, specific 

activity ∼ 1.2 U/mg) was from Sigma-Aldrich (Deisenhofen, Germany). The given 

enzyme activities are according to the suppliers. 
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4.2.2 Isolation of amylopectin 

Amylopectin was isolated from the starch based on a previous method (Zhu et al., 

2011) with some modifications. Starch (2.5 g) was dispersed in 35 mL 90% dimethyl 

sulfoxide (DMSO) in a 500 mL Erlenmeyer flask sealed with an aluminium foil. The 

flask was heated in a boiling water bath with constant stirring for 3 h to obtain a clear 

starch solution before cooling to ~ 28 ◦C. 6% 1-butanol and 6% isoamyl alcohol (24 

mL) well dispersed in water (352 mL) was poured to the starch solution. The whole 

mixture was stirred for 15 min before placing in a water bath at 95 ◦C for 1 h. The 

entire system was slowly cooled for around 20 h to ~ 28 ◦C before centrifugation 

(10,000 × g) at 4 ◦C for 15 min. The supernatant was collected and condensed to ∼100 

mL at 60 ◦C using a rotary evaporator (R114 Rotavapor equipped with a B480 water 

bath) (Flawil, Switzerland). The solution was then mixed with ethanol (~ 900 mL) to 

precipitate the amylopectin. The precipitate was collected by centrifugation at 3,000 × 

g for 15 min. The precipitate was washed with 100 mL ethanol twice and with 100 

mL acetone once before drying in an air-forced oven at 60 ◦C.  

The starch from outer pericarps had a higher amylose content than that from the 

core tissues (D. Li & Zhu, 2017). Amylopectin of the former was purified once more 

by repeating the isolation process. This purification process little changed the amylose 

content of the resulting amylopectins as measured by concanavalin A precipitation-

based method (D. Li & Zhu, 2017). Therefore, all the amylopectins purified once 

were considered pure.  

4.2.3. Production of φ, β-limit dextrins (φ, β-LDs) 

φ, β-LDs of amylopectin were produced based on previous reports with some 

modifications (Bertoft, 2004; G. Li & Zhu, 2017b). The amylopectin (25 mg) was 

dissolved in 3 mL 90% DMSO in a Pyrex test tube (30 × 195 mm). The tube was 
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sealed with aluminium foil before heating in a boiling water bath for 15 min with 

constant stirring to completely dissolve the amylopectin. The solution was diluted by 

adding 40 mL hot water, sodium phosphate buffer (3.6 mL, pH 6.8, 1.1 M) and Na-

EDTA (1.7 mL, 2.8 mM). After cooling to ~ 35 ◦C, rabbit muscle phosphorylase ɑ (1 

mg, ∼ 1.2 U/mg) was added before placing the solution in a water bath at 35 ◦C 

overnight with constant stirring. The glucose 1-phosphate was removed by using a 

tangential flow filtration (an Omega 10 K membrane in MinimateTM TFF Capsule 

System) (Pall Life Sciences, Ann Arbor, MI, USA) until no more carbohydrate was 

detected from the discarded solution, which was analyzed by the phenol-sulfuric acid 

based method (Dubois et al., 1956). The sample was boiled for 10 min to inactivate 

the enzyme. The phosphorolysis procedure above was repeated one more time to 

ensure the production of φ-LDs. A sodium acetate buffer (0.01 M, pH 6.0) (0.325 

volume) and β-amylase (10 µL, ∼2 U/mg starch) were subsequently added before 

placing at a 50 ◦C water bath overnight with constant stirring. The solution was then 

transferred to a Vivaspin 20 centrifugal concentrator (MWCO 10,000 Da, Sartorius 

Stedim Biotech, Göttingen, Germany) to remove the maltose. The centrifugation 

(3,000 × g) was continued until no more carbohydrate was detected in the filtrate. The 

sample was boiled for 10 min to inactivate the enzyme. The β-amylolysis procedure 

was repeated one more time to ensure the production of φ, β-LDs. The solution was 

then concentrated to ~ 10 mL. The solution was boiled in a water bath for 5 mins 

before cooling to room temperature. Sodium acetate buffer (pH 5.5), isoamylase (1 

µL), and pullulanase (1 µL) were added and the debranching reaction was at room 

temperature with constant stirring overnight. The solution was boiled for 5 min to 

inactivate the enzymes before filtering through a 0.22 µm syringe-driven filter for 

HPAEC-PAD analysis as described below.  
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4.2.4 Gel permeation chromatography  

The molecular size distribution of starch was analysed based on a previous report 

(Bertoft et al., 2008; Zhu, Bertoft, Källman, Myers, & Seetharaman, 2013) with some 

modifications. Starch (20 mg) was dissolved in 500 µL 90% DMSO in a boiling water 

bath for 15 min with constant stirring. The solution was continuously stirred overnight 

at room temperature before adding 4.5 mL hot water and loading onto a column (1 × 

40 cm) of Sepharose CL 2B (GE Healthcare, Uppsala, Sweden). The amount of 

carbohydrate injected onto the column ensures that the absorbance of the colour 

developed from each fraction is in the range for spectrophotometry analysis. The 

eluent was a sodium hydroxide solution (0.05 M) at 0.3 mL/min and the fractions (0.5 

mL each) were collected by a Gilson FC 204 fraction collector (Middleton, WI, 

USA). The carbohydrate content in each fraction with odd numbers was measured by 

the phenol-sulfuric acid based method (Dubois et al., 1956). The fractions of even 

numbers were neutralized with HCl solution (1.5 mL, 0.05 M) before adding 0.5 mL 

iodine solution (2% KI, 0.2% I2). The wavelength of maximum absorption (λ max) was 

measured by a spectrophotometer (SPECTRONICTM 200, Thermo Fisher Scientific, 

Auckland, New Zealand).  

The debranched starch was analyzed by gel permeation chromatography of 

Sepharose CL 6B (GE Healthcare, Uppsala, Sweden) based on previous reports 

(Bertoft et al., 2008; G. Li & Zhu, 2017b) with some modification. Starch (4 mg) was 

dissolved in 100 µL 90% DMSO by boiling for 15 min and stirring overnight. Hot 

water (800 µL) and 100 µL of sodium acetate buffer (pH 5.5, 0.01 M) were added to 

the starch solution. After cooling, isoamylase (1 µL) and pullulanase (1 µL) were 

added and stirred overnight. The enzymes were inactivated by adding 25 µL of 50% 

(w/w) NaOH solution. The sample was diluted (1 mL water) and filtered through a 
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0.22 µm syringe-driven filter before loading onto the column (1 cm × 90 cm). The 

eluent was 0.5 M sodium hydroxide at a flow rate of 0.3 mL/min. The eluted fractions 

(1 mL for each) were collected as described in the Section 2.4. The carbohydrate 

content of each fraction was analyzed by the phenol-sulfuric acid based method. 

4.2.5 High performance anion-exchange chromatography 

Amylopectin and φ, β-LDs were debranched as described in the section 2.5. The 

unit chain length distribution of debranched samples was analyzed by a Dionex ICS 

5000+ HPAEC-PAD (high-performance anion-exchange chromatography equipped 

with a pulsed amperometric detector) system (Sunnyvale, CA, USA). The procedure 

was described in previous studies (Bertoft, 2004b; G. Li & Zhu, 2017b).  

4.2.6 Data analysis  

Kiwifruit starch samples were extracted from forty fruits per each cultivar. All 

measurements were in triplicate. Analysis of variance (ANOVA) were conducted by 

using SPSS software (IBM Corporation, New York, USA). Data of maize and potato 

starch were not included in the statistical analysis. The calculations of various 

structural parameters of amylopectin followed three previous reports (Bertoft, 2004a; 

Bertoft et al., 2008; Zhu et al., 2011). 

4.3 Results and discussion 

4.3.1 Gel permeation chromatography 

Branched and larger starch molecules (amylopectin) eluted at the void volume of 

the gel of Sepharose CL 2B, whereas the linear and smaller molecules (amylose) 

penetrated through the gel (Figure 4.1A). As expected, the λ max values of all the 

amylopectin fractions (< 600 nm) were lower than those of amylose fractions (> 600 

nm). Among the 3 gold kiwifruit varieties, there appears to be little difference in λ max 

values of both amylose and amylopectin fractions. The λ max of all the kiwifruit 



 

81 

 

amylopectin fractions were similar (564−572 nm), which were somewhat lower than 

that of maize (588 nm) and potato (576 nm) amylopectins. Amylose fractions of outer 

pericarps had lower λ max values (604−608 nm) than those of the core tissues 

(610−618 nm), and the latter were similar to that of maize (618 nm) and potato (612 

nm) amylose. The difference suggests that the amylose of outer pericarp may have 

shorter unit chains than that of the core tissues.  

The ranges of apparent amylose contents of starches from outer pericarp and core 

tissues estimated from the gel of Sepharose CL 2B (AAM2B) were 24−27% and 

29−30%, respectively (Table 4.1). The molecular size distribution of debranched 

starch was analyzed by GPC on Sepharose CL 6B (Figure 4.1B, Table 4.1). Based on 

this method, the ranges of apparent amylose contents (AMM6B) of the starches from 

the outer pericarp and core tissues were 14.4−18.3% and 19.2−21.8%, respectively. In 

a previous study, the amylose contents of these starches were also quantified by 

iodine-binding spectrophotometry-based (AAM) and concanavalin A precipitation-

based methods (TAM) (D. Li & Zhu, 2017). AAM2B values were lower than AAM 

and higher than TAM, whereas AMM6B were similar to the TAM. The latter may be 

due to the lack of super long chains in kiwifruit amylopectin. It should be noted that 

the amylose contents of starch are rather sensitive to the quantification method used. 

For example, the division of amylose and amylopectin fractions for AMM2B tends to 

be superficial (Bertoft et al., 2008). AAM tends to be higher than the actual amylose 

content due to the interference of amylopectin-iodine interactions. The possible 

presence of super-long unit chains of amylopectin may also render the AMM6B higher 

than the actual value (Zhu et al., 2013). Amylose may have a small number of 

branches, which may allow them to interact with concanavalin A for precipitation 

while giving an overestimation of the amylose content (Vilaplana, Hasjim, & Gilbert, 
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2012). Therefore, the quantification method should be noted when comparing data 

from different reports. The starches from the same tissue of the 3 kiwifruit varieties 

had similar AAM2B and AMM6B (Table 4.1). The starches from the core had higher 

amylose contents than those of the outer pericarp. The core starch has a smaller 

granule size than the outer pericarp one by ~1.4 µm (D. Li & Zhu, 2017). LCAAM 

values of core starch were higher than those of the outer pericarps by ~ 3−5%. 

LCAAM/SCAAM of the starches from outer pericarps and cores were 0.6−0.7% and ~ 

0.9−1.1%, respectively, suggesting that amylose of the former may have more 

branches (Kalinga, Waduge, Liu, Yada, Bertoft & Seetharaman, 2013). These results 

confirm the previous suggestion that different starch biosynthesis scenarios exist in 

different tissues of kiwifruits (D. Li & Zhu, 2017).  

The amylose composition of kiwifruit starch tends to be different from that of 

potato and maize starch with some overlapping (Table 4.1). For example, AMM6B of 

kiwifruit starches were similar to that of potato starch (20%) and were lower than that 

of maize (25.6%) starch. LCAAM of kiwifruit starches were similar to maize (8.8%) 

and lower than potato (11.7%). LCAAM/SCAAM of kiwifruit starches were lower than 

that of potato starch and were higher than that of maize starch.  
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Figure 4.1 Gel permeation chromatography of whole starches (A) and debranched 

starches (B). LC: apparent long chain fractions in amylose; SC: apparent short chain 

fractions in amylose; Amylose: apparent amylose fractions 
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Table 4.1 Amylose composition of kiwifruit starches 

Starch AAM2B (%) AAM6B (%) LCAAM (%) SCAAM (%) LCAAM/SCAAM 

Gold3 Outer pericarp 23.9b 18.3b 7.0b 11.3a 0.62dc 

Gold3 Core 29.3ab 21.8a 10.4a 11.4a 0.92b 

Gold9 Outer pericarp 26.9bcd 15.6c 6.6b 9.0b 0.71c 

Gold9 Core 30.3a 21.9a 10.2a 11.7a 0.87b 

Hort16A Outer pericarp 26.2dc 14.4c 5.2c 9.2b 0.57d 

Hort16A Core 29.0abc 19.2b 10.0a 9.1b 1.10a 

Maize 26.7 25.6 8.8 16.8 0.53 

Potato 15.7 20.0 11.7 8.3 1.41 

 

Values in the same column with the different letters differ significantly (p < 0.05). 

Data of maize and potato starch were not included in the statistical analysis. AAM2B: 

apparent amylose content estimated by GPC on Sepharose CL 2B; AAM6B: apparent 

amylose content measured by GPC on Sepharose CL 6B; LCAAM: apparent long chain 

fraction of amylose; SCAAM: apparent short chain fraction of amylose; LCAAM/SCAAM: 

ratio between long and short chain fractions of amylose
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4.3.2 Unit chain length profile of amylopectin 

The unit chain length distribution patterns of all the kiwifruit amylopectins appear 

similar (Figure 4.2A). The average chain lengths of kiwifruit amylopectins (CLAP) 

ranged from 19.4 to 20.5 glucosyl residues (Table 4.3). There appears to be little 

difference in the chain length among the amylopectins from the 3 kiwifruit varieties. 

CLAP of core starches tends to be longer than that of outer pericarp starch. Average 

chain lengths of short unit chains (SCLAP) (14.6−14.9 glucosyl residues) and long unit 

chains (LCLAP) (53−56 glucosyl residues) were similar among the amylopectins from 

3 kiwifruit varieties. LCLAP and SCLAP of core starches tend to be higher than those of 

outer pericarp starches. The amylopectin unit chains can be categorized into 4 groups, 

namely fa with DP (degree of polymerization) of 6−12, fb1 with DP of 13−24; fb2 

with DP of 25−36; and fb3 with DP of > 36 (Hanashiro, Abe & Hizukuri, 1996). 

Variations in the chain length distribution (fa: 16.8−18.5%; fb1:35.3−37.3%; 

fb2:11.6−12.2%; and fb3:32.3−35.7%) were recorded among different kiwifruit 

amylopectins (Table 4.2). The results were not very different from the data of a 

previous report on amylopectin from a green kiwifruit variety (Hayward) (e.g., fa was 

20%) (Stevenson et al., 2006). The outer pericarp amylopectins had higher fa and fb1 

and lower fb2 and fb3 than the core amylopectins by 1−2%. The molar ratios of the 

short to long chains (SAP:LAP) varied to a small extent among different kiwifruit 

amylopectins (6.3−7.2) (Table 4.5). SAP:LAP of outer pericarp amylopectins were 

higher than that of the core amylopectins by 0.4−0.5. These results again suggest 

different starch biosynthesis scenarios in these two tissues of kiwifruits.  
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Figure 4.2 Chain length distributions of the amylopectins (A) and their φ, β-LDs (B). 

In Fig. 2A, short and long chains of amylopectins are divided at DP 34 as indicated by 

a vertical line. In Fig. 2B, B1 (BS): chains of DP 3–20; B2: chains of DP 21–54; B3: 

chains of DP > 55  
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Table 4.2 Weight-based chain length distributions of kiwifruit amylopectins 

Starch fa fb1 fb2 fb3 

Gold3 Outer pericarp 17.55b 36.73b 11.74c 33.90c 

Gold3 Core 16.82c 35.32d 12.19a 35.71a 

Gold9 Outer pericarp 17.88b 37.28a 11.56c 33.18d 

Gold9 Core 17.06c 35.83c 12.12ab 35.11ab 

Hort16A Outer pericarp 18.49a 37.30a 11.79bc 32.27e 

Hort16A Core 17.81b 35.31d 12.21a 34.74b 

Maize 16.35  45.50  16.26  21.90  

Potato 15.14  39.91  13.96  30.99  

 

Different letters within a column indicate significant differences (p < 0.05). The 

chains with different DP (degree of polymerization) were categorized into four 

different fractions: fa, DP 6−12; fb1, DP 13−24; fb2, DP 25−36; fb3, DP >36 

The unit chain profiles of kiwifruit amylopectins were compared with that of maize 

and potato amylopectins (Figure 4.2A, Table 4.2; Table 4.3). CLAP of kiwifruit 

amylopectins were longer than that of maize and were more similar to that of potato. 

Kiwifruit amylopectins had higher fa and fb3 and lower fb1 and fb2 than potato and 

maize amylopectins. SAP:LAP of kiwifruit amylopectins were lower than that of maize. 

Overall, the amylopectin chain profile of kiwifruit starch appear to be more similar to 
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that of potato and other starches with B-type polymorph. Indeed, kiwifruit starch has B-type polymorph (D. Li & Zhu, 2017). 

 

Table 4.3 Average lengths of different chain categories of kiwifruit amylopectins and their φ, β-LDs 

Starch CLAP SCLAP LCLAP CLLD BS-CL BL-CL BCL TICL* ECL* ICL* φ, β-LV(%)* 

Gold3 Outer pericarp 19.91c 14.81bc 54.09c 9.91b 8.92e 39.25c 19.19c 18.19c 11.47b 7.41b 50.23bc 

Gold3 Core 20.45a 14.90a 55.50a 10.49a 9.14d 41.43a 21.26a 20.26a 11.46b 7.99a 48.72c 

Gold9 Outer pericarp 19.66d 14.73c 53.44d 9.47c 9.01e 39.57c 18.98cd 17.98cd 11.69b 6.97c 51.84ab 

Gold9 Core 20.24b 14.84ab 54.99b 9.63bc 9.32c 40.02b 20.09b 19.09b 12.11a 7.13bc 52.42a 

Hort16A Outer pericarp 19.42e 14.63d 53.78cd 9.45c 9.50b 40.08b 18.59d 17.59d 11.47b 6.95c 51.34ab 

Hort16A Core 20.11b 14.72c 55.59a 10.00b 9.69a 41.42a 19.78b 18.78b 11.60b 7.50b 50.25bc 

Maize 18.96 15.93 49.67 7.64 9.25 38.07 12.99 11.99 12.82 5.14 59.71 
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Potato 20.05 15.37 54.64 9.45 9.40 38.89 18.22 17.22 12.16 6.95 53.02 

 

Different letters within a column indicate significant differences (p < 0.05). Data of maize and potato starch were not included in the statistical 

analysis. * The calculations followed the previous studies (Bertoft et al., 2008; Zhu et al., 2011). CLAP: average chain length of amylopectin; 

SCLAP: average chain length of short chains of amylopectin (DP 6–34); LCLAP: average chain length of long chains of amylopectin (DP > 34); 

CLLD: average chain length of φ, β-LDs; BS-CL: average chain length of short B-chains of φ, β-LDs (DP 3–20); BL-CL: average chain length of 

long B-chains (DP > 20) of φ, β-LDs; ECL: average external chain length of amylopectin (ECL = CLAP − CLLD + 1.5); ICL: average internal 

chain length of amylopectin (ICL = CLAP − ECL − 1); BCL: average chain length of B-chains in φ, β-LDs; TICL: average total internal chain 

length of amylopectin (TICL = BCL − 1); φ, β-LV: φ, β-limit value (φ, β -LV = 100 − 100×CLLD/CLAP) 
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Table 4.4 Molar composition of different chains of kiwifruit amylopectins and their φ, β-LDs  

Starch A Bfp BSmajor BS B2 B3 BL Afp Acrystal 

Gold3 Outer pericarp 53.98c 13.45a 17.07c 30.52b 12.50b 2.52d 15.50b 12.33d 41.65cd 

Gold3 Core 55.92b 11.41c 16.11d 27.51c 13.41a 3.19a 16.56a 12.16e 43.91ab 

Gold9 Outer pericarp 56.03b 13.22ab 17.27c 30.49b 11.12d 2.72bcd 13.85de 12.70c 43.33bc 

Gold9 Core 57.84a 11.53c 16.02d 27.46c 11.71c 3.02ab 14.61c 12.31ed 45.35a 

Hort16A Outer pericarp 54.33c 12.83b 19.60a 32.11a 10.65e 2.63cd 13.34e 13.36a 40.97d 

Hort16A Core 56.13b 11.55c 18.31b 29.82b 11.39cd 2.96abc 14.36cd 13.11b 43.02bc 

Maize 48.69  20.60  24.04  44.65 5.97  0.69 6.66  6.12  42.57 

Potato 54.07  12.80 19.36  32.16  11.55  2.22  13.76  11.69  42.33 
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Different letters within a column indicate significant differences (p < 0.05). Data of maize and potato starch were not included in the statistical 

analysis. Afp: “fingerprint” A-chains of amylopectin (DP 6–8); A: the amount of A-chains; Acrystal: A-chains which are considered to form the 

crystalline lamellae in amylopectin (Acrystal = A − Afp); BS (B1): short B-chains in φ, β-LDs (DP 3–20); Bfp: “fingerprint” B-chains of φ, β-LDs 

(DP 3–7); BSmajor: part of BS in φ, β-LDs (DP 8–20; BSmajor = BS − Bfp); B2: chains of DP 21–54 in φ, β-LDs; B3: chains of DP > 54 in φ, β-

LDs; BL: long B-chains, including B2 and B3 



 

92 

 

4.3.3 Unit chain length profile of φ, β-LDs 

In the form of φ, β-LDs, all the A-chains appear as maltose stubs and the rest of 

chains are B-chain (Bertoft, 2004). This study is the first report on the internal 

molecular structure of kiwifruit amylopectin. The molar amounts of A-chains of 

kiwifruit amylopectins ranged from 54 to 58% (Table 4.4). They are higher than that 

of other amylopectins from different botanical origins (Bertoft et al., 2008). The 

distribution pattern and molar amounts of fingerprint A-chains (Afp, DP 6−8) of all the 

kiwifruit samples were similar (Table 4.4). This confirms the conservative nature of 

Afp in amylopectins. Afp are too short to form double helices (Gidley & Bulpin, 1987). 

If assuming the Afp are truly A-chains and the rest of A-chains form the crystalline 

parts in the granules (Acrystal) (Bertoft, 2004), the molar amounts of Acrystal of all the 

kiwifruit samples were 41−45%. They are rather similar to that of potato and maize 

amylopectins. Therefore, it appears that the amounts of A-chain and Acrystal are not 

related to the polymorph type of starch. This confirms the previous observation on a 

range of different amylopectins (Bertoft et al., 2008). The kiwifruit core amylopectins 

had higher amounts of Acrystal than the outer pericarp ones by 2%, suggesting that 

more A-chains of the former involves in the formation of double helices in its 

granules.  

The internal unit chains of φ, β-LDs are divided into B1- (BS-), B2-, and B3-chains 

(BL=B2+B3) (Table 4.4, Figure 4.2B). BS-chains can be further divided into 

“fingerprint” B-chains (Bfp, DP 3−7) and the majority of BS-chains (Bmajor) (Bertoft et 

al., 2008). The molar amounts of BS of all the kiwifruit samples (27−32%) are close 

to that of potato amylopectin (32%) and are lower than that of maize sample (45%). 

The molar amounts of both Bfp and Bmajor of kiwifruit samples are similar to those of 

potato amylopectin and are lower than those of maize sample. The molar amounts of 
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BL of all the kiwifruit samples (13−17%) are similar to that of potato (14%) and are 

higher than that of maize sample (7%). Therefore, the internal unit chain profile of 

kiwifruit amylopectins is more similar to that of potato amylopectin. Bertoft et al. 

(2008) analyzed the internal unit chain composition of 17 different amylopectins and 

categorized them into 4 different structural groups. Group 1 amylopectins, including 

barley, rice and oat samples, have the highest amount of BS-chains and lowest amount 

of BL-chains (Figure A4.2). Group 4 amylopectins, including potato, yam (Dioscorea 

esculenta), and canna samples, have the lowest amount of BS-chains and lowest 

amount of BL-chains. Group 2 and group 3 amylopectins structurally fall in between 

group 1 and group 4 samples (Bertoft et al., 2008). The internal unit chain 

composition of kiwifruit amylopectins appears to be of group 4 amylopectins as 

defined by Bertoft et al. (2008). Differences in the B-chain profiles were noted 

between the core and outer pericarp samples. The molar amount of BS of the outer 

pericarp sample was higher than that of the core by 3%, whereas that of BL of the 

outer pericarp sample was lower than that of the core (Table 4.4). This difference 

again suggests the different starch biosynthesis events in different tissues of 

kiwifruits. The results on the internal structures of amylopectins from core and outer 

pericarp would be a foundation to further investigate the starch degradation in 

kiwifruit. Furthermore, recent studies revealed the importance of amylopectin internal 

structure in determining the physicochemical properties of starch such as rheology 

and enzyme susceptibility (Vamadevan & Bertoft, 2015; G. Li & Zhu, 2017c). The 

results of this study will be of importance to understand the functional properties of 

kiwifruit starch which can be a major component of some kiwifruit based products.  
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4.3.4 Length of different chains of φ, β-LDs 

Variations in chain lengths of different chain categories of φ, β-LDs from different 

kiwifruits were recorded (Table 4.3), though they are relatively small. The ranges of 

BCL (chain length of B-chains) and CLLD (chain length of unit chains of φ, β-LDs) of 

kiwifruits samples were 18.6−21.2 and 9.5−10.5 glucosyl residues, respectively. They 

are similar to those of potato amylopectin and are longer than that of maize sample. 

TICL (total internal chain length) (18−20 glucosyl residues), ICL (internal chain 

length) (7−8 glucosyl residues) and ECL (external chain length) (11−12) and φ, β-LV 

(limit value) (49−52%) varied to a small extent among different kiwifruit samples. 

TICL, ICL, and φ, β-LV of kiwifruit samples are longer than those of maize 

amylopectin and are somewhat similar to those of potato amylopectins. Therefore, the 

chain lengths of diverse chain categories of φ, β-LDs of kiwifruit amylopectins are 

much more similar to those of potato amylopectin rather than maize sample. This 

further confirms that the amylopectin internal structure is much related to the 

polymorph type of starch. The internal chain length values of kiwifruit amylopectins 

are similar to those of group 4 amylopectins as defined by Bertoft et al. (2008). The 

differences in the internal unit chain profiles also suggest the differences in the 

composition and structure of clusters and building blocks of amylopectin (Bertoft, 

2013).  

Differences in the lengths of amylopectin internal chain categories have been 

recorded between that of core and outer pericarp samples (Table 4.3). BCL, CLLD, 

TICL, and ICL of core samples are longer than that of outer pericarp ones by 0.5−1 

glucosyl residues, again suggesting different biosynthetic properties of the starches in 

these two tissues. It appears that the branches are more tightly arranged in the outer 

pericarp amylopectins than the core samples. Possible scenarios include that the starch 
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branching enzymes in the outer pericarp are more active than in the core samples, the 

starch synthases in the former are less active, different time lengths of starch 

biosynthesis in the respective tissues of developing kiwifruit, and so on (Macrae et al., 

1989b; Gérard, Planchot, Colonna, & Bertoft, 2000). The small differences in TICL 

and ICL of amylopectin may largely impact on the functional properties of starch 

(Bertoft at al., 2016). The differences in amylopectin structure and starch composition 

may explain that the core starch tends to have higher in vitro enzyme susceptibility to 

porcine pancreatic α-amylase than the outer pericarp starch as revealed in a previous 

study (D. Li & Zhu, 2017). How the differences in the structure of starches from these 

two tissues may be related to in situ starch degradation during kiwifruit ripening 

process remains to be studied. The in vivo degradation of starch in kiwifruit may be 

much more complicated as the hydrolytic enzymes may come into contact with the 

starch at different times and concentrations.  

4.3.5 Molar ratios of different amylopectin chain categories 

There are numerous suggestions on the functional roles of different amylopectin 

chain categories in building up the starch granules (Bertoft 2004; Bertoft et al. 2008). 

Molar ratios of certain chain categories may reflect the actual structure of amylopectin 

if the assumption is correct (Bertoft, 2013). It was assumed that the clusters are 

consisted of short unit chains of amylopectin, which are interconnected by the long 

unit chains (Hizukuri, 1986). SAP:LAP (6.3 to 7.2) would reflect the number of chains 

per cluster. However, this ratio is rather different from the actual structure of isolated 

clusters as systematically studied by Bertoft and co-workers (Bertoft, 2013). The 

double helices in the granules may be made from two A-chains, two B-chains, or one 

A- and one B-chains (Bertoft, 2013). If assuming the double helices in the granules 

are made from Acrystal and B-chains, the Acrystal:B would be 1, which is indeed the case 
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for kiwifruit amylopectins. The Acrystal: BS are higher than 1, and the double helices 

should not be only made from only these two types of chains.  

 Overall, the molar ratios (BS:BL, Acrystal:B, Bfp:BSmajor, and Acrystal:BS) of chain 

categories of kiwifruit amylopectins are much more similar to those of potato than 

maize amylopectin (Table 4.5). The A:B ratios of kiwifruit amylopectins tend to be 

higher than that of maize amylopectin, suggesting more Staudinger type of 

connections in the former. Compared with the data reported previously by Bertoft et 

al. (2008), these molar ratios of kiwifruit amylopectins are relatively similar to those 

potato, yam (D. esculenta), and canna samples. The comparative analysis in these 

ratios further confirms that the kiwifruit amylopectins belong to the group 4 

amylopectins as defined by Bertoft et al. (2008).  

The differences in the structure of core and outer pericarp amylopectins are further 

reflected by the molar ratios of different chain categories (Table 4.5). The core 

amylopectins tend to have higher A:B, A:BS, Acrystal:BS, Acrystal:B, and NC:B, and 

lower Afp:Acrystal, Bfp: BSmajor, and BS:BL than the outer pericarp samples. These 

differences again confirm the different biosynthetic properties in these two types of 

tissues as discussed in the above sections. It should be stressed that the structural 

features of amylopectin derived from these molar ratios are mostly based on 

assumptions.
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 Table 4.5 Selected molar-based ratios of different chain categories of kiwifruit amylopectins and their φ, β-LDs 

Starch A:B A:BS BS:BL SAP:LAP Acrystal:BS Acrystal:B Afp:Acrystal Bfp: BSmajor NC:B* 

Gold3 Outer pericarp 1.17c 1.77cd 1.97cd 6.69b 1.37bc 0.91c 0.30b 0.79a 2.16c 

Gold3 Core 1.28b 2.03a 1.66e 6.31c 1.60a 1.00ab 0.28c 0.71b 2.25b 

Gold9 Outer pericarp 1.27b 1.84bc 2.20b 6.84b 1.42b 0.99b 0.29b 0.77a 2.26b 

Gold9 Core 1.38a 2.11a 1.89d 6.43c 1.65a 1.07a 0.27c 0.72b 2.35a 

Hort16A Outer pericarp 1.19c 1.69d 2.39a 7.23a 1.28c 0.90c 0.33a 0.66c 2.20bc 

Hort16A Core 1.28b 1.88b 2.08c 6.69b 1.44b 0.98b 0.30b 0.62c 2.23bc 

Maize 0.95  1.09 6.70  10.14 0.96 0.83 0.14 0.86 1.95 

Potato 1.18  1.68 2.34  7.40 1.32 0.92 0.28 0.66 2.17 
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Different letters within a column indicate significant differences (p < 0.05). Data of maize and potato starch were not included in the statistical 

analysis. The abbreviations are according to Table A4.1. SAP:LAP: the molar ratios of the short chains to long chains in amylopectins, divided at 

DP 34. * The calculations followed the previous studies (Bertoft et al., 2008; Zhu et al., 2011). NC:B: average number of chains per B-chain in 

φ, β-LDs (NC:B = TICL/(ICL + 1))
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4.4 Conclusions 

Variations in the composition and molecular structure of the 3 kiwifruit starches 

have been recorded. The differences are relatively small, suggesting the composition 

and molecular structure may not be a key for the postharvest shelf life. Differences in 

the composition and structure of kiwifruit starches from the core and outer pericarp 

tissues were also found among 3 gold kiwifruit varieties. The amylose contents 

measured by gel permeation chromatography (Sepharose CL 6B) of debranched 

starch of the outer pericarp and core tissues ranged from 14.4−18.3% and 

19.2−21.8%, respectively, which were similar to those measured by concanavalin A 

precipitation-based method. This partially suggests the lack of super-long unit chains 

of kiwifruit amylopectin. The differences in LCAAM/SCAAM between the starches of 

core and outer pericarp suggest more branches in the amylose of the latter starch. The 

unit and internal chain profiles of kiwifruit amylopectins tend to be more similar to 

those of potato starches. Based on the internal unit chain composition, kiwifruit 

amylopectins tend to have less short unit chains and more long unit chains than 

amylopectins from most of other botanical sources. The core amylopectins tend to 

have more long unit chains of both amylopectins and their φ, β-LDs than those of the 

outer pericarp ones. The structural information obtained from this study will be of 

fundamental importance to understand the in situ starch degradation during kiwifruit 

ripening as well as to the development of kiwifruit based food products rich in starch.  
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Chapter 5 Starch structure in developing 

kiwifruit 
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5.1 Introduction  

Kiwifruit (Actinidia Lindl. spp.) originates from China and has been adapted to the 

other parts of the world for commercial production. Kiwifruit has a great genetic 

diversity (Ferguson, 1999). The common commercial varieties include green (e.g., 

Hayward) and gold (e.g., Gold3) kiwifruit (Le Lievre, 2017). The world production of 

kiwifruit has kept increasing during the last two decades and has reached ~4.3 million 

tonnes in 2016. The top producers are China, Italy, New Zealand, Chile, Iran, Greece 

and France (FAOSTAT, 2018). 

Starch is the major component of kiwifruit at the commercial harvesting (CH) time. 

It starts to accumulate in the fruit at ~ 50 days after the anthesis (DAA) and reaches a 

maximum content (~ 40% of the dry matter) at about one month before the CH (Le 

Lievre, 2017; Richardson, McAneney, & Dawson, 1997). During post-harvest storage, 

the starch is hydrolysed to simple sugars to develop the sweet taste (Beever & 

Hopkirk, 1999). Starch may play roles in the expansion and ripening of kiwifruit. It 

may be expected that the significant variation in the starch content affects molecular 

structure of the starch, which has not been explored so far. Previous studies showed 

that the starches from green and gold cultivars collected at around CH exhibited 

different properties and structure, suggesting the different starch biosynthetic 

properties (Fuke & Matsuoka, 1984; Stevenson, Johnson, Jane, & Inglett, 2006; 

Sugimoto, Yamamoto, Abe, & Fuwa, 1988; D. Li & Zhu, 2017; D. Li & Zhu, 2018a). 

Investigating the natural dynamics of the starch structure in expanding kiwifruit may 

provide a fundamental basis to further develop the fruit as a sustainable crop. The 

results may also provide new insights on the basic understanding of starch 

biochemistry.   
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Starch is consisted of two types of glucan polymers, called amylose and 

amylopectin. Amylose is linear where the glucosyl units are connected with α-(1−4)-

linkages. Backbones of amylopectin are linear by α-(1−4)-linkages, and the glucan 

chains are highly branched through α-(1−6)-bonds. The glucan polymers are 

deposited in a granular form with alternating semi-crystalline and amorphous rings. 

The semi-crystalline rings are consisted of alternating amorphous and crystalline 

lamellae. The amorphous lamella is made up of internal unit chains of amylopectin. 

The external chains of amylopectin tend to form left-handed double helices, 

contributing to the formation of crystalline lamellae (Pérez & Bertoft, 2010; Bertoft, 

2013). There has been increasing interest in studying the internal structure of 

amylopectin as it has been related to various functional properties as well as 

biosynthetic process of starch (Vamadevan & Bertoft, 2015). The internal structure 

can be partially deduced by analyzing the unit chain length profile of β-limit dextrins 

(β-LDs) or φ, β-limit dextrins (φ, β-LDs) of amylopectin (Bertoft, 2004). Bertoft et al. 

studied the internal unit chain composition of 17 different amylopectins and 

categorized them into 4 groups (Bertoft, Piyachomkwan, Chatakanonda, & Sriroth, 

2008). Kiwifruit amylopectin belongs to group 4, which has the lowest amount of 

short chains and highest amount of long chains among various amylopectins (D. Li & 

Zhu, 2018a). A range of enzymes such as starch synthases and starch branching 

enzymes are involved in starch biosynthesis in plants (Zeeman, Kossmann, & Smith, 

2010). It would be interested to study the changes of starch internal structure in 

developing kiwifruit, which may lead to a better fundamental understanding of the 

biosynthetic process of starch.  
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It is believed that starch granules are synthesized by apposition (Badenhuizen & 

Dutton, 1956). As the semi-crystalline rings are deposited successively from the 

central region of a starch granule outwards, the starch granules gradually enlarge. 

Previous studies revealed the enlargement of starch granules during various crops 

growing (Christensen & Madsen, 1996; Bechtel, Zayas, Kaleikau, & Pomeranz, 1990; 

Li, Blanco, & Jane, 2007; Sugimoto et al., 1988). It can be expected that the small 

starch granules from the early developing stage of crop represent the inner part of the 

starch granules from the matured crop. Studying on the evolution of molecular 

structure in relation to the granular structure of the starch in developing crops may 

help understand the architecture and biosynthetic process of starch.  

Previous studies reported the starch structure and composition in developing crops 

such as cereals (Table A5.1). To the best of our knowledge, the starch molecular 

structure from structural group 4 and of B-type polymorph (e.g., kiwifruit starch) in 

growing starch crops has not been studied. This kind of starches are widely used in 

food and non-food products (e.g. potato and yam starches), and the structure of those 

starches has been extensively studied without the consideration of starch structure 

affected by developing stage of the crop. This present a considerable knowledge gap. 

This study aimed to investigate the structural evolution of starches in Hayward and 

Gold3 kiwifruit as they grew towards the maturity for CH (Figure A5.1 and5.2). 

Previous studies showed that the physicochemical properties and structure of the 

starches from outer pericarp and core tissues of gold kiwifruit are somewhat different 

(D. Li & Zhu, 2017; D. Li & Zhu, 2018a). However, it was unfeasible to extract 

enough starch from the core tissue of a kiwifruit at early growing stage due to the 

insignificant quantity. Therefore, only the starch from outer pericarp of kiwifruit is 
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studied in this report. This study presented the dynamics of the external and internal 

structures of amylopectin alongside with the starch content, the size of starch granule, 

the polymorph type and amylose content of kiwifruit starch during 8 fruit growing 

stages. Many nomenclatures are used in the report and they are summarized in Table 

A5.2 to increase the readability of this report. 

5.2 Material and methods 

5.2.1 Kiwifruit samples and enzymes 

Hayward and Gold3 varieties were blindly collected fortnightly from an orchard in 

Pukekohe, Auckland, New Zealand from early November of 2015 to late April of 

2016. The first to final collection days for Hayward and Gold3 were 31 to 142 DAA 

and 40 to 151 DAA respectively. The final day for Hayward was the day of CH, 

whereas the final day for Gold3 was 6 days prior to CH. The collected kiwifruit 

samples were transported to the laboratory at the University of Auckland (city 

campus) within 30 min before freezing at −20 oC until starch extraction.  

Pseudomonas sp. isoamylase (EC 3.2.1.68, specific activity ∼ 280 U/mg), 

Klebsiella planticola pullulanase (EC 3.2.1.41, specific activity ∼ 30 U/mg) and 

barley β-amylase (EC 3.2.1.2, specific activity ∼ 600 U/mg) were from Megazyme 

International (Wicklow, Ireland). The given enzyme activities are according to the 

suppliers. 

5.2.2 Starch content in kiwifruit 

The kiwifruit was peeled, sliced, freeze-dried, and ground to powder. The total 

starch content in the powder was analyzed by a total starch assay kit (Megazyme, 

Wicklow, Ireland).  
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5.2.3 Starch extraction  

The kiwifruit was peeled and the outer pericarp was manually obtained before 

homogenizing in a blender. The fruit pulp was filtrated through three layers of 

cheesecloth and a 50 µm nylon mesh before adding ethanol for precipitation and 

centrifugation at 10,000 × g (15 min, 4 oC). The resulting starch cake was washed 

three times and passed through nylon mesh before drying in an air-forced oven at 45 

oC for 24 h. 

5.2.4 Starch granule morphology and size distribution  

The starch granules were observed by scanning electronmicroscopy (SEM) (Philips 

XL30 S-Field Emission Gun, Amsterdam, Netherlands). The size distribution of the 

granules was analyzed by using a Mastersizer 2000 particle size analyzer (Malvern 

Instruments Ltd., Worcestershire, UK). The methodological details were detailed in a 

previous study (D. Li & Zhu, 2017). 

5.2.5 Wide angle X-Ray diffraction (WAXS) 

The polymorph type of starch was investigated by a wide-angle X-ray 

diffractometer (PANalytical, Almelo, Netherlands) (D. Li & Zhu, 2017). 

5.2.6. Amylose content (AC) 

AC of starch was measured by an amylose/amylopectin assay kit (Megazyme, 

Wicklow, Ireland). 

5.2.7 Isolation of amylopectin 

The method of amylopectin fractionation was based on 1-butanol and isoamyl 

alcohol precipitation and has been described previously (D. Li & Zhu, 2018a). The 
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isolation process was repeated once more to ensure the purity of the resulting 

amylopectin. 

5.2.8 Production of β-LDs 

Amylopectin (40 mg) was dissolved in 3 mL 90% DMSO by boiling. Subsequently, 

hot water (24 mL) and sodium acetate buffer (9 mL, 0.01 M, pH 6.0) were added. β-

Amylase (30 µL, 2 U/mg starch) was then added and the hydrolysis was conducted at 

50 oC for 6 h. The generated maltose was removed by a tangential flow filtration unit 

(an Omega 10 K membrane in MinimateTM TFF Capsule System, Pall Life Sciences, 

Ann Arbor, MI, USA). The β-amylolysis process was repeated 3 more times to obtain 

the β-LDs. The solution was then centrifuged by using Vivaspin 20 centrifugal 

concentrator (MWCO 10,000 Da, Sartorius Stedim Biotech, Göttingen, Germany) to 

concentrate the β-LDs. The concentrated β-LDs were debranched by isoamylase and 

pullulanase and analysed by anion-exchange chromatography as described below.  

5.2.9 High performance anion-exchange chromatography 

The method for debranching amylopectin and β-LDs by isoamylase and pullulanase 

was described previously (G. Li & Zhu, 2017b). The unit chain length distribution of 

debranched amylopectin and β-LDs was analysed by a Dionex ICS 5000+ HPAEC-

PAD system (Sunnyvale, CA, USA) (G. Li & Zhu, 2017b). The calculation of various 

structural parameters of amylopectin followed the previous reports (D. Li & Zhu, 

2018a; Bertoft, 2004). 

5.2.10 Statistical analysis  

All the measurements were in triplicate. Analysis of variance (ANOVA) (Duncan’s 

test) was conducted by SPSS software (IBM Corporation, New York, USA).  
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5.3 Results and discussion 

5.3.1 Developing kiwifruit and starch content 

The weight of a kiwifruit increased significantly through the developing stages 

(Figure A5.3). The average weight of a Hayward kiwifruit increased from 29 to 114 g 

during 111 days, whereas that of a Gold3 kiwifruit increased from 40 to 157 g within 

the same period of time. The kiwifruit grew rapidly at the early age and the growth 

rate gradually slowed down and levelled off towards the CH. 

Little starch was produced in kiwifruit (< 3%, dry weight basis, DWB) for the first 

40 days of the growth (Table 5.1). It was synthesized rapidly since ~50 DAA. The 

starch content in Hayward reached the maximum (~45%, DWB) on CH. The maximal 

starch content in Gold3 (~58%, DWB) occurred at ~20 days prior to CH, and then 

decreased by ~7% (DWB). The results generally agreed with that of previous reports 

on kiwifruit (Le Lievre, 2017; Richardson et al., 1997). Since there was little starch in 

the fruit at the early growing stage, only the samples of Hayward and Gold3 from45 

DAA and 53 DAA to CH were collected for further analysis. 
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Table 5.1 Starch contents and starch granule sizes of kiwifruit at different growing stages 
 

Hayward  Gold3 

DAA (day) SC (%) D [4, 3] (μm) D [3, 2] (μm) d (0.5) (μm)  DAA(day) SC (%) D [4, 3] (μm) D [3, 2] (μm) d (0.5) (μm) 

31 1.76h     40 2.95h    

45 6.16g 4.44g 3.65g 2.38g  53 10.58g 4.59h 3.97h 2.79h 

59 18.43f 5.84f 4.95f 3.24f  67 23.78f 5.87g 5.00g 3.35g 

73 22.53e 7.01e 6.29e 4.72e  81 40.70e 7.51f 6.81f 5.30f 

87 33.36d 7.70d 6.96d 5.35d  95 47.51d 8.04e 7.30e 5.67e 

101 38.82c 8.82c 7.97c 6.11c  109 53.53b 8.63d 7.82d 6.04d 

115 43.26b 9.66b 8.78b 6.82b  123 57.17a 9.32c 8.43c 6.48c 

129 45.87a 9.66b 8.78b 6.83b  137 58.45a 9.66b 8.77b 6.82b 

142 45.46a 9.83a 8.92a 6.92a  151 51.37c 10.16a 9.25a 7.21a 

 

Values with the different letters differ significantly in each column (p < 0.05). The abbreviations are according to Table A5.2; D [4, 3]: mass 

moment mean diameter; D [3, 2]: surface area moment mean diameter; d (0.5): volume median diameter
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5.3.2 Starch morphology and polymorph type 

The shape of starch granules tended to be spheroidal at 53 DAA before showing 

some flattened surfaces and deformation from 81 to 151 DAA. This is possibly due to 

the physical contact of adjacent starch granules inside the cell (Figure A5.4) 

(Stevenson et al., 2006; Sugimoto et al., 1988; D. Li & Zhu, 2017). The kiwifruit 

starch granules were intact with smooth surface. The granules showed a unimodal size 

distribution and the granule size enlarged through the growing stages (Figure 5.1). 

Stevenson et al. (2006) found a bimodal size distribution of starch granules from 

Hayward (4–5 and 7–9 μm). This may be due to the incorporation of starches from 

both the core and outer pericarp tissues (D. Li & Zhu, 2017). The granules enlarged 

significantly during the kiwifruit growth (Table 5.1). For example, D [4, 3] (mass 

moment mean diameter) of the starches from both Hayward and Gold3 increased from 

~ 4 to 10 μm. Such an increase in starch granule size largely agreed with the results of 

an earlier study from Japan on kiwifruit development (Sugimoto et al., 1988). The 

increase in granule size was more rapid during the early growing stages (45–73 DAA 

for Hayward and 53–81 DAA for Gold3) than at the later stages. The distribution 

patterns in the early growing stages were somewhat different (59 DAA for Hayward 

and 67 DAA for Gold3), which might be due to the rapid size enlargement. Difference 

in the pattern of increasing size was also observed between the starches from 

developing Hayward and Gold3. The starch granules of Gold3 gradually enlarged 

over time after the initial rapid expanding, whereas the enlargement of Hayward 

starch granules nearly ceased from ~ 30 day prior to CH (Table 5.1; Figure 5.1). The 

difference suggests different biosynthetic properties of the starches in the two 

different kiwifruit varieties. The kiwifruit starches from different developing stages 

exhibited B-type polymorph (Figure A5.5). This agreed with the results of previous 
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studies (Fuke & Matsuoka, 1984; Stevenson et al., 2006; Sugimoto et al., 1988; D. Li 

& Zhu, 2017). 

 

Figure 5.1 Particle size distribution of kiwifruit starches at different growing stages. 
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5.3.3 Amylose content (AC)  

AC of the starches from Hayward were lower than those of Gold3 starches (Table 

5.2), suggesting the differences in the activities/levels of biosynthetic enzymes 

[especially GBSS (granule-bound starch synthase)] during biosynthesis. AC of the 

starch in kiwifruit generally levelled off through the fruit growth, which was similar 

to that of AC in developing potato tubers (Christensen & Madsen, 1996). AC of the 

Gold3 starches increased significantly around one month before CH (from 16.4 to 

19.5%). This increase appeared to be small when comparing to the increment in AC 

(14%) of the starches from developing maize and wheat kernels (Li et al., 2007; 

Waduge, Kalinga, Bertoft & Seetharaman, 2014). The changes in AC of starch in 

developing crops appeared to be dependent on the type of plants. More crop systems 

and the enzyme expressions related to starch biosynthesis in developing crops need to 

be studied to draw a final conclusion. 
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Table 5.2 Amylose contents of starches and weight-based chain length distributions of kiwifruit amylopectins at different growing stages of 

Hayward and Gold3 

Hayward  Gold3 

DAA (day)  AC (%)  fa (%) fb1 (%) fb2 (%) fb3 (%)  DAA (day)  AC (%)  fa (%) fb1 (%) fb2 (%) fb3 (%) 

45 10.0c 16.86de 38.52a 12.91bc 31.18c  53 15.4c 14.72e 34.85a 13.74a 36.05a 

59 12.3a 16.77e 38.42a 12.84bc 32.06b  67 15.8c 14.66e 34.37b 13.56ab 37.01a 

73 12.3a 16.85de 37.83b 12.85bc 32.36a  81 16.4c 14.78de 34.22bc 13.34b 37.30a 

87 11.7ab 17.09cd 37.56bc 12.83bc 31.98b  95 16.5cb 15.26cde 34.04bc 13.46ab 37.38a 

101 10.0c 17.34bc 37.63b 12.85bc 31.47c  109 16.7cb 15.38bcd 33.83cd 13.53ab 37.04a 

115 11.2b 17.55b 37.55bc 12.74c 31.41c  123 16.4c 15.53abc 33.54d 13.58ab 37.19a 

129 11.4b 17.52b 37.07c 13.26a 31.34c  137 17.7b 15.95ab 33.56d 13.61ab 36.79a 

142 12.3a 17.81a 38.02ab 13.16ab 30.59d  151 19.5a 16.07a 33.86cd 13.59ab 36.31a 

 

Values with the different letters differ significantly in each column (p < 0.05). Unit chains with different DP (degree of polymerization) are 

categorized into four different groups: fa, fb1, fb2, and fb3; the abbreviations are according to Table A5.2.
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5.3.4 Unit chain length profile of amylopectin 

Unit chains of amylopectin can be categorized into 4 groups (fa with degree of 

polymerization (DP) of 6–12, fb1 with DP of 13–24, fb2 with DP of 25–36; and fb3 

with DP of >36) (Hanashiro & Hizukuri, 1996).  The composition of these fractions 

of kiwifruit amylopectins changed little during the fruit growth and the values from 

this study well agreed with the results of a previous study (Table 5.2) (D. Li & Zhu, 

2018a). The unit chains of amylopectin can also be divided into short (SAP) (DP of 6–

34) and long (LAP) (DP of > 34) chains (Figure A5.6). Average chain lengths of short 

(SCLAP) and long (LCLAP) unit chains in Hayward and Gold3 amylopectins were 

similar, ~ 15 and ~ 54 glucosyl residues for SCLAP and LCLAP respectively (Table 

5.3). The average chain length (CLAP) of Hayward amylopectins was ~ 20 glucosyl 

residues, which was ~ 1 glucosyl residue shorter than that of Gold3 amylopectins. 

CLAP of Hayward amylopectins was different from the result of Stevenson et al. who 

reported it to be 28.6 glucosyl residues. Such a large difference could largely be due to 

the quantification method. The molar ratios of short-to-long chains (SAP:LAP) of 

Hayward amylopectins were ~ 7–8, which were higher than those of Gold3 (Table 

5.4), suggesting more branched structure of the Hayward amylopectins. The 

differences in the amylopectin structure between Hayward and Gold3 starches suggest 

the differences in biosynthetic properties (e.g., enzyme levels and activities).  

Overall, the chain length distributions of the amylopectins from the starches barely 

changed during the kiwifruit expansion (Table 5.2; Figure A5.6), though the starch 

content and the granule size had kept increasing. Therefore, the amylopectin 

molecules deposited from the center towards periphery of the granules tend to be 

similar in structure. This suggests that the activities of the enzymes involved in 
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amylopectin biosynthesis (e.g., branching enzymes and starch synthases) remain 

rather similar during the kiwifruit developing. The branching pattern of amylopectin 

can be better defined by examining the internal unit chain composition as described in 

the next section.  

5.3.5 Internal unit chain composition of amylopectin 

The molar amount of A-chains in amylopectin can be calculated based on the 

assumption that the amount of maltotriose derived from A-chain equals that of 

maltose from β-LDs (Bertoft, 2004; Zhu, Mojel, & Li, 2017).  The molar percentages 

of A-chains from all of the β-LDs of kiwifruit amylopectins were rather similar (~ 

55−56%) (Table 5.5), which agreed well with the results of a previous study on 

kiwifruit amylopectin (D. Li & Zhu, 2018a). A-chains in amylopectin can be further 

divided into two groups (G. Li & Zhu, 2017b). They are fingerprint A-chains (Afp) 

with DP of 6−8 and Acrystal (crystallized A-chains). Acrystal but not Afp may contribute 

to the formation of crystalline lamellae in a starch granules (Bertoft et al., 2008). The 

amounts of Afp and Acrystal of both Gold3 and Hayward amylopectins were similar 

(11−13% and 42−45%, respectively). The amounts of both Afp and Acrystal of the 

amylopectins remained rather similar during the kiwifruit expansion (Table 5.5). 

 B-chains of β-LDs of amylopectin can be divided into B1- (DP of 3–23), B2- (DP 

of 24–51) and B3- (DP of >51) chains based on their possible structural roles (Bertoft 

et al., 2008). B2- and B3-chains mostly participate in the formation of amylopectin 

backbone in amorphous lamellae of the granules. B1-chains contribute to the 

formation of clusters, which are arranged along the backbone (Bertoft, 2013). B1-

chains is further divided into fingerprint of B-chains (Bfp, DP of 3–7) and majority of 

B1-chains (BSmajor, DP of 8–23). The former may be clustered with A-chains, while 
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the latter mostly act as the branches to the backbone and involves in the 

interconnection of building blocks (Pérez & Bertoft, 2010; Bertoft, 2013). Overall, β-

LDs of Hayward amylopectin had higher amounts of shorter chains, while those of 

Gold3 amylopectin had higher amounts of longer chains (Table 5.5). For example, 

Bfp-chains of Hayward amylopectin was 12%, which is 1% higher than that of Gold3 

amylopectin. This suggests that Hayward amylopectin is more branched than Gold3 

amylopectin. The unit chain length distribution of B-chains in both Hayward and 

Gold3 β-LDs remained similar during the fruit expansion (Figure A5.7).  

The diverse chain lengths of β-LDs tended to be different between Hayward and 

Gold3 amylopectins (Table 5.3). For example, B-chain length of β-LDs (BCL) of 

Gold3 amylopectin (~ 20 glucosyl residues) was longer than BCL of Hayward 

amylopectin by ~ 1– 2 residues.  Internal chain length (ICL) and external chain 

length (ECL) of Gold3 amylopectin (~ 7 and 12 glucosyl residues, respectively) were 

longer than those of Hayward amylopectin by ~ 1 glucosyl residue. The shorter ICL 

of Hayward amylopectin suggests that it was more tightly branched than Gold3 

amylopectin. Overall, the changes in the diverse chain lengths of amylopectins from 

both Hayward and Gold3 were rather small during the fruit expansion (Table 5.3). 

This suggests the lamellar structure in the expanding starch granules of developing 

kiwifruit remains similar. 

 The molar ratios of certain chains may reflect the chain organization in 

amylopectin (Table 5.4) (Bertoft, 2013). For example, if only Acrystal and B-chain are 

involved in the formation of double helices in starch, the ratio of Acrystal:B should be 1. 

Indeed, the ratios of Gold3 and Hayward amylopectins were around ~ 1. BS:BL may 

be related to the concentration of building blocks in the amylopectin, while Bfp:BSmajor 

is considered to be related to the size of building blocks (Zhu et al., 2017). Based on 



 

116 

 

these assumptions, the building block density in the clusters of Hayward amylopectin 

(BS:BL, 2.4–2.6) might be higher than that of Gold3 (BS:BL, 2.1–2.2). The size of 

building blocks in Hayward amylopectins (Bfp:BSmajor, 0.63–0.69) might be larger 

than that of Gold3 amylopectin (Bfp:BSmajor, 0.59–0.63). The A:B ratios of kiwifruit 

amylopectins tended to be higher than that of amylopectins from other botanical 

sources (Bertoft et al., 2008), suggesting more Staudinger (a type of chain 

connectivity) conformation in kiwifruit amylopectins (Bertoft, 2013). Overall, the 

ratios of different chain categories remained similar during kiwifruit growth, 

reflecting little change in the amylopectin structure.  

Molecular structure of kiwifruit starch may affect the post-harvest storage of the 

fruits. Indeed, Hayward has a stronger storage capacity as compared to Gold3, which 

may due to the slower hydrolysis of starch in Hayward during post-harvest ripening. 

The amylopectin of starch from Hayward tends to have a higher amount of short unit 

chains and more tightly branched structure than that of Gold3 amylopectin as revealed 

in the report. This may lead to a less susceptibility of starch to the enzyme attack in 

Hayward during its ripening. This hypothesis remains to be studied in detail.
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Table 5.3 Average lengths of different chain categories of amylopectin and their β-LDs at different growing stages of Hayward and Gold3 

Sample/DAA (day) CLAP SCLAP LCLAP CLLD BS-CL BL-CL BCL ECL ICL 

Hayward 45 19.7a 15.5a 54.2a 9.6ab 10.0ab 41.3a 19.1a 12.1a 6.6ab 

Hayward 59 19.8a 15.3b 53.8bc 9.7a 10.1a 41.6a 19.4a 12.1a 6.7a 

Hayward 73 20.0a 15.3b 54.5a 9.7ab 10.1ab 41.4a 19.5a 12.3a 6.7ab 

Hayward 87 19.8a 15.3bc 54.3a 9.6ab 9.9b 41.3a 19.4a 12.2a 6.6abc 

Hayward 101 19.7a 15.2cd 54.1abc 9.5ab 10.0ab 41.4a 19.1a 12.2a 6.5bc 

Hayward 115 19.7a 15.2d 54.1ab 9.6ab 10.0ab 41.1a 18.8a 12.0a 6.6ab 

Hayward 129 19.7a 15.2cd 54.3a 9.4b 10.1ab 40.8a 18.8a 12.3a 6.4c 

Hayward 142 19.7a 15.2d 53.7c 9.6ab 10.2a 40.9a 19.3a 12.1a 6.6abc 

Gold3 53 21.0a 15.3a 53.8a 10.2b 10.2b 41.7ab 20.3c 12.8ab 7.2bc 

Gold3 67 21.1a 15.2b 54.0a 10.5a 10.3ab 42.0a 20.7ab 12.6b 7.5a 

Gold3 81 21.1a 15.2bc 54.2a 10.3ab 10.3ab 41.8ab 20.5b 12.8ab 7.3ab 

Gold3 95 21.0a 15.1cd 54.1a 10.1b 10.4ab 42.0a 20.8a 12.9a 7.1c 
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Gold3 109 21.0a 15.2cd 53.8a 10.2b 10.4ab 41.2b 20.5b 12.8a 7.2bc 

Gold3 123 21.0a 15.1de 53.9a 10.2b 10.4a 41.7ab 20.6ab 12.8ab 7.2bc 

Gold3 137 21.0a 15.1e 54.0a 10.2b 10.3ab 41.6ab 20.2c 12.8ab 7.2bc 

Gold3 151 20.9a 15.1e 53.9a 10.1b 10.4a 41.4ab 20.1c 12.8ab 7.1c 

 

Values with the different letters differ significantly in each column of the same variety, respectively (p < 0.05). Unit for chain length is glucosyl 

residue; the abbreviations are according to Table A5.2.  
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Table 5.4. Selected molar-based ratios of different chain categories of amylopectin and their β-LDs at different growing stages of Hayward and 

Gold3. 

Sample/DAA (day) SAP:LAP A:B Afp:Acrystal A:BS Acrystal:B Acrystal:BS BS:BL Bfp:BSmajor 

Hayward 45 7.24d 1.30b 0.27c 1.83a 1.02a 1.43a 2.47bc 0.66cd 

Hayward 59 7.40cd 1.24d 0.27c 1.75c 0.98c 1.37bc 2.48abc 0.68b 

Hayward 73 7.44cd 1.30ab 0.27c 1.82ab 1.02a 1.43a 2.41c 0.65de 

Hayward 87 7.56bc 1.28c 0.28bc 1.80ab 1.00b 1.37bc 2.56ab 0.69a 

Hayward 101 7.72b 1.28c 0.28ab 1.78bc 0.99bc 1.39abc 2.53ab 0.67bc 

Hayward 115 7.78ab 1.28c 0.29a 1.82ab 0.99bc 1.35c 2.52ab 0.67bcd 

Hayward 129 7.79ab 1.31a 0.29ab 1.82ab 1.02a 1.41ab 2.58a 0.64e 

Hayward 142 8.03a 1.27c 0.29a 1.78ab 0.98c 1.36bc 2.50abc 0.63f 

Gold3 53 5.74ab 1.27c 0.29d 1.85b 0.98c 1.43de 2.20ab 0.62a 

Gold3 67 5.58ab 1.25d 0.30cd 1.87b 0.97d 1.44cde 2.07e 0.61a 

Gold3 81 5.60ab 1.27c 0.29d 1.88b 0.98c 1.46bcd 2.10de 0.60a 

Gold3 95 5.57b 1.30b 0.29d 1.94a 1.01ab 1.50a 2.11de 0.59a 
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Gold3 109 5.61ab 1.31a 0.30c 1.92a 1.01a 1.48ab 2.15cd 0.60a 

Gold3 123 5.55b 1.31a 0.31b 1.92a 1.00b 1.46bc 2.18bc 0.60a 

Gold3 137 5.75ab 1.24e 0.32a 1.82c 0.94e 1.37f 2.24a 0.63a 

Gold3 151 5.86a 1.27c 0.32a 1.88b 0.97d 1.43e 2.24a 0.59a 

 

Values with the different letters differ significantly in each column of the same variety (p < 0.05). The abbreviations are according to Table 

A5.2.  
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Table 5.5 Molar percentages of different chains of amylopectin and their β-LDs at different growing stages of Hayward and Gold3 

Sample/DAA (day) A Afp Acrystal Bfp BSmajor B1(BS) B2 B3 BL 

Hayward 45 56.5a 12.1e 44.4ab 12.3bc 18.7b 31.7a 10.1ab 2.4ab 12.6ab 

Hayward 59 55.4a 11.9g 43.5ab 12.8a 18.9ab 31.7a 10.3ab 2.5a 12.8a 

Hayward 73 56.5a 12.0f 44.5a 12.2c 18.6b 31.1a 10.4ab 2.5a 12.9a 

Hayward 87 56.2a 12.3d 43.9ab 12.8a 18.8ab 31.7a 10.1ab 2.5ab 12.5ab 

Hayward 101 56.1a 12.4c 43.6ab 12.6a 18.8ab 31.5a 10.1ab 2.4ab 12.5ab 

Hayward 115 56.3a 12.6b 43.2b 12.5ab 18.8ab 31.7a 10.2ab 2.4ab 12.7a 

Hayward 129 56.7a 12.8a 44.0ab 12.1c 18.8ab 31.0a 9.9b 2.3b 12.1b 

Hayward 142 55.9a 12.7a 43.2ab 12.2c 19.4a 31.5a 10.4a 2.4ab 12.7a 

Gold3 53 55.4a 12.6c 43.3a 11.6a 18.6a 30.2ab 10.8abc 2.9bc 13.8bc 

Gold3 67 55.6a 12.7c 42.9ab 11.2a 18.5a 29.7bcd 11.3a 3.1a 14.4a 

Gold3 81 55.9a 12.6c 43.4a 11.2a 18.6a 29.7bcd 11.2ab 3.0ab 14.2ab 

Gold3 95 56.5a 12.6c 43.8a 10.9a 18.3a 29.2d 11.0abc 3.0ab 13.8bc 

Gold3 109 56.8a 13.1b 43.7a 11.2a 18.5a 29.6cd 10.6c 2.9bc 13.8bc 
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Gold3 123 56.7a 13.4ab 43.3a 11.1a 18.5a 29.6cd 10.7bc 2.9bcd 13.6c 

Gold3 137 55.4a 13.5a 41.8b 11.7a 18.7a 30.5a 10.5c 2.8cd 13.6c 

Gold3 151 56.0a 13.5a 42.5b 11.1a 18.7a 29.8bc 10.6c 2.7d 13.3c 

 

Values with the different letters differ significantly in each column of the same variety (p < 0.05). The abbreviations are according to Table 

A5.2.
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5.3.6 General discussion on starch structure in developing crops  

 Molecular structure of starches with A, C, or a mix of A and B- polymorph type 

under the group 1, 2 or 3 (Bertoft et al., 2008) in growing crops such as cereals have 

been studied previously (Table A5.1). After revealing the structural dynamics of B-

type starch by this work, the structural evolution of the representative types of 

starches in developing crops have been studied. A comparative study on the dynamics 

of the composition and structure of various starches may provide some new 

information on starch chemistry.    

AC of starches in different crops increased significantly through the crop growth 

(Table A5.1). The starch granules enlarged during the growth of maize and kidney 

bean (Li et al., 2007; Yoshida et al., 2003). The amylopectin structure remained 

similar during the crop developing except for the starch in maize in which the chain 

length distribution of the amylopectin varied significantly during the growth. The 

molecular structures of β-LDs and φ, β-LDs of amylopectins were studied for the 

growing barley and wheat endosperms, respectively (Källman et al., 2015; Kalinga et 

al., 2014). Both the external and internal structures of amylopectin remained similar in 

developing barley, whereas the structure of amylopectin somewhat changed during 

wheat growth. The changes in the latter appeared to be insignificant, taking the 

experimental errors into considerations. Therefore, the starch structure and 

composition in developing kiwifruit and other crops shared a large degree of 

similarity with some differences. The dynamics of AC of the starch in developing crop 

appeared to be independent to that of the amylopectin structure. The structure change 

of starch in growing crops appeared to be dependent on the botanical source to a large 

extent.  
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The relationships between granule size and composition and molecular structure of 

starch in developing crops help to reveal the deposition of starch molecules in the 

expanding granules. DPn (number-average degree of polymerization) of the 

amylopectin from matured kidney bean decreased to one third of the DPn of 

amylopectin from premature kidney bean (Yoshida et al., 2003). This suggests that the 

amylopectin molecules of the central region were larger than those of the periphery of 

starch granules in kidney bean. The little changes in amylopectin structure of growing 

cereal endosperms as well as the kiwifruit starch reported here suggest that 

amylopectin molecules from the center to the periphery of the starch granules are 

rather similar. The increased AC of starch in developing cereals and kidney bean 

suggests that more amylose is assembled at the periphery of the granules. This is 

different to the Hayward kiwifruit starch in which the distribution of amylose in 

granules tends to be homogeneous. The differences in the distribution of amylose and 

amylopectin molecules in the granules suggest differences in the levels and activities 

starch biosynthetic enzymes among different crops. There are diverse enzymes 

involved in making starch in developing crops, which include granule-bound starch 

synthase (GBSS), starch branching enzymes (SBE), starch debranching enzymes of 

isoamylase-type (ISA), starch synthases (SS), and so on (Zeeman et al., 2010). How 

these enzymes change in developing crops and the relationships with starch structure 

remain to be better explored. Another essential and fundamental question is how the 

starch granules are initiated in the plant cells in the first place. Different opinions have 

been stated during the last few decades by different research groups (Robyt & 

Mukerjea, 2013). In this study on kiwifruit starch, it was rather difficult to 

experimentally “freeze” the moment when the first granules came into shape after the 

anthesis. At those developing stages (before 40 DDA), starch was too low in quantity 
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to be efficiently and feasibly extracted. Methods to efficiently extract starch from the 

developing crops at early stages remain to be developed to be able to tackle such a 

fundamental question.  

5.4 Conclusions 

The starches of Hayward and Gold3 had similar granule morphology with 

differences in AC and amylopectin molecular structure. The amylopectin of Hayward 

exhibited more branched structure than that of Gold3. This suggests the possible 

differences in biosynthesis as well as hydrolysis patterns during kiwifruit 

development and post-harvest storage, respectively. In developing kiwifruit, the starch 

content of kiwifruit increased while the starch granules enlarged. The polymorph type 

and the external and internal structures of amylopectin remained similar, whereas AC 

of the starches tended to increase (Gold3) or remain (Hayward) through the fruit 

expansion. The results suggest that the molecular structure of amylopectin is similar 

from the centre towards the periphery of a B-type starch granule. Comparative 

analysis with the starches in other developing crop (kidney bean and cereals) suggests 

that the dynamics of AC and amylopectin structure of those starches are largely 

dependent on the botanical source, and the change of AC is independent of that of 

amylopectin structure.    
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Chapter 6 Physicochemical, functional and 

nutritional properties of kiwifruit flour 
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6.1 Introduction  

Kiwifruit of the genus Actinidia is an edible berry with seeds embedded in flesh. 

The fruit originated from China and is cultivated over the world with a production of 

over 4 million tons per year (FAOSTAT, 2018). The two commercially important 

species are A. chinensis (gold-fleshed) and A. deliciosa (green-fleshed). ‘Hayward’ 

(A. deliciosa) accounts for around two-thirds of the total world production (Ferguson 

2016). The health effects of kiwifruit have been well acknowledged. For example, the 

fruit is rich in vitamin C, antioxidants and dietary fiber. Kiwifruit can promote 

gastrointestinal tract function in humans, particularly for treating constipation 

(Singletary, 2012; Ansell et al., 2015).  

The best commercial value of kiwifruit is represented by whole fresh fruit. To 

obtain the premium quality, kiwifruit are graded and selected for securing the market 

(Beever & Hopkirk, 1990). A significant portion (5-20%) of the fruits is culled from 

fresh fruit market due to the failure to meet the required size and appearance (García-

Quiroga et al., 2015). Those culled fruits can be processed into canned foods or jam 

after ripening, while the damaged ripe fruits are used in juice or wine making (Huang 

& Ferguson, 2001). However, these kiwifruit products are not commercially viable 

due to the appearance of muddy color caused by the chlorophyll degradation and 

significant loss of the characteristic flavor (Testolin & Ferguson 2009; García-

Quiroga et al., 2015). A small proportion of the culled kiwifruit is used for the 

formulations of nutraceuticals or cosmetics. Strategies to better utilize these culled 

kiwifruit for value added processing remain to be developed.  

Starch plays a significant role in kiwifruit development towards the stage of eating-

ripe. Total starch content (TSC) as a function of kiwifruit development and ripening 
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has been documented previously (Beever & Hopkirk 1990; Le Lievre 2017; 

Richardson et al., 2011; Nardozza et al., 2013; D. Li & Zhu 2018b). There is little 

starch in kiwifruit at the early developing stage, while TSC increases towards the time 

of commercial harvesting, reaching ~ 50% (dry weight basis, DW). During post-

harvest storage, most of kiwifruit starch (~ 90%) is degraded into simple sugars, 

helping the fruit to reach its optimal eating condition. A fresh eating-ripe kiwifruit 

contains ~ 10 g simple sugars (Beever & Hopkirk, 1990; Richardson et al., 2011). The 

eating-ripe fruit may be not suitable for the consumers with diabetes. 

Starch is consisted of glucosyl units joined by α-1, 4 and/or α-1, 6 glycosidic bonds. 

Starch molecules are categorized into amylose (predominantly linear with α-1, 4 

linkages) and amylopectin (backbone is connected by α-1, 4 linkages and branched by 

α-1, 6 bonds). These two glucan polymers are deposited in a granular form in green 

plants for energy storage (Pérez & Bertoft, 2010). Starch is the main energy source in 

human diet. Physicochemical properties of starch are crucial to the final taste of 

various staple foods.   

In light of the importance of starch in kiwifruit, physicochemical properties and 

molecular structure of kiwifruit starch have been investigated (Sugimoto, Yamamoto, 

Abe, & Fuwa, 1988; Stevenson, Johnson, Jane, & Inglett, 2006; Fuke & Matsuoka, 

1984; D. Li & Zhu, 2017; D. Li & Zhu, 2018a; D. Li & Zhu, 2018b). However, 

potential applications of kiwifruit starch have never been developed. Since starch is 

the major component of kiwifruit harvested commercially, flour made from the 

starchy fruit should exhibit some functional properties similar to some traditional 

flour (e.g. wheat and maize flours). Furthermore, the flour has low sugar content, and 

may remain some health effects and flavor of fresh kiwifruit. Therefore, the flour is 
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likely to be a promising novel food ingredient. For example, the flour may be used for 

making gluten free bakery products with enhanced nutritional benefits. The 

rejected/culled kiwifruit from fresh fruit market may be processed into starchy 

kiwifruit flour for value added processing. Study on physicochemical properties of 

starchy kiwifruit flour may provide a perspective for developing new food products. 

A previous study collected the developing kiwifruit (‘Hayward’ and Gold3 

varieties) and analyzed the structural changes of starch (D. Li & Zhu, 2018b). This 

work used the collected kiwifruit with the maximal starch content during developing 

to make starchy flour. Various chemical and physicochemical properties of the 

resulting flours were studied. The properties of traditional commonly used flours 

(wheat, maize and potato) and kiwifruit powder sold in market as nutraceuticals were 

studied alongside with the starchy kiwifruit flour for comparison. Abbreviations are 

summarized in Table A6.1. 

6.2 Materials and methods 

6.2.1 Samples 

The background information of ‘Hayward’/Gold3 kiwifruit samples was detailed in 

a previous study (D. Li & Zhu, 2018b).  White-skinned potato tubers were from a 

local supermarket (Countdown, Auckland, New Zealand). The kiwifruit and potato 

tubers were sliced, freeze-dried and ground to flour. The starchy ‘Hayward’ and 

Gold3 flours were abbreviated as SH and SG, respectively. Plain wheat flour was 

bought from a local supermarket (Countdown, Auckland, New Zealand). Maize flour 

was bought from a local Asian market (DaHua, Auckland, New Zealand). The two 

types of commercial kiwifruit powder were made from eating-ripe kiwifruit varieties 

of ‘Hayward’ and Gold3. ‘Hayward’ powder (ERH) was made by vacuum drying the 
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whole fruit, while Gold3 powder (ERG) was produced by freeze-drying the fruit after 

skin and seed removal. The powders of eating-ripe kiwifruit were provided by 

Anagenix Limited (Christchurch, New Zealand). 

6.2.2 Chemical composition, pH, and α-amylase activity of flours 

The contents of ash, protein and lipid of flour were measured according to a 

previous study (D. Li & Zhu, 2017). The moisture content was determined at 105°C 

in a convection oven. The amylose, total starch and total fiber contents were measured 

by using an amylose/amylopectin assay kit, total starch assay kit and total dietary 

fiber assay kit, respectively (Megazyme, Wicklow, Ireland). The total sugar was 

extracted with 80% ethanol, and the content was analyzed by the sulfuric acid-phenol 

assay (Chow & Landhäusser, 2004). Free phenolic content of flour was measured 

according to a previous method (Tang et al., 2015). The mineral composition (Na, 

Mg, P, K, Al, Mn, Ca, Fe, Cu and Zn) of the flour was measured by Inductively 

Coupled Plasma-Mass Spectrometry (ICP-MS) (Agilent 7700x, Santa Clara, CA, 

USA) (G. Li & Zhu, 2017).  

The pH of flour dispersion (13% w/w, DW) was measured using a pH meter (827 

pH lab, Metrohm AG, Herisau, Switzerland). α-Amylase activity of flour was 

analyzed using an α-amylase activity assay kit (Megazyme, Wicklow, Ireland). 

6.2.3 Thermal properties  

Differential scanning calorimetry (DSC) (TA Instruments Q1000, New Castle, DE, 

USA) was employed for analyzing the thermal properties of the flours. The method 

was according to a study of G. Li and Zhu (2017a). Flour (4 mg, DW) was placed into 

an aluminum crucible before adding 12 µL water. The crucible was sealed and the 

flour-water mixer was equilibrated at room temperature for 1 h. An empty sealed 
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crucible was used as reference during the testing. The sample was heated from 25 to 

90 °C at a rate of 10 °C per min. The data was analyzed using a Universal Analysis 

2000 software (TA Instruments, New Castle, DE, USA). 

6.2.4 Pasting analysis 

A Physica MCR 301 rheometer equipped with a starch cell (Anton Paar, Graz, 

Austria) was used to analyze the pasting properties of flour. The method was 

according to a study by G. Li and Zhu (2017a). Flour (3.0 g, DW) was mixed with 20 

mL water before loading into the starch cell. The flour suspension was constantly 

sheared at 160 rpm and the temperature was varied according to a programmed cycle 

(26 min in total). The sample was first equilibrated at 50 °C for 5 min. The 

temperature was then increased to 95°C in 7.5 min. At 95 °C, the sample was held for 

5 min before cooling down to 50 °C in 7.5 min. The sample was then held at 50 °C for 

2 min. The viscosity was recorded.  

6.2.5 Gel texture analysis 

Gel texture analysis was done using the method of G. Li and Zhu (2017a). The flour 

gel formed after pasting was transferred into a 5 mL glass canister with screw cap. It 

was then centrifuged at 1000 × g for 5 min to flatten the surface and remove the 

trapped air. The sample was stored at 4 oC for 24 h before testing. A TA-XT plus 

texture analyzer (Stable Micro Systems Ltd., Godalming, UK) was used to study the 

gel textural properties under the Texture Profile Analysis (TPA) mode. The starch gel 

was pressed to a depth of 15 mm from the surface (trigger force was 0.03 N) with a 

cylinder probe (5 mm in diameter) at a speed of 0.5 mm/s. 
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6.2.6 Dynamic oscillatory analysis 

The measurement was conducted using a Physica MCR 301 rheometer (Anton Paar, 

Graz, Austria). Flour suspension (13%, w/w) was added on the rheometer plate (25 

mm in diameter). The edge of the sample was covered with oil to prevent the water 

from evaporation. Strain and frequency were set at 2% and 1 Hz for the analysis, 

respectively. The sample was equilibrated at 40 oC for 1 min. Then, the temperature 

was increased from 40 to 95 oC before cooling to 25 oC at a rate of 2 oC/min. 

Subsequently, the sample was held for 5 min at 25 oC, followed by the frequency 

sweep (0.1 to 16 Hz). G' (storage modulus) and G'' (loss modulus) were recorded 

during the test. 

6.2.7 In vitro antioxidant capacities and starch digestibility of flours  

In vitro antioxidant capacities of flours were estimated based on ferric reducing 

ability of plasma (FRAP) and free radical scavenging ability (DPPH assay) (Tang et 

al., 2015). The antioxidant capacities of the solvent extracts from the flours were 

expressed as Trolox equivalents (TE) (mmol /100 g of DW).  

In vitro starch digestibility of the flours was measured using the method of Englyst, 

Kingman, and Cummings (1992) with some modifications. Flour sample (1.2 g, DW) 

was dispersed in water (8 mL) before boiling in a water bath with constant stirring for 

30 min. Enzyme solution was a mixture of pancreatin (843.5 mg) (from porcine 

pancreas, 500 μkat/g, Sigma-Aldrich Chemicals Co., Steinheim, Germany) was 

suspended in 30 mL water and stirred for 10 min before centrifuging for 10 min at 

1500 × g. The supernatant (13.5 mL) was collected. Amyloglucosidase (175 µL) (3.3 

μkat/mL, Megazyme, Wicklow, Ireland) in 1.65 mL water was mixed with the 

supernatant (1.5 mL). Invertase (2.5 mg) (≥5 μkat/mg, Sigma-Aldrich Chemicals Co., 
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Steinheim, Germany) was mixed with water (1 mL), and then added to the 

supernatant. The cooked flour (cooled to ~ 40 °C) was mixed with 10 mL of 0.1 M 

sodium acetate buffer (pH 5.2) and the enzyme mixture solution before putting to a 

shaking water bath at 37 °C to start the starch hydrolysis. Sample was taken at 0, 10, 

20, 40, 60, 80, 100 and 120 min to analyze the glucose concentration with a D-glucose 

assay kit (Megazyme, Wicklow, Ireland). 

6.2.8 Data analysis 

All the measurements were done in triplicate. Analysis of variance (ANOVA) 

(Duncan’s test) was conducted by SPSS software (IBM Corporation, Armonk, New 

York, USA).  

6.3 Results and discussion 

6.3.1 Chemical composition, pH and α-amylase activity of flours 

Chemical composition differed significantly among the 7 different flours (Table 

6.1). Ash contents of kiwifruit flours (~ 4–5%) were similar to that of potato flour (~ 

5%). Ash contents of maize and wheat flours were low (< 0.6%). Protein contents of 

kiwifruit flours were similar (~ 4%), while that of maize, potato and wheat flours 

were ~ 8%, 9% and 11%, respectively. ERH had the highest lipid content (~ 4%), 

followed by SH (2.3%) and SG (1.7%). Lipid contents of wheat and maize flours were 

similar (1.1%). ERG and potato flours contained little lipids. Lipids of kiwifruit are 

mostly in the seeds. The seed number in green kiwifruit is significantly higher than 

that in gold kiwifruit (Yuliarti, 2011). Indeed, SH and ERH had higher lipid contents 

than SG and ERG. Free phenolic contents (the phenolics extracted using solvent) of 

ERG and SG were similar (1660 mg GAE/100 g), which were ~ 200 mg GAE/100 g 

higher than that of SH and ERH. Free phenolic contents of traditional flours were 
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much lower than that of kiwifruit flours. Potato flour had a higher phenolic content 

(560 mg GAE/100 g) than maize flour (235 mg GAE/100 g) and wheat flour (127 mg 

GAE/100 g). Kiwifruit contains some flavonoids and phenolic acids as phenolic 

antioxidants (Hettihewa, 2014). 
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Table 6.1 Chemical composition, pH and α-amylase activity of flours   

 SG SH Wheat Maize Potato ERG  ERH 

Ash content (%) 3.9 ± 0.4b 4.7 ± 1.3ab 0.6 ± 0.1c 0.6 ± 0.1c 5.1 ± 0.2a 5.1 ± 0.1a 3.9 ± 0.1b 

Protein content (%) 4.75 ± 0.19d 4.27 ± 0.03d 11.35 ± 0.34a 7.63 ± 1.0c 8.74 ± 0.27b 4.58 ± 0.6d 4.38 ± 0.1d 

Lipid content (%) 1.7 ± 0.6c 2.3 ± 0.2b 1.1 ± 0.1d 1.1 ± 0.2d 0.0 ± 0.0e 0.0 ± 0.0e 3.84 ± 0.4a 

Free phenolic contenta 1655 ± 13a 1457 ± 111c 127 ±6f 236 ± 5e 564 ± 7d 1661 ± 45a 1519 ± 53b 

Total starch content (%) 52 ± 1d 41 ± 0e 77 ± 1b 84 ± 0a 65 ± 0c 0 ± 0g 13 ± 1f 

Amylose content (%) 9.9 ± 0.2c 6.7 ± 0.2d 19.6 ± 1.5a 19.1 ± 0.0a 13.0 ± 1.0b n.a. n.a. 

Total sugar content (%) 9.2 ± 0.5c 10.2 ± 0.4c 2.0 ± 0.0d 0.3 ± 0.1d 11.8 ± 0.1c 57.5 ± 5.1a 35.9 ± 2.4b 

Soluble dietary fiber (%) 5.4 ± 0.5b 7.3 ± 0.3a 2.2 ± 0.7c 0.5 ± 0.2d 2.2 ± 0.5c 3.4 ± 0.2c 7.1 ± 0.4a 

Insoluble dietary fiber (%) 14.9 ± 0.9b 14.2 ± 0.0bc 3.3 ± 0.5e 3.3 ± 0.6e 6.7 ± 0.2d 12.3 ± 0.2c 21.2 ± 0.9a 

Total dietary fiber (%) 20.3 ± 1.4b 21.4 ± 0.3b 5.4 ± 0.2e 3.7 ± 0.1f 8.9 ± 0.6d 15.6 ± 0.3c 28.3 ± 0.6a 

pH 3.4 ± 0.0cd 3.3 ± 0.0d 6.2 ± 0.0a 6.2 ± 0.0a 6.1 ± 0.0a 3.6 ± 0.2b 3.5 ± 0.1bc 

α-Amylase activity (μkat/mg)  2.76 ± 0.09c 5.79 ± 0.14a 2.03 ± 0.05d 1.92 ± 0.04de 1.79 ± 0.05e 0.90 ± 0.05f 4.92 ± 0.13b 
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SG, starchy Gold3 flour; SH, starchy ‘Hayward’ flour; ERG, eating-ripe Gold3 flour; ERH, eating-ripe ‘Hayward’ flour; amg gallic acid 

equivalents /100 g of the sample; n.a., not applicable; values with different letters in the same category differ significantly (p < 0.05).
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Total starch content (TSC) of kiwifruit flours varied greatly. TSC of SG and SH 

were ~ 52% and 41%, respectively, while TSC was ~ 13% in ERH. Starch was not 

detected in ERG. TSC of potato, maize and wheat flours (the tradition flours) were ~ 

65%, 84% and 77%, respectively. Amylose contents of the flours positively related to 

TSC. Amylose contents of wheat and maize flours were the highest (~ 19%), followed 

by potato flour (~ 13%), SG (~ 10%) and SH (~ 7%). Total sugar contents of ERG 

and ERH were 57% and 36%, respectively, which agreed well with the nutrition 

information provided by the company. The sugar contents of SG and SH were similar 

(~ 9–10%), which were slightly lower than that of potato flour (~ 12%). Wheat and 

maize flours had very low total sugar contents. TSC and the sugar content of kiwifruit 

flours depend on the stage of fruit ripening (Richardson et al., 2011; Beever & 

Hopkirk, 1990). ERH and ERG can be considered as “starch-less” kiwifruit flours in 

which simple sugars (mainly glucose, fructose and sucrose) are the major components 

(Richardson et al., 2011). Starch is the major constituent of SH and SG which can be 

named as starchy kiwifruit flour. 

Total dietary fiber content of ERH was the highest (~ 28%), followed by that of SH 

(~ 21%), SG (~ 20%) and ERG (~ 16%). The highest total dietary fiber content of the 

traditional flours was found in potato flour (~ 9%), followed by wheat and maize 

flours (~ 5% and ~ 4%, respectively). Soluble dietary fiber contents of ERH and SH 

were the highest (~ 7%), followed by SG (~ 5%) and ERG (~ 3%). Soluble dietary 

fiber contents of potato and wheat flours were (~ 2%), while maize flour contained 

little soluble dietary fiber. The soluble dietary fibers in kiwifruit are mainly consisted 

of soluble pectins, while the insoluble dietary fibers are composed of cellulose and 
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hemicellulose (Yuliarti et al., 2008). The low total dietary fiber and lipid contents of 

ERG may be due to the processing methods (e.g., removal of seeds and skin). 

The pH of the kiwifruit flour suspensions (13%, w/w) (3.3–3.6) was similar to that 

of kiwifruit (Macrae, Lallu, Searle, & Bowen, 1989b). The pH of the traditional flour 

suspensions was ~ 6.2. Total acid content of kiwifruit accounts for ~ 1–3 % of the 

fruit fresh weight. The organic acids include citric acid (~ 40–60 %), quinic acid (~ 

40–60 %), and malic acid (~ 10 %) (Marsh & Harker, 2016). Most of the phenolic 

acids in kiwifruit are isoferulic acid bound with quinic acid (Hettihewa, 2014). The 

presence of these acids led to the low pH of kiwifruit. Phenolics are important 

antioxidants of plant food material. Vitamin C of kiwifruit contributes to ~ 40% of the 

total antioxidant capacity (Du, Li, Ma, & Liang, 2009). 

The α-amylase activity of the flours varied greatly. SH had the highest α-amylase 

activity (5.8 μkat /mg), followed by ERH (4.9 μkat /mg). The value of SG was 2.8 

μkat /mg, being slightly higher than that of traditional flours (1.8–2.0 μkat/mg). The 

α-amylase activity was not detected in ERG. The lower α-amylase activity in the 

flours of eating-ripe kiwifruits than that of starchy kiwifruit flours was consistent with 

a previous study (Wegrzyn & MacRae, 1995). The pH and α-amylase activity were 

seen to have no effect on the integrity of starch granules in kiwifruit at the time of 

commercial harvesting (Stevenson et al., 2006; Sugimoto et al., 1988; D. Li & Zhu, 

2017). However, low pH and high α-amylase activity were shown to significantly 

alter functional and processing properties of starch-rich flours (Hirashima, Takahashi, 

& Nishinari, 2004; Collado & Corke, 1999).  

Mineral composition in the flours varied significantly (Table A6.2). K 

concentrations in kiwifruit and potato flours were similar (10163–12739 µg/g), which 
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were ~ 10 times higher than that in wheat and maize flours. P concentration in potato 

flour was the highest (2785 µg/g), while that in kiwifruit and wheat flours ranged 

from 1187–1575 µg/g. Maize flour had the lowest P concentration (818 µg/g). Ca and 

Mg concentrations in kiwifruit flours were similar, being 194–199 µg/g and 87–90 

µg/g, respectively, except for ERG (60 and 64 µg/g, respectively). Fe and Zn 

concentrations in ERH were 57 µg/g and 20 µg/g, respectively. The mineral contents 

of kiwifruit and potato flours were much higher than that of maize and wheat flours, 

which well corresponded to the results of the ash contents (Table 6.1). The higher 

mineral and ash contents of kiwifruit and potato flours might be due to the higher 

content of non-starch components (e.g. dietary fiber) which might contain higher 

minerals than that of the starch.    

Based on the flour composition and potential uses, the flours studied here can be 

categorized into three groups (starchy kiwifruit flour, “starch-less” kiwifruit flour, and 

traditional flour).   

6.3.2 Thermal analysis of flours 

To (onset temperature) (61.1 °C), Tp (peak temperature) (65.1 °C), and Tc 

(conclusion temperature) (67.9 °C) of SH were ~ 1–2 °C higher than those of SG 

(Table 6.2). The endothermic peaks were not detected in ERH and ERG. To, Tp, and Tc 

of SH and SG were similar to those of potato flour, being higher than those of wheat 

flour and lower than those of maize flour. The gelatinization temperatures of the 

starchy flours were similar to that of their starches recorded in the literature 

(Vamadevan & Bertoft, 2015; Sugimoto et al. 1988; D. Li & Zhu 2017). This 

indicated that the gelatinization of starch-rich flour was largely affected by its starch. 

ΔH (enthalpy change) of SG (~ 12 J/g) and SH (10 J/g) were higher than that of wheat 
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flour (~ 8 J/g) and lower than that of potato and maize flours (~ 14 and 13 J/g 

respectively). Previous studies showed that ΔH of Gold3 and ‘Hayward’ starches were 

~ 21 and 18 J/g, respectively (D. Li & Zhu 2017; Sugimoto et al. 1988). ΔH of potato 

starch was similar to that of Hayward starch (~ 18 J/g), which was significantly higher 

than that of wheat and maize starches (~ 10 and 16 J/g, respectively) (Vamadevan & 

Bertoft, 2015). To obtain the ΔH of the flour on starch basis (ΔHs), ΔH was divided 

by TSC. ΔHs of SG and SH flours were similar (~ 23 J/g), being slightly higher than 

that of potato flour (~ 22 J/g). The values of ΔHs were significantly higher than ΔH of 

its respective starch alone. The difference in ΔH of the flours and its respective starch 

suggested that ΔH was also affected by non-starch components. Components such as 

simple sugars and pectins can influence the starch gelatinization. During the heating, 

simple sugars can enter the amorphous regions of a starch granule with water, cross-

linking the starch chains by hydrogen bonding. The pectin molecules may form the 

barrier layer on starch granule surface, reducing the water diffusion to the amorphous 

regions and restricting the starch swelling. Those factors reinforce the granule 

structure during heating (Wu et al., 2013; Baek, Yoo, & Lim, 2004; Zhang et al., 

2018; Tester & Sommerville, 2003; Liu, Eskin, Cui, 2003). ΔHs of wheat and maize 

flours were 10 and 15 J/g, respectively, which were similar to ΔH of their starches. 

The different gelatinization behaviors among different flour samples could be 

attributed to the differences in chemical composition and starch properties.
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Table 6.2 Thermal and pasting properties of flours   

 SG SH Wheat Maize potato 

To (
oC) 59.5 ± 0.3b 61.1 ± 0.1a 55.4 ± 0.4c 61.4 ± 0.3a 59.2 ± 0.2b 

Tp (
oC) 63.9 ± 0.2c 65.1 ± 0.1b 61.0 ± 0.2e 68.3 ± 0.2a 63.1 ± 0.3d 

Tc (
oC)  67.1 ± 1.0b 67.9 ± 0.2b 66.9 ± 0.3b 78.0 ± 1.4a 67.4 ± 0.6b 

ΔH (J/g) 11.9 ± 0.4b 9.5 ± 0.4c 7.7 ± 1.0d 12.5 ± 0.3b 14.1 ± 0.4a 

ΔHs (J/g) 22.9 ± 0.9a 23.2 ± 1.0a 10.0 ± 1.3c 14.9 ± 0.4b 21.7 ± 0.7a 

Time to peak viscosity (min) 9.25 ± 0.00d 10.25 ± 0.00c 12.25 ± 0.00a 11.75 ± 0.00b 9.25 ± 0.00d 

Pasting temperature (oC) 67 ± 0c 69 ± 0b 66 ± 0d 71 ± 0a 65 ± 0e 

Temperature at peak viscosity (oC) 75 ± 0d 81 ± 0c 94 ± 0a 91 ± 0b 75 ± 0d 

Peak viscosity (Pa·s) 6.6 ± 0.1b 4.5 ± 0.0d 5.3 ± 0.2c 5.0 ± 0.0c 10.8 ± 0.2a 

Hot paste viscosity (Pa·s) 1.6 ± 0.0c 1.2 ± 0.0d 2.1 ± 0.1b 2.0 ± 0.0b 3.2 ± 0.2a 

Cool paste viscosity (Pa·s) 2.6 ± 0.0d 1.9 ± 0.0e 4.7 ± 0.1c 6.2 ± 0.0a 5.0 ± 0.0b 

Breakdown viscosity (Pa·s) 5.1 ± 0.1b 3.3 ± 0.1c 3.2 ± 0.2cd 3.1 ± 0.0d 7.5 ± 0.1a 



 

142 

 

Setback viscosity (Pa·s) 1.0 ± 0.0d 0.8 ± 0.0e 2.7 ± 0.1b 4.3 ± 0.0a 1.8 ± 0.1c 

 

SG, starchy Gold3 flour; SH, starchy ‘Hayward’ flour; ERG, eating-ripe Gold3 flour; ERH, eating-ripe ‘Hayward’ flour; To, onset temperature; 

Tp, peak temperature; Tc, conclusion temperature; ΔH, enthalpy change; ΔHs, starch based ΔH = ΔH / total starch content; ERG and ERH did not 

show endothermic peaks during the thermal analysis; Breakdown viscosity = peak viscosity − hot paste viscosity; Setback viscosity = cool paste 

viscosity − hot paste viscosity; values with different letters in the same category differ significantly (p < 0.05).
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6.3.3 Pasting analysis of flours 

The pasting curves of the starchy flours showed general characteristics of starch 

pasting (Table 6.2; Figure A6.1). In contrast, the viscosity of ERH and ERG 

dispersion was low due to the low starch content. Pasting temperatures of SG, SH and 

potato flours (~ 67 °C) were higher than that of wheat flour (65.8 °C) and lower than 

that of maize flour (72.0 °C). At around gelatinization temperature, starch swells 30–

100 times of its original size by absorbing water (Singh, Singh, Kaur, Sodhi, & Gill, 

2003). The swollen granules occupy a considerable amount of the space in the 

dispersion, which increases the collision of starch/non-starch components, creates 

friction, causes entanglement, and builds up viscosity. Potato flour exhibited the 

highest peak viscosity (10.8 Pa·s at ~ 75 °C), followed by SG (6.6 Pa·s at ~ 75 °C) 

and SH (4.5 Pa·s at ~ 81 °C). Peak viscosity of maize and wheat flours was similar (~ 

5 Pa·s at ~ 91–94 °C). The results suggested that peak viscosity of flour was mainly 

contributed by the TSC and starch swelling. TSC of wheat and maize flours were 

higher than that of the kiwifruit flours, while the peak viscosity of these flours was 

relatively similar. This is mainly because of the significantly higher swelling power of 

kiwifruit starch than that of wheat and maize starches (D. Li & Zhu, 2017; Singh et 

al., 2003). Lipids and phospholipids in wheat and maize starches can form complexes 

with the amylose and long branch-chains of amylopectin, which reinforces the 

interactions of those starch molecules and restricts the swelling and amylose leaching 

(McPherson, 1999). Although the “film” formed by the pectins around the kiwifruit 

starch can inhibit the starch swelling and amylose leaching, the acids may hydrolyze 

the kiwifruit starch granules during heating, resulting in glucan polymers released into 

the dispersion, and thus contributing to the peak viscosity development (Hirashima, 

Takahashi, & Nishinari, 2005; Olsson et al., 2013; Nawab, Alam, & Hasnain, 2014). 
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The highest peak viscosity shown by potato flour is mainly due to the higher swelling 

power of the starch. When potato starch is pasted, its phosphate groups are ionized. 

The generated Coulombic repulsion largely loosens the branch-chains of the 

amylopectin, leading to remarkable swelling capacity (Lu, Donner, Yada, Liu, 2012).  

After the swollen granules are disrupted by continuous heating and shearing, the 

viscosity decreases. Hot paste viscosity of SG (1.6 Pa·s) and SH (1.2 Pa·s) were lower 

than that of the traditional flours (potato flour, 3.2 Pa·s; wheat flour, 2.1 Pa·s; maize 

flour, 2.0 Pa·s). Therefore, kiwifruit starch was disrupted to a larger extent during 

heating. Moreover, the considerable amounts of hemicellulose and cellulose in the 

kiwifruit flour may facilitate/exacerbate the breakdown of the kiwifruit starch 

granules (Nawab et al., 2014; Sudha, Baskaran, & Leelavathi, 2007). Cool paste 

viscosity of SG and SH flours were only ~ 1 Pa·s higher than their hot paste viscosity, 

indicating a high cooking stability of kiwifruit flours. Cool paste viscosity of the 

kiwifruit flours was significantly lower than that of the traditional flours. This is 

probably due to the lower amylose content and higher amount of pectins and 

phenolics in the kiwifruit flours. The leached amylose can cross-link with each other 

during cooling, which enhanced the entanglement in the flow and led to the viscosity 

increase (Srichuwong & Jane, 2007). The amylose can also interact with the pectins 

and phenolics by hydrogen bonding, which greatly reduced the amylose-amylose re-

association, and resulted in the lower cool paste viscosity of the kiwifruit flours 

(Zhang et al., 2018; Ma et al., 2019; Beta & Corke, 2004). The behaviors of the 

starchy kiwifruit flours can be distinguished by their lower hot/cool paste viscosities. 

The viscosity of ERG was little developed during pasting, while the viscosity of ERH 

started to develop around the gelatinization temperature of kiwifruit starch. The starch 
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in ERH had been hydrolyzed by the enzyme to a large extent during the fruit ripening. 

The small amount of starch remained in ERH played a key role for building up the 

viscosity. The starch molecules might cross-link with the abundant simple sugars in 

ERH, contributing to the viscosity in the flour dispersion (Gunaratne, Ranaweera, & 

Corke, 2007). Overall, the pasting properties of flour were mainly affected by TSC 

and the starch properties. The interactions of non-starch components with starch of the 

flours also contributed to the pasting behaviors.  

6.3.4 Gel texture analysis of flours 

Texture profiles were different between the gels of kiwifruit and traditional flours 

(Table 6.3). SG had the highest hardness (6.2 g) among kiwifruit flour gels, followed 

by SH (3.6 g) and ERH (2.6 g). Hardness of the traditional flours were ~ 3–4 times 

higher than that of SG. Adhesiveness of ERH (-25 g·s) and SH (-29 g·s) were higher 

than SG (-49 g·s). Adhesiveness of the traditional flours were ~ -160–170 g·s. The 

cohesiveness of SH and ERH (0.75) were higher than that of SG (0.59). The 

cohesiveness of the traditional flours ranged from 0.56–0.65. The springiness of all 

the flours were similar (~ 1) except for that of potato flour (~ 1.5). Gumminess of SG 

(3.7 g), SH (2.7 g), and ERH (2.0 g) were lower than that of the traditional flours 

(12.4–14.6 g). 
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Table 6.3 Texture property of flour gels  

 
SG SH Wheat Maize Potato ERH 

Hardness (g) 6.2 ± 0.4d 3.6 ± 0.2e 21.7 ± 1.3b 19.9 ± 1.8c 25.5 ± 2.1a 2.6 ± 0.2e 

Adhesiveness (g·s) -49 ± 2b -29 ± 3a -164 ± 12c -172 ± 15c -165 ± 18c -25 ± 2a 

Cohesiveness 0.59 ± 0.02c 0.76 ± 0.02a 0.56 ± 0.04d 0.65 ± 0.03b 0.56 ± 0.04cd 0.75 ± 0.02a 

Springiness 0.96 ± 0.11b 1.06 ± 0.14b 1.07 ± 0.24b 1.06 ± 0.22b 1.49 ± 0.08a 0.94 ± 0.02b 

Gumminess (g) 3.7 ± 0.2c 2.7 ± 0.1dc 12.4 ± 0.6b 12.8 ± 1.5b 14.5 ± 1.8a 2.0 ± 0.1d 

 

SG, starchy Gold3 flour; SH, starchy ‘Hayward’ flour; ERH, eating-ripe ‘Hayward’ flour; the force-time signal was not detected in ERG; values 

with different letters in the same category differ significantly (p < 0.05). 
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Starch plays a crucial role in the gel rigidity. The released amylose chains re-

associate with each other through H-bonding upon cooling, forming junction zones 

among the swollen granule/granule fragment and structured network. The swollen 

granules/granule fragments can be considered as fillers of the network, contributing to 

the gel rigidity (Campbell & Briant, 1957; Srichuwong & Jane, 2007). Mechanical 

rigidity was barely developed in the kiwifruit flours (e.g., ERG) containing little 

starch. The gel formation of pectin from kiwifruit requires sufficient sugars (~ 65 %) 

to reduce the water activity (Yuliarti, 2011). In contrast, a weak gel was formed from 

kiwifruit flour (e.g., ERH) with a small amount of starch. The gelatinized starch 

molecules in ERH can be cross-linked by the abundant simple sugars, contributing to 

the gel rigidity (Gałkowska, Długosz, & Juszczak, 2013; Gunaratne et al., 2007). The 

strongest gel from kiwifruit flours was presented by SG, which was much weaker than 

that of the traditional flours. This could be mainly due to the higher pectin/phenolics 

contents and lower amylose content of the kiwifruit flours. The amylose-amylose re-

association in the kiwifruit flours could be minimized by the pectins, phenolics, and 

organic acids (Campbell & Briant, 1957; Zhang et al., 2018; Ma et al., 2019; Beta & 

Corke, 2004). The gel of potato flour had the highest hardness in spite of the 

significantly higher TSC of wheat and maize flours. The strong gel firmness of potato 

flour could be largely due to the high phosphorus content (Singh, McCarthy, Singh, 

Moughan, 2008). For example, the phosphate esters in potato starch may involve in 

the re-association of starch molecules by the forming intermolecular cross-linking, 

leading to the reinforcement of the gel (Muhrbeck & Eliasson, 1991). Moreover, the 

larger sizes of the starch granule as well as disrupted swollen granule in potato flour 

may also contribute to the higher hardness of the gel (Singh et al., 2008; Campbell & 

Briant, 1957).     
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6.3.5 Dynamic oscillatory rheological analysis of flours 

The dynamic rheological behaviors of the flours can be categorized into two types 

(starchy and “starch-less” flours) based on the characteristics of the curves (Figure 

A6.2). The performances of the starchy flours, though varied greatly, had the main 

features of their starch oscillatory curves (D. Li & Zhu, 2017). The behaviors of 

“starch-less” kiwifruit flours were similar, but were distinctly differed from those of 

the starchy flours. The parameters used for presenting the oscillatory properties of 

starchy flours are not suitable for the “starch-less” flours (Table 6.4).  

Upon heating, the increases in G' (storage modulus) and G'' (loss modulus) of 

starchy flours corresponded well with the gelatinization of their starches. G'max 

(maximal G' during heating) of SG and SH were 1873 at 69.5 °C and 1700 Pa at 

74.1 °C, respectively, which were slightly lower than that of wheat flour (1905 Pa at 

85.6 °C). G'max of potato and maize flours were ~ 2–3 times higher than that of SG 

and SH. tan δ (the loss factor) is negatively linked to elastic, rigid and structured paste 

or gel (BeMiller, 2011). tan δ of flour dropped significantly with increasing G' and G'' 

at around starch gelatinization temperature, indicating the formation of a structured 

network. The swollen starch granules fill the available volume of the system and 

leached amylose helps to associate the granules (Mandala, 2012). tan δG'max (G'' at 

G'max/G'max during heating) of SH (0.3) and SG (0.24) were higher than that of the 

traditional flours (~ 0.1–0.2), indicating a less rigid structure of the kiwifruit flour 

paste. 
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Table 6.4 Dynamic oscillatory properties of starchy flours   

 SG SH Wheat  Maize Potato 

TG'max  (
oC) 69.5 ± 0.0e 74.1 ± 0.5d 85.6 ± 0.0a 78.7 ± 0.4b 75.9 ± 0.6c 

G'max (Pa) 1873 ± 67c 1700 ± 37d 1905 ± 177c 5385 ± 21a 4100 ± 11b 

tan δG'max 0.24 ± 0.02b 0.30 ± 0.01a 0.13 ± 0.01c 0.10 ± 0.00d 0.13 ± 0.00c 

G'95C (Pa) 547 ± 20c 831 ± 21b 459 ± 7d 2380 ± 28a 2340 ± 0a 

tan δ95C 0.23 ± 0.01b 0.36 ± 0.03a 0.20 ± 0.01b 0.11 ± 0.01d 0.14 ± 0.00c 

G'25C (Pa) 550 ± 42d 1635 ± 106c 1810 ± 42c 11450 ± 1061a 4315 ± 35b 

tan δ25C 0.24 ± 0.02b 0.55 ± 0.07a 0.10 ± 0.00c 0.10 ± 0.00c 0.08 ± 0.01c 

G'16Hz (Pa) 765 ± 17d 1693 ± 114cd 2515 ± 49c 13600 ± 1273a 5310 ± 156b 

tan δ16C 0.29 ± 0.00b 0.49 ± 0.02a 0.13 ± 0.00c 0.12 ± 0.01cd 0.10 ± 0.00d 

 

SG, starchy Gold3 flour; SH, starchy ‘Hayward’ flour; TG'max, temperature at the maximal G' during heating; G'max, maximal G' during heating; 

tan δG'max, G'' (at G'max) / G'max during heating; G'95C, G' at 95 °C during heating; tan δ95C, G''/G' at 95 oC during heating; G'25C, G' at 25 ◦C during 
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cooling; tan δ25C, G'' / G' at 25 °C during cooling; G'16Hz, G' at 16 Hz during frequency sweep; tan δ16C, G'' / G' at 16 Hz during frequency sweep; 

values with different letters in the same category differ significantly (p < 0.05). 
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A previous study showed that the hot paste of Gold3 starch had much higher G'max 

than that of potato starch (D. Li & Zhu 2017). This was in contradiction to the results 

on its respective flours shown in the present study. This suggested the influence of 

non-starch components in the flour on the rheological properties. The results may be 

partially explained by the lower TSC of the kiwifruit flours. Moreover, the swelling 

power and leached amylose content of the starches in the kiwifruit flours may be 

lowered by the wrapping effect of the pectin in kiwifruit during heating (Ma et al., 

2019). TSC of wheat flour was significantly higher than that of potato flour, whereas 

G'max of wheat flour was less than the half of the potato flour. This may be due to the 

lower swelling power of wheat starch and influence of high gluten content (~ 80–85% 

of total protein) of wheat flour. The gluten undergoes extensive covalent cross-linking 

via disulfide bond during heating, forming a three-dimensional gluten matrix and 

embedding the starch (Marshall & Chrastil, 1992; Wang et al., 2017). It has been 

found that swelling power of the starch in wheat flour was negatively linked to protein 

content of the flour (Wang & Seib, 1996). The swelling and amylose leaching of 

wheat starch during heating may be restricted by the gluten matrix, leading to a lower 

G'max and higher TG'max (temperature at the maximal G' during heating).  

The decreasing G' and G'' after reaching the maximum were due to the rupture of 

starch granules. G'95C (G' at 95 °C during heating) of SH (831 Pa) and SG (547 Pa) 

were higher than that of wheat (459 Pa) and were ~ 3–4 times lower than that of 

potato and maize flours (~ 2350 Pa). Apart from the lower TSC of the kiwifruit flours, 

the association of the pectin/phenolics with leached-amylose may also contribute to 

the lower G'95C. The lower G'95C of wheat flour may be due to the less leached 

amylose, which is affected by the gluten matrix. During heating, tan δ of SG, wheat, 
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potato, maize flours levelled off, while tan δ of SH gradually rose to 0.36, being 

significantly higher than that of the other flours. This may be due to the lower TSC of 

SH, leading to a less rigid structure and strength of the paste.  

During cooling, G' of the traditional flours increased, while the tan δ dropped to ≤ 

0.1, indicating the formation of more elastic gel. This could be mainly attributed to the 

“cross-linking” formed by the re-association of the leached amylose-amylose chains 

(Nawab et al., 2014). G' and tan δ of SG leveled off, suggesting that the viscoelastic 

characteristics of the hot paste was little altered during cooling. The amylose-amylose 

re-association in SG may be inhibited by the pectins/phenolics. Although G' of SH 

increased, the tan δ of SH increased from 0.36 to 0.55 during cooling. A higher 

proportion of non-starch polysaccharides as hydrocolloids can increase the G' and G'' 

of starch systems and make the macromolecular network of the sample to be more 

viscous-like (Mandala, 2012; BeMiller, 2011). For example, insoluble dietary fiber in 

kiwifruit flour may hinder the intermolecular associations for tangled molecular 

networking during cooling (Collar, Santos, & Rosell, 2006). The amylose content of 

SH was lower than that of SG, which further contributed to the formation of a more 

viscous and less structured gel. 

The rheological properties of “starch-less” kiwifruit flours during heating and 

cooling were seen to be largely different from those of starchy flours (Figure A6.2). 

The initial G' of ERH (250 Pa) and ERG (100 Pa) at the beginning of heating were 

much higher than that of the starchy flours (~ 7 Pa) (Figure A6.2). The initial tan δ of 

ERH (0.18) and ERG (0.27) were low. This indicated the gel-like property of “starch-

less” kiwifruit flour dispersions, which was mainly due to the high soluble solid 

content of the flours (sugar and soluble dietary fiber). During heating, G' and G'' of 



 

153 

 

ERH gradually increased and then leveled off. G' and G'' of ERG increased slightly 

and then leveled off at ~ 80 °C. tan δ of ERH and ERG remained similar during 

heating. G' of ERH were significantly higher than that of ERG during heating mainly 

due to the starch gelatinization. The released starch molecules had intermolecular 

associations, contributing to the elastic properties. The slight increases in G' and G'' of 

ERG may be attributed to dissolved dietary fiber during heating. The pectin-galactan 

mixtures account for ~ 40–50% of kiwifruit cell wall at the time of commercial 

harvesting (Yuliarti, 2011). Pectins can be released and dissolved during heating. At 

the temperature range of the levelling off stage, G' of ERH was generally higher than 

G'max of SH, while the tan δ of ERH was similar to that of SH, suggesting more solid-

like property of ERH at high temperature. During cooling, the increases in G' and G'' 

of the “starch-less” flours were drastic, while the increase in tan δ was seen to be 

linear. The cooling tremendously promoted the viscous and elastic behaviors, while 

the gel formed by “starch-less” flours tended to be liquid-like (tan δ, ~ 0.6–0.7). 

Overall, non-starch hydrocolloids require the particular conditions to develop the 

proper gel rigidity (e.g., sufficient soluble solids and suitable pH) (Li & Nie, 2016).  

G', G'', and tan δ of all the flours increased with increasing frequency from 0.1 to 

16 Hz (Figure A6.3). The increments of tan δ of “starch-less” flours (0.22–0.41) were 

higher than that of the starchy kiwifruit flours (0.11–0.15). This again suggested that 

the starch of flour was important for maintaining the gel rigidity during the sweep. 

The gel of gelatinized starch was stable under the sweep, while non-starch 

components such as fibers and phenolics might hinder the re-association of starch 

molecules, making it susceptible to the sweep.  
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6.3.6 In vitro antioxidant capacities and starch digestibility of flours  

In vitro antioxidant capacities of SG and ERG (DPPH assay) were 2.3−2.4 mmol 

TE /100 g of DW, which were slightly higher than that of SH and ERH (2.0 mmol 

TE/100 g of DW) (Table 6.5). Similarly, according to the FRAP assay, the antioxidant 

capacities of SG and ERG (3.1–3.6 mmol TE/100 g of DW) were higher than that of 

SH and ERH (2.5–2.7 mmol TE /100 g of DW). The results of antioxidant capacities 

of kiwifruit flours generally agreed with the study of Hettihewa (2014). The 

antioxidant capacities of the traditional flours were low (0.03–0.6 mmol TE/100 g of 

DW based on the DPPH assay and 0.1–0.7 mmol TE/100 g of DW based on the 

FRAP assay).  

The starchy and eating-ripe kiwifruit flours showed similar in vitro antioxidant 

capacities and pH. Richardson et al. (2011) also reported similar acid contents for 

starchy and eating-ripe kiwifruit. The antioxidant capacities of the flours made from 

gold kiwifruit were higher than that of the flours from green kiwifruit, which may be 

due to the higher free phenolic content of the gold kiwifruit flour. The antioxidant 

capacities of kiwifruit flours were seen to be much affected by the phenolics. The 

significantly higher antioxidant capacities of kiwifruit flours than that of the 

traditional flours indicated their health effects.   
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Table 6.5 In vitro antioxidant capacities and starch digestibility of flours  

 SG SH Wheat Maize Potato ERG ERH 

DPPHa 2.4 ± 0.0a 2.0 ± 0.1b 0.0 ± 0.0e 0.2 ± 0.0d 0.6 ± 0.0c 2.3 ± 0.0a 2.0 ± 0.1b 

FRAPb 3.6 ± 0.1a 2.5 ± 0.1d 0.1 ± 0.0g 0.4 ± 0.0f 0.7 ± 0.0e 3.1 ± 0.1b 2.7 ± 0.1c 

Rapidly digestible starch (%)  44 ± 1b 52 ± 1a 24 ± 0d 21 ± 0e 26 ± 1c n.a. n.a. 

Slowly digestible starch (%) 37 ± 2a 23 ± 3b 38 ± 1a 40 ± 4a 40 ± 1a n.a. n.a. 

Resistant starch (%) 19 ± 2d 25 ± 3c 38 ± 1ab 39 ± 4a 34 ± 1b n.a. n.a. 

Rapidly available glucose (g/100 g of flour ) 25.0 ± 0.3a 23.9 ± 0.4b 18.7 ± 0.1d 18.0 ± 0.0d 22.0 ± 0.4c n.a. n.a. 

 

aDPPH, free radical scavenging ability; bFRAP, ferric reducing ability of plasma; the results of antioxidant capacity are expressed as mmol 

Trolox equivalents /100 g of dry weight; SG, starchy Gold3 flour; SH, starchy ‘Hayward’ flour; rapidly digestible starch (starch hydrolyzed 

within 20 min); slowly digestible starch (starch hydrolyzed from 20 to 120 min); resistant starch (starch remained after 120 min); rapidly 

available glucose (the glucose released in 20 min); n.a., no applicable; ERG and ERH were not included in the analysis of starch digestibility due 

to the little starch content in the flours; values with different letters in the same category differ significantly (p < 0.05).
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Starch in foods can be categorized into three types (rapidly digestible starch, slowly 

digestible starch, and resistant starch) based on its digestion pattern in human 

gastrointestinal tract (Englyst et al., 1992).  In the first 20 min, a significant 

proportion of starch in SG (44%) and SH (53%) were hydrolyzed, while only ~ 22–

26% of the starches in the traditional flours were hydrolyzed (Table 6.5). At 120 min, 

the amount of starch remained in the traditional flours (~ 34–39%) were significantly 

higher than that of SG (~ 19%) and SH (~ 25%). Noticeably, TSC of the flour samples 

differed greatly, which significantly influenced the actual amount of glucose released 

during the hydrolysis. Englyst et al. (1992) suggested that the amount of rapidly 

available glucose (the glucose released in the first 20 min) of food could be an 

indicator for estimating the blood glucose and insulin response. The results showed 

that the amounts of rapidly available glucose released from the kiwifruit flours were ~ 

24 g/100 g of flour, being slightly higher than that of potato flour (~22 g/100 g of 

flour). The amounts of rapidly available glucose from wheat and maize flours were 

significantly lower, being ~18 g/100 g (Figure A6.4; Table 6.5). Overall, starch in the 

kiwifruit flours was more susceptible to enzymatic hydrolysis than that of the 

traditional flours. This may be due to the large magnitude of starch granule disruption 

during cooking in the low pH system. Proteins in cereal flour can form disulfide-

bonded protein matrix during cooking, which may protect the starch from the 

enzymatic hydrolysis to some extent (Marshall & Chrastil, 1992). Furthermore, the 

amylose and lipids of maize and wheat flours may form amylose-lipid complexes 

which are much less susceptible to the enzymatic hydrolysis (Singh, Dartois, & Kaur, 

2010). These factors may contribute to the slower release of glucose from the maize 

and wheat flours during enzyme hydrolysis. 
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It has been shown that plant phenolics could inhibit/reduce α-amylase activity 

through interactions with starch and/or amylases (Zhu, 2015a). Dietary fibers can 

increase the viscosity of food systems, which leads to the slower rate of the substrate 

diffusion. Thus, the starch hydrolysis is limited by these factors (Singh et al., 2010). 

Both dietary fiber and extracts of phenolic-rich plant material can help to reduce the 

glycemic response and insulin level (Zhu, 2015a; Fujii et al., 2013; Singh et al., 2010). 

Although the cooked kiwifruit starch is highly susceptible to the enzymes, kiwifruit 

flours are rich in both dietary fiber and phenolics, which may help regulate related 

medical conditions in humans.    

6.3.7 Potential uses of starchy kiwifruit flour and significance of the research: A 

general discussion  

Gold3 and ‘Hayward’ are selected for commercial cultivation in New Zealand due 

to their eating quality and tolerance to the transport and storage for worldwide export. 

Techniques of prolonging storage life of the cultivars play important roles for the 

commercial success. Kiwifruit are cultivated in many remote areas (e.g. in China) 

where orchards may be small and the appropriate storage facilities are generally not 

accessible to the farmers. As a result, up to one third of kiwifruit are processed into 

dessert or beverage. However, the problems such as loss of the distinctive kiwifruit 

flavor and emergence of the brown color tend to be associated with these products 

(Stanley, Wegrzyn, & Saleh, 2007). The production of the kiwifruit flour allows the 

fruit to be processed at the time of commercial harvesting for value addition. A solar 

based drying technique has been applied to dry fresh kiwifruit, which would help to 

reduce the cost of flour production (Reyes, Vásquez, Pailahueque, Mahn, 2018). 

Kiwifruit flour is easy for transportation and preservation. The low pH restricts the 
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microorganism growth (Soquetta et al. 2016). Some kiwifruit cultivars may be more 

suitable to be processed into starchy flour for formulations of “healthy” and “novel” 

food/non-food products than the selling in fresh fruit market. For example, ‘Qinmei’ 

(Actinidia deliciosa) widely grown in China is remarkable for the high yield, strong 

vine and high tolerance to adverse growing conditions. The price of ‘Qinmei’ is lower 

than one third of that of ‘Hayward’. However, the taste and storage life of this variety 

are not competitive with ‘Hayward’ and Gold3 (Huang & Ferguson, 2001; Ferguson, 

2015).  

Whole plant foods provide more protection from chronic diseases than antioxidants 

and dietary fiber extracted from foods alone, and the use of the extract for food 

formulations may be less efficient (Scazzina, Siebenhandl-Ehn, & Pellegrini, 2013). 

Incorporation of starchy kiwifruit flour in food uses to achieve desired physical and 

nutritional properties can be feasible for functional food applications. The flours may 

find uses in the rising gluten free food market. The relatively high acid content of 

kiwifruit flour may affect food taste. The sour taste and viscosity of gelatinized 

starchy kiwifruit flour may be suitable for making various sour sauce or dipper. It may 

be worthwhile too to use kiwifruit cultivars with low acidity (e.g. ‘Zaoxian’ of A. 

chinensis) for other types of food applications (Huang & Ferguson, 2001). For 

example, the hardening tendency caused by starch retrogradation of bread adversely 

affects the shelf life (Gómez, Ronda, Blanco, Caballero, & Apesteguía, 2003). The 

results from this study suggested that non-starch components in starchy kiwifruit flour 

(e.g. pectin and phenolics) hinder the re-association of starch molecules, resulting in a 

gel with lower firmness. Therefore, incorporation of starchy kiwifruit flour in bread 
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formulations may help to reduce the hardening tendency and prolong the shelf life. In 

addition, the health effects of the kiwifruit flour can be included into the bread.  

Kiwifruit has been used in various skincare products such as facial 

creme/moisturizer (SkincareNZ, 2016). The starchy kiwifruit flour may be used in 

formulation of face mask which could be produced by mixing the flour with water. 

Antioxidants in starchy kiwifruit flour can help rejuvenate and heal the skin by 

attacking the free radicals, while fruit organic acids in the flour contribute to a 

balanced pH level of the skin (Xtend-Life, 2018).  

6.4 Conclusions 

This study for the first time reported the physicochemical properties of starchy 

kiwifruit flour. Differences in chemical composition and physicochemical properties 

between the starchy kiwifruit, “starch-less” kiwifruit, and traditional flours were 

recorded. Properties of the starchy kiwifruit flours were similar to that of the 

traditional flours to some extent with differences. Starchy kiwifruit flours had 

relatively low TSC, low pH, and considerable amounts of dietary fiber and phenolics. 

The results suggested that the starch content and properties (swelling power, 

retrogradation and amylose leaching) contributed to the different functional and 

nutritional properties among different flours, while the acids, fibers and phenolics of 

the flour could significantly alter the starch properties. The viscosity and gel of 

“starch-less” kiwifruit flour were hardly developed. The results of this study 

suggested that starchy kiwifruit flour had great potential for food and non-food 

applications with positive health effects. Developing potential uses of starchy 

kiwifruit flour may positively influence the kiwifruit industry. 
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Chapter 7 Conclusions and future work 
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7.1 Conclusions 

Owing to the differences in chemical composition during different growth stages in 

each kiwifruit tissue, this work was the first to conduct tissue/growth stage-specific 

studies on physicochemical properties and molecular structure of kiwifruit starch. The 

results provide some insights into the composition, structure and synthesis of starch 

granules and explore a potential alternative use for fresh kiwifruit, which would help 

to develop the fruit as a sustainable crop. 

The investigation of physicochemical properties and molecular structure of 

kiwifruit starch were described in chapters 3 and 4. Starches from maize and potato 

were included in the studies for comparison. The results showed that the core starch 

had higher amylose content and smaller granule size, while the outer pericarp starch 

had a higher gelatinization temperature. The core amylopectins tend to have more 

long unit chains than the outer pericarp amylopectins. The results also suggested that 

the outer pericarp amylopectins possessed more branched structures and were more 

tightly arranged. These differences in the properties and structures of these two types 

of starches suggested different biosynthesis properties of the starches in gold 

kiwifruit. Compared to maize and potato starches, outer pericarp starch from gold 

kiwifruit required more energy for gelatinization and exhibited higher yield stress in 

its flow properties. Although the granule size of gold kiwifruit starch was many times 

smaller than that of potato starch, these two types of starches exhibited similar 

swelling power, amylose leaching and dynamic oscillatory properties. This behavior 

might be mainly attributed to the same or similar polymorph type, molecular structure 

and amylose contents of the kiwifruit and potato starches. 

The structural evolution of starch in growing kiwifruit was examined in Chapter 5. 

The starch granules in kiwifruit (‘Hayward’ and Gold3) enlarged significantly as the 
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fruit grew, while the molecular structure of the starch changed little. The amylose 

content of ‘Hayward’ starch remained similar, while that of Gold3 starch tended to 

increase. These results suggested a similar molecular structure from the core towards 

the periphery of a B-type polymorph starch granule. 

In Chapter 6, physicochemical properties of the flours made from starch-rich 

(unripe) and “starch-less” (eating-ripe) kiwifruit (‘Hayward’ and Gold3) were studied 

and compared to those of traditional flours (potato, maize and wheat). The starch-rich 

flour has higher nutritional value than the traditional flours. The starch-rich kiwifruit 

flours had some similar physical properties to those of the traditional flours and some 

differences. The viscosity and gelation were little built in “starch-less” flours. These 

results suggested that starch-rich kiwifruit flour has potential for food/nonfood 

applications with health benefits. 

7.2 Future work 

The current studies on kiwifruit starch/flour provide the basis for future 

advancement of this research. Physicochemical properties and molecular structure of 

kiwifruit starch from a broader genetic range need to be investigated, which may 

reveal relationships between the properties/structure of kiwifruit starch and the 

storage life of the fruit. The results may help to understand the mechanism of starch 

degradation in kiwifruit during postharvest storage and further probe the starch 

structure. Information on the starches from diverse Actinidia species may also provide 

a basis for exploring the use of kiwifruit starch. 

The structural evolution of starch in growing kiwifruit needs to be further studied, 

including the dynamics of the starch granule concentration in the tissues and of the 

weight-average molar mass of the amylopectins. The physical properties of the 

starches in the growing fruit also need to be investigated. The results would provide 
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new insight into the synthesis−structure−functional relationship of starch. The 

structural changes in starch during kiwifruit ripening are worthy of study. Information 

on the dynamics of the granule size, molecular structure and amylose content of the 

starch under hydrolysis in kiwifruit would help to understand the degradation pattern 

of kiwifruit starch, contributing basic knowledge on starch chemistry. 

Physicochemical properties of starch-rich kiwifruit flours derived from a wide 

range of species need to be studied to discover suitable varieties for flour production 

and subsequent specific value-added utilization. Starch-rich kiwifruit flour may be a 

potential ingredient for use in food, including scour sources, dippers, cookies, breads, 

muffins and sponge cake. The possibilities need to be examined, including texture and 

sensory analysis. 
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Appendix for Chapter 3 
 

 

 

Figure A3.1 Cross-section of kiwifruit (Gold3) 
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Figure A3.2 SEM micrograph of starches in the freeze fried tissues and extracted 

starches of kiwifruit (A and B by SEM); extracted outer pericarp and core starches (C 

and D by ESEM); maize starches (E by ESEM and F by SEM) 
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Figure A3.3 Particle size distribution of outer pericarp and core starches from the 

kiwifruit; * D [4, 3] - volume weighted mean value of starch size which is indicated 

by the vertical lines 
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Figure A3.4 Particle size distribution of maize, potato and kiwifruit starches; * D [4, 3] 

- volume weighted mean value of starch size, which is indicated by the vertical line
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Figure A3.5 Wild-angle X-ray diffraction analysis of kiwifruit, potato and maize starches
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Figure A3.6 Flow curves of starch pastes. 
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Figure A3.7 Dynamic oscillatory properties of starches. Temperature dependent behaviors of starches (A and B); frequency sweep dependent 

behaviors of starch gels (C and D). G', storage modulus; G'', loss modulus.
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Appendix for Chapter 4 
 

Table A4.1 Abbreviations 

Abbreviations Full Name 

A Molar-based percentage of A-chains 

AAM Apparent amylose content based on iodine binding method 

AAM2B Apparent amylose content estimated by GPC on Sepharose CL 2B 

AAM6B Apparent amylose content measured by GPC on Sepharose CL 6B 

Acrystal Molar-based percentage of A-chains which are considered to form 

the crystalline lamellae in amylopectin (Acrystal = A − Afp)  

Afp 

Molar-based percentage of A-chains of amylopectin (DP 6−8), called 

fingerprint A-chains 

B Molar-based percentage of B-chains 

B1 (BS) Molar-based percentage of short B-chains in φ,β-LDs (DP 3−20)  

B2 Molar-based percentage of chains of DP 21–54 in φ,β-LDs 

B3 Molar-based percentage of chains of DP > 54 in φ,β-LDs 

BCL Average chain length of B-chains in φ,β-LDs (DP > 2) 

Bfp Molar-based percentage of fingerprint B-chains in φ,β-LDs (DP 3−7) 

BL Molar-based percentage of long B-chains = B2 + B3 

BL-CL Average chain length of long B-chains (DP > 20) of φ,β-LDs 

BS:BL Molar-based ratio between short B-chains and long B-chains 

BS-CL Average chain length of short B-chains of φ,β-LDs (DP 3−20) 

BSmajor 

Molar-based percentage of part of BS in φ, β-LDs (DP 8−20; BSmajor 

= BS − Bfp) 

CLAP Average chain length of amylopectin 

CLLD Average chain length of φ,β-LDs 
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ECL Average external chain length of amylopectin (= CLAP – CLLD +1.5) 

fa Weight-based percentage of chains of DP 6–12 

fb1 Weight-based percentage of chains of DP 13–24 

fb2 Weight-based percentage of chains of DP 25–36 

fb3 Weight-based percentage of chains of DP > 36 

ICL Average internal chain length of amylopectin (= CLAP – ECL − 1) 

LAP Molar-based percentage of long chains of amylopectin (DP > 34) 

LCAAM Apparent long chain fraction of amylose 

LCAAM/SCAAM Ratio between long and short chain fractions of amylose  

LCLAP Average chain length of long chains of amylopectin (DP > 34) 

NC:B 

Average number of chains per B-chain in φ, β-LDs (NC:B = 

TICL/(ICL + 1)) 

SAP 

Molar-based percentage of short unit chains of amylopectin (DP 6–

34) 

SCAAM Apparent short chain fraction of amylose 

SCLAP Average chain length of short chains of amylopectin (DP 6–34) 

TICL Average total internal chain length of amylopectin (= BCL – 1) 

TAM 

Amylose content analyzed by Concanavalin A precipitation-based 

method 

λmax of AM Maximum absorbance wavelength 

φ, β-LDs φ, β-limit dextrins 

φ, β-LV φ, β-limit value (= 100 – 100 × CLLD / CLAP) 
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Figure A4.1 Cross-section of a kiwifruit (Gold3) (D. Li & Zhu, 2017) (Reprinted with 

permission from Elsevier) 
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Figure A4.2 Reconstructed ‘‘average” internal unit chain profiles by HPAEC of 

amylopectins from group 1 (●), group 2 (△), group 3 (◆), and group 4 (□), 

comparing typical distributions of short (BS or B1) and long B-chains (BL). 

‘‘Fingerprint” B-chains (Bfp) and the major fraction of short B-chains (BSmajor) are 

subgroups of BS chains, whereas B2- and B3-chains are subgroups of BL-chains. 

Each curve is the simple average of all samples in the respective group (Bertoft et al., 

2008) (Reprinted with permission from Elsevier)
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Appendix for Chapter 5 
 

Table A5.1 Structure of storage starch in other developing crops 

Starch source Number of 

developing stages  

for sampling 

AC (%) 

 

Granule size and 

polymorph type of starch 

Structure of amylopectin/whole 

starch during crop developing  

Structure of β-LDs/φ, β-LDs of 

amylopectin during crop developing  

Kidney bean  3 stages (immature, 

premature, mature) 

Increased 

from 21 to 27 

Proportions of medium 

and large granules 

increased while that of 

small granules decreased, 

C-type polymorph not 

changed  

Little change in unit chain length 

distribution and CLAP of the 

amylopectin; but DPn of the 

amylopectin decreased from 17100 

to 5270 

Not studied 

Waxy rice  4 stages at 7, 11, 

15, and 30 DAA 

Not studied Not studied Little change in unit chain length 

distribution and CLAP of the 

amylopectin 

Not studied 
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Maize  6 stages at 10, 12, 

14, 20, 30 and 45 

days after 

pollination  

Increased 

from 9 to 24 

Increased from 4–7 µm 

to 10–23 µm  

Significant variation in unit chain 

length distribution of amylopectin 

(e.g. fa, 16.7–21.1%; fb1, 42.2–

48.3%) 

Not studied 

Barley (3 

varieties)  

3 stages at 9, 12, 24 

DAA 

Increased 

from 18 to 

29, 34 to 40 

and 22 to 30  

Not studied Little change in unit chain length 

distribution and average chain 

length of amylopectin 

Similar in chain length distribution and 

CLLD of β-LDs 

Wheat  4 stages for large 

granules (7, 14, 28, 

35 DAA) and 3 

stages for small 

granules (14, 28, 35 

DAA) 

Not studied Not studied Little change in unit the chain 

length distribution of amylopectin. 

small changes in CLAP (~ 17 to 18 

glucosyl residues), ECL (~ 11 to 12 

glucosyl residues) and ICL (~ 4 to 5 

glucosyl residues) 

Molar amount of A-chains varied from 

~ 51–56%. amount of Afp increased 

from ~ 5–7%. amount of BL varied 

from ~ 5–7%. amounts of Bfp and 

BSmajor changed little 
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The abbreviations are according to Table A4.2. References: Yoshida et al. (2003), Murugesan et al. (1992), Li et al. (2007), Källman et al. 

(2015), Kalinga et al. (2014)
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Table A5.2 Abbreviations. 

Abbreviations Full Name 

A Molar-based percentage of A-chains 

Acrystal 

Molar-based percentage of the portion of A-chains which are considered to form the 

crystalline lamellae in amylopectin (= A − Afp) 

Afp Molar-based percentage of A-chains of amylopectin (DP 6−8), fingerprint A-chains 

AC Amylose content analyzed by concanavalin A precipitation-based method 

B Molar-based percentage of B-chains 

B1 (BS) Molar-based percentage of short B-chains in β-LDs (DP 3−23)  

B2 Molar-based percentage of chains of DP 24–51 in β-LDs 

B3 Molar-based percentage of chains of DP > 51 in β-LDs 

BCL Average chain length (glucosyl residues) of B-chains in β-LDs (DP > 3)  

Bfp Molar-based percentage of fingerprint B-chains in β-LDs (DP 3−7) 

BL Molar-based percentage of long B-chains = B2 + B3 

BL-CL Average chain length (glucosyl residues) of long B-chains (DP > 23) of β-LDs  

BS:BL Molar-based ratio between short B-chains and long B-chains  

BS-CL Average chain length (glucosyl residues) of short B-chains of β-LDs (DP 4−23) 

BSmajor Molar-based percentage of major part of BS in β-LDs (DP 8−23; BSmajor = BS − Bfp) 

CH Commercial harvesting  

CLAP Average chain length (glucosyl residues) of amylopectin 

CLLD Average chain length (glucosyl residues) of β-LDs 

DAA Day after anthesis 

DP Degree of polymerization 

DPn Number-average degree of polymerization 
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DWB Dry weight basis 

ECL Average external chain length (glucosyl residues) of amylopectin (= CLAP – CLLD + 2) 

fa Weight-based percentage of chains of DP 6–12 

fb1 Weight-based percentage of chains of DP 13–24 

fb2 Weight-based percentage of chains of DP 25–36 

fb3 Weight-based percentage of chains of DP > 36 

ICL Average internal chain length (glucosyl residues) of amylopectin (= CLAP – ECL − 1) 

LAP Molar-based percentage of long chains of amylopectin (DP > 34) 

LCLAP Average chain length (glucosyl residues) of long chains of amylopectin (DP > 34) 

SAP Molar-based percentage of short unit chains of amylopectin (DP 6–34) 

SC Starch content (dry weight basis) 

SCLAP Average chain length (glucosyl residues) of short chains of amylopectin (DP 6–34) 

β-LDs β-limit dextrins 

φ, β-LDs φ, β-limit dextrins 
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Figure A5.1 Kiwifruit at different day after anthesis (DDA). 
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Hayward 45-DAA 42 mm Hayward 59-DAA 44 mm Hayward 73-DAA 52 mm Hayward 129-DAA 52 mm 

    

Gold3 67-DAA 45 mm Gold3 81-DAA 50 mm Gold3 137-DAA 57 mm Gold3 151-DAA 62 mm 

 

Figure A5.2 Cross-section of kiwifruit at different developing stages. The approximate diameter (mm) of the fruits is underlined. 
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Figure A5.3 Average weight of a fresh Hayward and Gold3 at different growing stages.  
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Gold3 53-DAA Gold3 81-DAA Gold3 109-DAA Gold3 151-DAA 

Figure A5.4 SEM images of kiwifruit starch of Gold3 at different growing stages.
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Figure A5.5 Wild-angle X-ray diffraction analysis of kiwifruit starches at different 

growing stages.
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Figure A5.6 Chain length distributions of all of the amylopectins at different growing stages of kiwifruit. Short and long chains of amylopectins 

are divided at degree of polymerization of 34. The numbers in the front of Gold3 and Hayward represent the day after anthesis.  
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Figure A5.7 Chain length distributions of all of the β-LDs at different growing stages of kiwifruit. B1 (BS), chains of DP < 24; B2, chains of DP 

24–51; B3, chains of DP > 51. The numbers in the front of Gold3 and Hayward represent the day after anthesis
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Appendix for Chapter 6 
 

Table A6.1 Summary of abbreviations. 

Abbreviations Full Name 

DPPH Free radical scavenging ability, expressed as mmol Trolox 

equivalents /100 g of dry weight  

DW Dry weight basis 

ERG Commercial kiwifruit powder were made from eating-ripe Gold3 

after removal of the skin and seed 

ERH Commercial kiwifruit powder were made from eating-ripe 

‘Hayward’ 

FRAP Ferric reducing ability of plasma, expressed as mmol Trolox 

equivalents /100 g of dry weight  

G' Storage modulus (Pa) 

G'' Loss modulus (Pa) 

G'16Hz G' at 16 Hz during frequency sweep (Pa) 

G'25C G' at 25 °C after cooling (Pa) 

G'95C G' at 95 °C during heating (Pa) 

GAE Gallic acid equivalents  

G'max, Maximal G' during heating (Pa) 

SG Starchy Gold3 flour made from kiwifruit at 20 days prior to the 

time of commercial harvesting 

SH Starchy ‘Hayward’ flour made from kiwifruit at the time of 

commercial harvesting  

tan δ  G''/G' 
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tan δ16C G''/G' at 16 Hz during frequency sweep 

tan δ25C G''/G' at 25 °C during cooling 

tan δ95C G''/G' at 95 oC during heating 

tan δG'max G'' (at G'max)/G'max during heating 

Tc Conclusion temperature (oC) 

TG'max Temperature at the maximal G' during heating (oC) 

To Onset temperature (oC) 

Tp Peak temperature (oC) 

TSC Total starch content (%) 

ΔH Enthalpy change (J/g) 

ΔHs Starch based ΔH (J/g) = ΔH / TSTC  
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Table A6.2 Mineral concentration in flours. 

Sample Na Mg Al P K Ca Mn Fe Cu Zn 

SG 13b 86.7c 11.5c 1418c 11410b 194b 1.7d 14e 11c 4f 

SH 21a 90.3b 27.4a 1568b 11190b 199a 7.8c 26b 12b 6d 

Wheat  9c 54.5e 1.1e 1459c 1339d 30e 22.3a 17d 2e 8c 

Maize  3d 35.0f 0.5e 818e 859e 12f 1.6d 7f 1f 6e 

Potato  7c 95.3a 0.5e 2785a 12739a 37d 8.7b 22c 4d 16b 

ERG 18a 63.5d 9.8d 1187d 10293c 60c 2.3d 25b 10c 2g 

ERH 19a 87.9bc 21.2b 1575b 10163c 199a 7.4c 57a 18a 21a 

 

SG, starchy Gold3 flour; SH, starchy ‘Hayward flour’; ERG, eating-ripe Gold3 flour; ERH, eating-ripe ‘Hayward’ flour; the unit is μg/g, dry 

weight basis; values with the different letters differ significantly in each column (p < 0.05).
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Figure A6.1 Pasting profiles of flours.
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Figure A6.2 Temperature dependent behaviors of flours under dynamic oscillation. 

SG, starchy Gold3 flour; SH, starchy ‘Hayward’ flour; ERG, eating-ripe Gold3 flour; 

ERH, eating-ripe ‘Hayward’ flour; G', storage modulus; G'', loss modulus; tan δ = G'' 

/ G'.
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Figure A6.3 Frequency sweep dependent behaviors of flour gels under dynamic 

oscillation. SG, starchy Gold3 flour; SH, starchy ‘Hayward’ flour; ERG, eating-ripe 

Gold3 flour; ERH, eating-ripe ‘Hayward’ flour; G', storage modulus; G'', loss 

modulus; tan δ = G'' / G'.
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Figure A6.4 Amount of glucose released from the starch in flour as a function of hydrolysis time. SG, starchy Gold3 flour; SH, starchy 

‘Hayward’ flour.
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