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ABSTRACT 

 

Abstract 

Chickpea (Cicer arietinum L.) has been a staple food in many countries for 

generations. With the steadily growing world population, changing climate, increase 

in vegetarianism, and veganism, there is a new-found interest in chickpea as a 

sustainable source of plant-based proteins and other beneficial nutrients, especially in 

developed countries. Chickpeas are of high nutritional value due to their high 

concentration of proteins, essential amino acids, complex carbohydrates, and dietary 

fibre. Chickpeas also contain polyphenols which are known for their health-protective 

antioxidant effects. Australia is one of the major producers of chickpeas, with over 

90% of the production exported. Of the two chickpea types, desi and kabuli, Australian 

kabuli chickpeas command a premium price due to their high quality including 

germination, vigour, and seed size. There is, however, a lack of information on the 

physical, nutritional and antioxidant properties of Australian kabuli chickpea varieties. 

Thus in this thesis, the physical (i.e. seed weight, volume, density, hydration, and 

swelling properties), nutritional (i.e. proximate composition, amino acids, individual 

mineral content), and antioxidant properties (total polyphenol content and antioxidant 

capacity) of Australian kabuli chickpea varieties were investigated. Thus, a genotype 

by environment study was conducted to determine the effects of genotype, 

environment, and their interactions on Australian kabuli chickpea seed properties. And 

to further understand the effect of processing, non-thermal, highpressure processing 

was utilised and the textural, nutritional, and antioxidant properties of high pressure 

processed kabuli chickpeas were determined.   

 Firstly, five commercially grown kabuli chickpea varieties were sampled to 

investigate differences between them in terms of seed physical, nutritional and 

antioxidant properties. The results found large variation in seed physical properties. In 

particular, the variety Kimberley Large, which is exclusively grown in Western 

Australia surpassed all other varieties in seed size.  Kimberley Large also exhibited 

the highest values for ash (2.86 g/ 100g, db), starch (48.88 g/ 100g, db) and 

carbohydrate (by difference) content (52.61 g/ 100g, db) content. In terms of protein 

content, Genesis Kalkee (24.56 g/ 100 g, db) was the highest. Despite the differences 
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in physical properties, Kimberley large and Genesis 090 exhibited the highest and very 

similar total polyphenol contents however, Genesis 090 showed significantly (p≤0.05) 

higher DPPH and ABTS antioxidant capacity values. In contrast, oxygen radical 

antioxidant capacity (ORAC) for Kimberley Large was the highest among the five 

varieties. These results showcase the important inter-varietal differences between 

Australian kabuli chickpea varieties, which can be exploited to direct the development 

of new varieties and nutritious food products in the near future.    

Next, four common kabuli chickpea varieties grown in five locations across Australia 

were investigated to determine the effect of genotype, growing environment, and their 

interactions on their physical, nutritional and bioactive properties. The results 

indicated that genotype, environment, and their interactions had significant effects on 

swelling capacity, proximate composition (i.e. protein, fat, ash, and starch content), 

total polyphenol content and antioxidant capacities. A strong positive correlation 

between polyphenol content and antioxidant capacities was identified, whereas a 

negative correlation between protein and starch content, and protein and antioxidant 

capacities was observed. Following a principal components analysis (PCA), the first 

two components (PC1 and PC2) explained over 87 % of the total variation and clearly 

depicted the separation of varieties based on the growing environment. The results 

obtained in this study can be used by plant breeders to develop more adaptable 

varieties with high nutritional and antioxidant properties. Farmers can also utilise this 

information to enhance desirable properties in kabuli chickpeas based on the available 

growing environment in their reach.  

Finally, for the first time, the potential of highpressure processing for the development 

of a ready-to-eat chickpea product using Australian kabuli chickpeas was investigated. 

Three pressure levels (200, 400, 600 MPA) and two treatment times (1 and 5 min) 

were selected. Previous sensory studies have reported that a soft texture in legumes is 

more acceptable to consumers. When compared to the conventionally cooked 

chickpeas, high pressure processed chickpeas were softer, thus had a more desirable 

texture due to decreased firmness, chewiness, and gumminess. High pressure 

processing did not affect the proximate composition, individual mineral content and 

in vitro protein digestibility, however, a significant increase in the slowly digestible 

starch content and an accompanying decrease in rapidly digestible and resistant starch 

content was recorded. Slowly digestible starch is the most desirable starch fraction as 
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it offers a slow but steady increase of postprandial blood glucose levels sustaining over 

a period of time when compared to rapidly digestible starch. It also increases insulin 

sensitivity, leading to the prevention and management of diabetes. These findings 

suggest that high pressure processing could be a practical technology to produce a 

nutritious, ready-to-eat Kabuli chickpea product with increased levels of beneficial 

slowly digestible starch in less time. Biodegradable packaging can also be used to 

package kabuli chickpeas, reducing post-consumption waste generation when 

compared to canned chickpeas.   

This thesis has generated original knowledge on the physical, nutritional, and 

antioxidant properties of Australian kabuli chickpeas and the effect of the growing 

environment and innovative processing technique on these properties. The information 

collectively reported in this thesis can be utilised to maximise production of current 

kabuli varieties, develop and improve future varieties, and maximise the beneficial 

effects of kabuli chickpea consumption in humans while adding value to the humble 

chickpea crop 
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CHAPTER 1 General introduction 

 

“Eat food. Not too much. Mostly plants.” 

Michael Pollan 

 

 

1.1 Background 

The world population is increasing exponentially and according to the United Nations 

Department of Economic and Social Affairs, is expected to reach 10 billion people by 

2050 (United Nations2021). This exponential population growth has been supported 

by increased food production, with a decrease in worldwide incidences of malnutrition 

in children from 199.5 million in the year 2000 to 144 million in 2019 (Rosa et al. 

2018, UNICEF 2020). Similarly, a reduction in the prevalence of undernourishment 

in developing countries from 34.75% in 1970 to 12.9% in 2015 has been observed 

(Roser and Ritchie 2019). Food and Agriculture Organization (FAO) of the United 

Nations predicts that by 2050, there will be a 76% increase in meat consumption 

around the world (Alexandratos and Bruinsma 2012), however, these projections are 

affected by factors such as climate drivers, socio-economic changes, rising income 

and demand for meat in different geographical regions (Godfray et al. 2018). It is 

universally accepted that the current trends in meat consumption are unsustainable 

(Tilman and Clark 2014).  Meat production not only results in higher greenhouse gas 

emissions (carbon dioxide, nitrous oxide and methane in particular) (Herrero et al. 

2011) but there is strong evidence linking high meat consumption to colorectal cancer 

(Norat et al. 2005). Increased awareness towards climate change and health amongst 

consumers has led to an increase in plant protein consumption in the last 5-10 years in 

developed and developing countries (Hood-Niefer 2017). The global plant protein 

market is estimated to expand from USD$ 10.3 billion (2020) - USD$ 15.6 billion by 

2026 (Markets and Markets 2020) with chickpeas at the forefront due to their 

widespread acceptability, availability and high protein content (Sofi, Muzaffar, et al. 

2020). 

Chickpea (Cicer arietinum, L.) is a widely grown legume belonging to the Fabaceae 

family and is believed to have originated in south-eastern Turkey (Singh 1997). They 
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are mainly grown in semi-arid tropics and are a main dietary component due to their 

low cost and high protein content (19.5- 24.4 g/ 100g, dw) (Wood and Grusak 2007). 

Chickpeas can be classified into two distinct types - desi and kabuli (Jukanti et al. 

2012), with over 100 varieties of chickpeas grown in over 50 countries worldwide 

(Sofi, Muzaffar, et al. 2020). India is the largest chickpea-producing country with a 

production of 9.93 million tonnes in 2019, accounting for 70% of global production 

(FAOSTAT 2019). Australia is also a major chickpea producer, the majority being the 

desi chickpea, due to higher export potential (GRDC 2018a). However, Australian 

kabuli chickpeas command a premium price due to their high quality and greater seed 

size. In some parts of the world, chickpeas are mainly grown on stored soil moisture, 

whereas in other parts the crop is irrigated (Kashiwagi et al. 2015). Chickpeas 

contribute to soil improvement by fixing atmospheric nitrogen which is then available 

for subsequent crops (Knights and Hobson 2004).  

Genotype and growing environment play a vital role in chickpea seed quality as they 

affect the physical, nutritional and bioactive properties (Vandemark et al. 2020). 

Along with the difference in variety and fertilisation regime, factors such as soil type, 

water availability, and temperature during plant growth and seed development are the 

key factors influencing chickpea seed physical and nutritional properties (Nisa et al. 

2020, Özer et al. 2010, Thangwana and Ogola 2012). Australia being a large country 

has a wide spectrum of climatic and environmental conditions, resulting in a range of 

different growing conditions (Grundy et al. 2015, Bell, Moore, and Kirkegaard 2014). 

Most chickpea research work to date has focussed on desi varieties due to their higher 

global demand. In contrast, there is limited knowledge on seed quality of kabuli 

varieties, especially in Australia. To date, no study has characterised the physical, 

nutritional and antioxidant properties of Australian kabuli chickpea varieties or 

reported the effect of growing conditions on these properties.    

Chickpeas are generally processed using a range of domestic (soaking, germinating, 

and cooking) and industrial techniques (milling, canning, high pressure cooking) 

before consumption, which helps to increase their palatability, and reduces 

antinutrients such as phytic acid, tannins, and trypsin inhibitors (Mittal et al. 2012, 

Olika, Abera, and Fikre 2019). However, these traditional processing methods also 

lead to a reduction of the nutritional profile of chickpeas due to high heat exposure 

and the elongated cooking times make the chickpeas highly palatable, leading to the 



CHAPTER 1 

 

3 
 

leaching of nutrients in the cooking water (Margier et al. 2018, Kaur, Singh, and Sodhi 

2005). High pressure processing (HPP) is a novel, non-thermal processing technique, 

used for the preservation of foods with minimal effects on taste, flavour as well as the 

nutritional value of food products (Grundy, Lapsley, and Ellis 2016). However, studies 

have shown that high pressure processing leads to starch gelatinisation (Le Bail et al. 

2013), formation of starch – lipid complexes (Chen et al. 2017), and modification of 

protein digestibility (Kaur et al. 2016). However, there is a lack of knowledge on the 

effects of HPP on the nutritional and antioxidant properties of kabuli chickpeas, thus 

this research area needs further exploration.  

The aims of this thesis thus are; 

1) To determine Australian kabuli chickpea seed quality, which may assist in 

defining recommended end product use of particular genotypes, based on their 

physical, nutritional and antioxidant properties. 

2) To understand how production factors (such as growing environment and 

processing), and varietal differences affect the quality of Australian kabuli 

chickpea.  

1.2 Objectives 

1) To determine the physical, nutritional and antioxidant properties of 

commercial Australian kabuli chickpea varieties. 

2) To determine the effects of genotype, environment and their interaction on the 

physical, nutritional and bioactive properties of Australian kabuli chickpeas. 

3)  To determine the effects of non-thermal high pressure processing on textural, 

nutritional and antioxidant properties of cooked kabuli chickpeas to explore 

the potential of this processing technique in the production of a ready-to-eat 

product. 

 

1.3 Overview of thesis structure and chapters 

The thesis comprises ofa series of investigations around the physical, nutritional, and 

antioxidant properties of Australian kabuli chickpea varieties and is organised as 

described below.  
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Chapter 2 provides an outline of the past and current research literature on chickpea 

seed nutritional properties. This is then extended to include the effects of genotype, 

growing environment as well as different processing techniques on the nutritional 

properties of chickpeas.   

Chapter 3 describes a detailed preliminary investigation of the physical, nutritional 

and antioxidant properties of five kabuli chickpea varieties widely grown across 

Australia, which were collected from three major chickpea growing states (South 

Australia, Victoria and Western Australia). This is the first comprehensive study on 

the seed properties of commercially grown Australian kabuli chickpea varieties.      

Chapter 4 reports the effects of genotype, environment and their interaction on the 

physical, nutritional and antioxidant properties of four common Australian kabuli 

chickpea varieties (viz. Almaz, Genesis 090, Kalkee, and PBA Monarch), collected 

from five National Variety Trials (www.nvtonline.com.au) in different environments 

across Australia. The effect of water availability and growing season temperature on 

the seed properties was identified using multivariate analysis.   

Chapter 5 investigated the effects of high pressure processing on the textural, 

nutritional and antioxidant capacity of cooked kabuli chickpeas. This included the 

impact of different levels of pressure and time of processing on the textural, 

nutritional, and antioxidant properties of Australian kabuli chickpeas.  

Chapter 6 brings all the research together, summarising and discussing the results 

in a broader context, and reports the overall conclusion of the research, including the 

limitations and future perspectives.  

The Appendices provide supplementary information in relation to particular chapters.  
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CHAPTER 2 Review of literature 

  

“Impermanence is not something to be afraid of. It’s the evolution, a never-ending 

horizon.” 

Deepak Chopra 

 

 

Abstract 

Chickpea is one of the most consumed legumes globally. Other than their nutritional 

benefits such as high protein, starch, and mineral concentration, chickpeas also contain 

bioactive components with antioxidant properties conferring health benefits as well as 

prevention of chronic degenerative diseases. However, these nutritional and bioactive 

properties in chickpea are affected not only by the growing environment but also by 

the processing technique used to turn them into a product for human consumption. In 

this review, the nutritional composition of chickpeas and effects of genotype, 

environment and processing techniques on this composition is critically analysed. The 

negative and positive effects of these factors and their implications on chickpea 

product composition are revealed. 

2.1 Origin 

Chickpea (Cicer arietinum L.) is a leguminous pulse crop in the Fabaceae 

(Leguminosae) family. It was domesticated in south-eastern Turkey around 10,000 

years ago, spreading to the south of Europe and North Africa, as well as Ethiopia. The 

eastward movement of chickpeas to Indo-Asia, and in particular India, began about 

4000 years ago (Redden and Berger, 2007). Chickpeas were introduced into Australia 

in the 1890s, and the first commercial crop of chickpeas was grown in 1979 (Johnston 

et al., 1992). 

The seed coat colour and seed structure of cultivated chickpea varieties can be highly 

variable, however, chickpeas are primarily classified into two types; desi and kabuli 

(Fig.1). Desi types have pink flowers, small seeds with a dark irregular shaped seed 

coat and are grown as a short season crop in the Mediterranean and semi-arid climate 

regions. kabuli types have white flowers, and seeds that are larger than those of desi 
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chickpeas with a thin, light coloured seed coat and are typically grown in warm 

temperate regions of the world (Agriculture and Agri-Food 2008).  

 

 

Figure 2.1 Chickpea types (a) desi, (b) kabuli 

 

 

2.2 Agricultural production: 

Chickpeas are the second most commonly grown legume crop in the world with a total 

production of 17.2 million tonnes in 2018 preceded only by dry beans (Phaseolus 

vulgaris L.) with a total world production of 30.4 million tonnes (FAO, 2019). The 

overall world production of chickpeas has been growing steadily to meet the consumer 

demand due to steady population growth in India and the Middle East (Merga and Haji 

2019) as well as an increased interest in plant-based protein sources in developed 

countries (Jukanti et al. 2012). Asia is the largest producer of chickpeas followed by 

Oceania, Northern America, Europe, Africa, Central America and South America  

(Fig. 2) (FAO, 2018). Traditionally chickpeas are a rain-fed crop, however, in areas 

with highly variable and insufficient rainfall, irrigation is utilised to ensure a reliable 

yield (Oweis, Hachum, and Pala 2004).  Irrigation has also been shown to significantly 

increase chickpea yield per unit area when compared to crops grown under rain-fed 

conditions only (Zhang et al., 2000, Oweis, Hachum, and Pala 2004).  
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Figure 2.2 Chickpea production (%) around the world (FAO, 2019) 

 

2.3 Chickpea seed composition: 

Chickpea seed composition is variable and depends on chickpea type (desi or kabuli), 

variety, growing condition and post-harvest handling. Desi chickpea seed is typically 

composed of embryo, seed coat and cotyledons (1.5%, 15.5% and 83%, respectively), 

resulting in higher dietary fibre content, whereas in kabuli chickpeas, the seed coat 

fraction is lower (6.5%), resulting in a much higher cotyledon percentage (92%) and 

in turn higher starch content (Knights and Hobson 2004). Chickpeas are an excellent 

source of available carbohydrates, proteins, and dietary fibre, however, their levels can 

be highly irregular based on a range of factors including genotype, environment, 

agronomic practices and biotic or abiotic stress factors (Wood and Grusak 2007) 

detailed in Table 1.1. 
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Table 2. 1 Nutritional composition of kabuli chickpeas (dry basis) 

TC*= Total carbohydrates 

As these factors significantly affect the physical properties and the nutritional 

composition of chickpeas, it is important to determine their effects on different 

genotypes of chickpeas grown in different parts of the world. As India is the largest 

producer of chickpeas in the world and chickpeas are a very important crop to India, 

multiple studies on the effect of genotype and environment on commercial chickpea 

varieties from India can be found (Berger et al. 2006, Yadav et al. 2010, Misra et al. 

2020). However, there is a lack of information on the composition of commercial 

chickpea varieties in relation to genotype and environment from the second-largest 

producer in the world - Australia.   

 Chickpeas have been known to contain one of the highest amounts of plant proteins 

(19.5- 24.4 g/ 100 g, db) (Table 1.1) after soy bean (Glycine max (L.) Merr.) and lupins 

(Lupinus albus (L.)) and play a crucial role in the diets of vegetarians around the world 

(Muehlbauer and Rajesh 2008, Bar-El Dadon, Abbo, and Reifen 2017). Chickpea 

protein is rich in the essential amino acids lysine and arginine but is deficient in 

methionine and cysteine (Wang, Gao, et al. 2010). The fat content of raw chickpeas 

(5.1- 6.8 g/ 100g, db) (Table 1.1) is higher than other pulses such as pigeon pea 

(Cajanus cajan (L.) Millsp) (1.64 g/100 g, db), mung bean (Vigna radiate (L.) R. 

Wilczek) (1.15 g/100 g, db), red kidney bean (Phaseolus vulgaris spp.) (1.06 g/100 g) 

Component 

(g/100 g, db) 

  Kabuli chickpeas 

(Singh et 

al., 1990) 

(Khan et 

al., 1995) 

(Wang and 

Daun 2004) 

(Wang et 

al., 2010) 

(Bampidis and 

Christodoulou 

2011a) 

(USDA 

2017) 

Protein 19.5-23.4 24.4 24.4 21.2 22.5 20.47 

Fat 5.1-6.8 5.1 5.9 5.6 6.2 6.04 

Dietary fibre - - - 15.3 - 12.2 

Crude fibre 3.0-4.2 3.9 - - 4.7 - 

TC* - 55.8 - - 63.7 62.95 

Starch  60.1-51.1 - 41.1 45.1 39.4 - 

Ash 3.2-3.9 2.8 3.2 3.2 3.4 - 

Country of 

origin 

Syria Pakistan Canada Canada - USA 
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and lentils (Lens culinaris spp.) (1.06 g/100 g, db) (Jukanti et al. 2012). Chickpeas are 

also a rich source of carbohydrates and the carbohydrate content of raw seeds (55.8- 

63.7 g/ 100g, db) (Table 1.1) is higher than other pulses (viz. pigeon pea, peas, and 

faba bean (Vicia faba (L.)). The dietary fibre content of raw chickpeas can range from 

12.2 - 17.4 g/ 100 g (db) (USDA 2017, Jukanti et al. 2012), which is approximately 

50% of the recommended daily intake of dietary fibre for an adult (Institute of 

Medicine2005). Absorbable calcium (Ca), phosphorus (P), magnesium (Mg), iron 

(Fe), zinc (Zn) and potassium (K) can be obtained by consuming 100 g chickpeas 

(Christodoulou et al. 2005) which fulfils approximately 50% of the recommended 

daily intake (RDI) for phosphorus, magnesium, zinc and potassium and around 20% 

RDI for iron and calcium (Bar-El Dadon, Abbo, and Reifen 2017). 

2.3.1 Carbohydrate 

Carbohydrates are a major component of chickpea seeds that contain free 

monosaccharides (glucose, ribose, fructose, and galactose), disaccharides (maltose 

and sucrose) and oligosaccharides (raffinose, verbascose, stachyose and ciceritol) 

(Jukanti et al. 2012). Pulses are known to contain one of the highest concentrations of 

oligosaccharides among all crops (Singh et al. 2017). Oligosaccharides are not 

digested or absorbed by the human digestive system, fermented by the colonic bacteria 

and are classified as dietary fibre. Polysaccharides act as storage carbohydrates or 

provide structural support and are also abundant in chickpeas (Singh et al. 2017). 

Starch is the major polysaccharide found in chickpea seeds and on average is made up 

of 25% amylose and 75% amylopectin, however, the proportion of amylose and 

amylopectin varies with genotype (Frimpong et al. 2009). Wang and Daun (2004) 

reported that the percentage of starch in raw kabuli chickpea ranges from 38.2 to 43.9 

g/100 g (db) of which 35% is considered resistant starch (Aguilera et al., 2009a, 

Aguilera et al., 2009b, Wang and Daun 2004) and does not get digested in the upper 

gastrointestinal tract but can be fermented by colonic bacteria to give beneficial health 

effects (Robinson, Balk, and Domoney 2019). A considerable variation has been 

reported in the percentage of amylose in raw chickpeas ranging from 3.1 - 4.5 g/ 100 

g (db) (de Almeida Costa et al. 2006, Chibbar et al. 2004). The starch in kabuli 

chickpeas has been reported to differ from that in desi chickpeas in relation to higher 

yield, higher granular size, lower amylose content, higher gelatinisation parameters 
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and thus will have a different functionality than desi chickpea starch (Miao, Zhang, 

and Jiang 2009).  

Foods containing high amounts of starch can be classified according to their starch 

digestibility. Analytical methods which mimic the stomach and intestinal digestion 

process are used to determine the starch digestibility of foods by measuring the glucose 

released at different times following the commencement of digestion and converting 

it to percentage dry starch digested (Singh, Dartois, and Kaur 2010). Most starches 

contain a rapidly digestible starch  (RDS) fraction (percentage starch digested in 20 

min), a slowly digestible starch (SDS) fraction (percentage starch digested between 20 

and 120 min) and a fraction which is considered as digestion resistant starch (RS) 

(total starch minus amount of starch digest at 120 min) (Englyst et al. 1999). Compared 

to other pulses such as pea (Pisum sativum (L.)) and lentils, chickpeas contain a higher 

amount of slowly digestible starch, thus making them a healthier choice (Tharanathan 

and Mahadevamma 2003). Consumption of foods containing slowly digestible starch 

(SDS) (glucose released between 20-120 min) results in a slow and sustained increase 

in the postprandial blood glucose levels over time compared to rapidly digestible 

starch (RDS) (glucose released after 20 min) with its rapid and high peak and rapid 

decline (Lehmann and Robin 2007). Resistant starch in legumes corresponds to 

physically inaccessible starch that is trapped in the cellular matrix (Englyst, Kingman, 

and Cummings 1992), but can be broken down with the help of processing (González-

Soto et al. 2006). It works as a prebiotic by escaping digestion in the small intestine 

and functioning as a substrate for the gut microflora, where it is fermented, resulting 

in the production of beneficial short-chain fatty acids (SCFA), which protect humans 

from colon carcinogenesis and can aid in glucose and cholesterol metabolism (Güzel 

et al. 2011, Cummings 1981). A study by Miao, Zhang, and Jiang (2009) found that 

isolated kabuli chickpea starch was composed of higher amounts of SDS (46%) 

compared to desi chickpea starch (around 42%), with a correspondingly lower amount 

of RDS compared to desi chickpeas and thus contributing to slow increase in 

postprandial blood glucose levels and satiety (Lehmann and Robin 2007).  

Chickpeas contain 10.4-17.0 % (of carbohydrate) of α- galactooligosaccharides (α-

GOS)  depending on the variety (Dai et al. 2017). The α-GOS are low molecular 

weight, non-reducing sugars soluble in water and water-alcohol solutions. These 

sugars are essential for the growth of beneficial bifidobacteria as they reach the colon 
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intact before fermentation, due to a lack of α- galactosidase in the upper intestinal tract 

in humans (Bouhnik et al. 2004). But intake of high levels of α-GOS (>3 g/day) 

(Martínez-Villaluenga et al.2008)) can have negative effects as well.  The α-GOS are 

metabolized in the colon and large amounts of carbon dioxide, hydrogen, methane 

resulting in flatulence in humans (Naczk, Amarowicz, and Shahidi 1997). The α-GOS 

responsible for flatus production are raffinose, stachiose, and verbascose. High levels 

of these α-GOS can also result in disorders such as diarrhoea and abdominal cramps 

and are considered to be one of the critical factors that discourage people from 

consuming chickpeas and other legumes (Fares and Menga 2014). 

2.3.2 Protein 

Chickpeas are inexpensive and due to their suitable amino acid balance, high protein 

bioavailability and low antinutritional content, are considered a good source of dietary 

proteins (Singh et al. 2017). A single cup (approx. 150 g) serving of cooked chickpeas 

provides 13% (FSANZ 2020) of the daily recommended amount of protein-based on 

canned drained desi chickpeas and a 52 g/ day recommended intake of protein for men 

(NHMRC 2014). Chickpeas also have a higher bioavailability of proteins when 

compared to other pulses (Sánchez-Vioque et al.1999, Yust et al. 2003), with protein 

digestibility ranging from 65.3 - 79.4% (Khattak, Zeb, and Bibi 2008, Khalil et al. 

2007, Clemente et al. 1998), higher than mung bean (67.2 - 72.2%), pigeon pea (60.4 

- 74.4%), urd bean (Vigna mungo (L.) Hepper) (55.7- 63.3 %) and soy bean (62.7 - 

71.6%) (Chitra et al. 1995).  

No significant differences between amino acids of desi and kabuli chickpeas have been 

reported previously (Wang, N. et al. 2010, Wang, X. et al. 2010).  Due to the limited 

amounts of sulphur-rich amino acids (cysteine and methionine) in chickpeas and other 

pulses, they are recommended to be consumed along with cereals rich in sulphur-

containing amino acids (Zia-Ul-Haq et al. 2007). Researchers have also reported free 

radical scavenging and antioxidant properties of chickpea proteins, with chickpea 

protein hydrolysates performing significantly better than wheat gluten hydrolysates 

(Li et al. 2008). Chickpea protein hydrolysates successfully inhibited the oxidation of 

linoleic acid as well as showed hypoglycaemic effects in animal studies (Yust et al. 

2012, Amaral et al. 2014). Obesity and oxidative stress are the main factors in the 

development of neurological and cardiovascular diseases. Chickpea protein 
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hydrolysates could be utilised as natural preservatives to prevent rancidity and to 

produce functional foods to confer desirable health benefits in humans (Li et al. 2008, 

Kim, Je, and Kim 2007, Yust et al. 2012).  

2.3.3 Fat 

Chickpea oil content ranges from 3 - 10 g/100 g (db) (Ghavidel and Prakash 2006). 

Unsaturated fatty acids such as omega-6 (linoleic acid) (54 - 56% in oil), omega-9 

(oleic acid) (21 - 22% in oil) and omega-3 (linolenic acid) (0.5 - 0.9% in oil) are the 

main components of chickpea oil (Wood and Grusak 2007). Both omega 3 and omega 

6 fatty acids are essential for development, physiological functions and preservation 

(Pugalenthi et al. 2004). The omega-6 fatty acid is an essential fatty acid for human 

metabolism and produces prostaglandins which in turn reduce cholesterol levels and 

regulate smooth muscle contractions (Zia-Ul-Haq et al. 2007), in turn affecting the 

digestive, circulatory and reproductive system in humans (Hafen and B. 2020).  

Dietary intervention studies have reported that chickpea consumption is 

connected with lower cholesterol levels due to its fatty acid composition (Nobile et al. 

2013, Pittaway, Robertson, and Ball 2008). Pittaway, Robertson, and Ball (2008) 

evaluated the effect of a chickpea supplemented diet for 12 weeks in 45 adults and 

observed a reduction in cholesterol levels due to increased consumption of 

polyunsaturated fatty acids from chickpeas. Chickpeas contain phytosterols, squalene 

and tocopherols which are components of unsaponifiable lipid fractions. Phytosterols, 

from plants, have a similar structure to cholesterol and are proposed to have a wide 

range of biological effects such as anti-oxidative, anti-inflammatory, and anti-

carcinogenic (Berger, Jones, and Abumweis 2004, de Jong, Plat, and Mensink 2003) 

and cholesterol-lowering properties by reducing the intestinal absorption (Ryan et al. 

2007). Similarly, squalene which is a 30-carbon isoprenoid exists with phytosterols 

and tocopherols and is a potential cancer chemopreventive agent (Smith 2000).   

2.3.4 Dietary fibres 

Kabuli chickpeas are a good source of dietary fibre, containing 12.2 - 17.4 

g/100 g (db) (Jukanti et al. 2012); they, therefore, provide the benefits of dietary fibre 

when incorporated into a healthy diet. One cup (approx. 150 g) serving of chickpeas 

provides 29% of the daily recommended amount of fibre based on canned drained desi 

chickpea (FSANZ 2020) and 30 g/day recommended intake of DF for men (NHMRC 
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2019). Kabuli chickpeas contain both soluble fibres (pectin, β-glucans) and insoluble 

fibres (lignin, cellulose and hemicellulose). In chickpeas, the insoluble fraction is 

higher than the soluble one at an average of 18.11±0.95 g/100 g and 2.47±0.82 g/ 100 

g, respectively (Bar-El Dadon et al.2017).  

High dietary fibre consumption leads to a phenomenon known as luminal 

viscosity which delays the absorption of nutrients in the small intestine and has been 

associated with managing type 2 diabetes, prevention of cardiovascular diseases and 

lowering low-density lipoprotein (LDL) cholesterol levels (Silva-Cristobal et 

al.2010). Insoluble dietary fibres present in chickpeas have also been associated with 

reducing the incidents of colon cancer (Murphy et al. 2012), weight loss and weight 

management by promoting satiety (Isken et al. 2010). In a study including 265 cases 

(105 colon cancer; 144 rectal cancer; and 16 colon and rectal cancer cases) and 252 

controls from China, it was reported that the control group consumed higher amounts 

of total fibre than colorectal cancer patients. An inverse association between fibre 

intake and colorectal, colon and rectal cancer was also reported indicating beneficial 

effects of high fibre diet in reducing incidents of colon and rectal cancer (Song et al. 

2015). Isken et al. (2010) analysed the effect of insoluble fibre addition (10% 

weight/weight) to a high-fat diet (45 days) administered to mice prone to obesity that 

prevented a high fat-induced phenotype and increased insulin sensitivity in these 

animals.  

2.3.5 Minerals 

Chickpeas are a rich source of potassium (718-1155 mg/ 100g, db) which helps in 

maintaining blood pressure levels in humans (Haddy, Vanhoutte, and Feletou 2006).  

Phosphorus is another mineral found in chickpeas that helps in metabolism (Arnaud 

and Sanchez 1996). The third major mineral found in chickpeas is calcium (around 49 

mg/ 100 g, db), and consumption of 100 g chickpeas contributes to 3.7 and 7% of 

dietary reference intake (DRI) of calcium in adults and children (1 - 3 years) 

respectively (Bar-El Dadon, Abbo, and Reifen 2017). Chickpeas also contain copper 

(0.656 mg/ 100g db), manganese (21.31 mg/ 100 g, db) and zinc (2.76 mg/ 100g, db) 

(Wallace, Murray, and Zelman 2016). Consumption of 100g cooked chickpeas can 

provide 40% of the adult DRI for copper and manganese and about 14% RDI for zinc 

(Bar-El Dadon, Abbo, and Reifen 2017, Wallace, Murray, and Zelman 2016).  
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2.3.6 Polyphenols 

Polyphenols are secondary metabolites of plants and thus are found in plant-based 

foods. Plant polyphenols have been broadly studied and have been shown to possess 

biological activities and health benefits for the prevention of cancer, age-related 

diseases, and cardiovascular diseases (Gorzynik-Debicka et al. 2018, Ganesan and Xu 

2017). These phenolic compounds are responsible for biological activities such as anti-

ageing, anti-cancer, anti-inflammation, and cardiovascular protection (Li et al. 2014). 

One of the notable bioactivities of phenolic compounds is the antioxidant activity, and 

thus they are the main antioxidant constituents in many plant foods (Zhang and Tsao 

2016) and are responsible for breaking of oxidation reactions, and as chelators of metal 

ions that induce oxidation in foods (Bravo 1998, Lopes, Schulman, and Hermes-Lima 

1999, Rubilar et al. 2012) as well as radical scavenging activity for health prevention 

(Giacometti et al. 2016, Sabu, Smitha, and Ramadasan 2002, Gladine et al. 2007). 

These polyphenols can be found in a free or soluble conjugate form or a bound form 

as esters, glycosides and bound complexes (Acosta-Estrada, Gutiérrez-Uribe, and 

Serna-Saldívar 2014). 

The main phenolic compounds in chickpea are phenolic acids, isoflavones, 

anthocyanins, and condensed tannins (Xu, Yuan, and Chang 2007, Fares and Menga 

2012). Source of polyphenols such as cinnamic, salicylic, p-coumaric,  gallic, caffeic, 

ferulic, and chlorogenic acid (Rachwa-Rosiak, Nebesny, and Budryn 2015), the 

polyphenol content in raw chickpeas ranges from 7.2 - 18.1 mg/ 100 g (db), which 

depends strongly on the extraction solvent, and analytical method used (Segev et al. 

2010, Xu, Yuan, and Chang 2007, Ahmed et al. 2020). Lapornik, Prošek, and Golc 

Wondra (2005) reported that aqueous methanol and ethanol extracts of black and red 

currant contained a higher amount of polyphenols than water extracts and their content 

increased with an increase in extraction times from 1- 24 hours. Seabuckthorn seeds 

extracted for 8 hours using methanol exhibited the highest polyphenol extraction rate 

in comparison with ethyl acetate, chloroform and acetone extracts (Negi et al. 2005). 

In a recent study, Ahmed et al. (2020) reported that methanol extraction at 60° C for 

180 min resulted in the highest polyphenol levels when compared to acetone, ethanol 

and water extracts of D. aegyptium seeds. In light of this, it is important when 

comparing antioxidant data that these variables are taken into account. Chickpeas are 
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characterised by a lower level of polyphenols and anthocyanins compared to black 

beans (Phaseolus vulgaris (L.)) and lentils. 

2.3.7 Antinutritional factors 

Legumes are a popular source of protein and other nutritional components, however, 

their consumption can sometimes cause deleterious effects on human health due to the 

presence of antinutritional factors such as phytic acid, tannins, and trypsin inhibitor 

(Singh et al. 2017). These antinutritional factors are naturally occurring plant 

secondary metabolites, which are responsible for protecting plants from biological 

stresses such as pest attacks and extreme temperature fluctuations. However, 

consumption of foods containing higher amounts of these antinutritional factors, 

especially trypsin inhibitors (TI) (0.001- 0.002 TI units mg/ 100 g) is of the greatest 

concern (Avilés-Gaxiola, Chuck-Hernández, and Serna Saldívar 2018). Phytic acid 

(0.03- 0.09 mg/ 100g, db) found in chickpeas can bind to nutritionally important 

minerals (e.g. Fe, Zn, Ca, Mg), resulting in the formation of insoluble complexes and 

making them unavailable for absorption by the human body (Sandberg 2002, Bueckert 

et al. 2011). In contrast, tannins (0.01-0.1 mg/ 100 g, db) reduce the digestibility of 

chickpeas by inhibiting enzymes such as trypsin, α- amylase and lipase (Griffiths 

1986, Barrett, Farhadi, and Smith 2018), and also make chickpeas astringent (Jukanti 

et al. 2012, Singh et al. 2015). TI’s actively inhibit the activity of trypsin and 

chymotrypsin (key pancreatic enzymes) by the formation of indigestible complexes, 

resulting in reduced digestion and absorption of dietary proteins (Gemede and Ratta 

2004). However different processing techniques get rid of these antinutritional factors 

making chickpeas suitable for human consumption (Table 1.2). 

 

2.4 Effect of variety and environment on chickpea seed characteristics and 

composition 

2.4.1 Physical properties 

The physical properties of legume seeds can be expressed as seed weight, 

volume,density, hydration capacity, swelling capacity and cooking time. These 

physical properties are important for designing processing equipment. Designing 

equipment without taking into consideration these properties can result in sub-optimal 

performances, lower work efficiency and increased product losses (Baümler et al. 
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2006). Thus it is important to determine these properties for legumes and cereal grains. 

Seed size is important for packing or packed dimension, and heat and mass transfer 

calculations, whereas volume and density play an important role in seed quality 

assessment, and transfer of seeds using pneumatic or hydraulic equipment (Kabas et 

al. 2007). Water absorption during soaking of legume seeds is related to 

physicochemical properties of seeds and varies due to seed coat thickness, density, 

and starch and protein content (Mwangwela, Waniska, and Minnaar 2006). The weight 

and volume increase of chickpeas as a function of soaking time determines the 

hydration behaviour of the seed; with the weight being related to hydration capacity 

and volume to swelling capacity. Previous research has shown that hydration and 

swelling capacities significantly affect the cooking time of legume seeds, with high 

hydratable and swellable seeds cooking faster (Wani, Sogi, and Gill 2013). Both, Kaur, 

Singh, and Sodhi (2005) and Sfayhi and Kharrat (2011) have reported that seeds with 

higher weight and volume took longer to cook and swelling capacity and hydration 

capacity correlated positively with the cooking time for Tunisian chickpeas.  

Genotype by Environment (G x E) interactions have been reported for several physical 

characteristics of chickpeas and have been related to water availability, soil type and 

growing conditions. For example, Patanè, Iacoponi, and Raccuia (2004) reported a 

significant difference in seed weight, density, and large variability in swelling capacity 

and cooking time between genotypes from Italy. Leport et al. (1999), found that 

reduced water availability during the growing season reduced the seed size in both 

desi and kabuli chickpea varieties grown in Australia. However, Cobos et al. (2017) 

only reported significant genotype effects on seed size and hydration in chickpeas 

from Spain. Sood, Bhambota, and Gartan (2001) reported a significant G x E 

interaction for seed weight of 32 chickpea genotypes from India in their study. The 

type of soil also affects chickpea plant growth, with sandy-loam giving better results 

when compared to clay soil, thus affecting the overall seed weight (Moloto et al. 2018). 

Wang, Gangola, et al. (2017) reported that chickpeas grown in a greenhouse had a 

higher thousand seed weight when compared to field-grown chickpeas due to an ideal 

growing environment and the genotype, environment and their interaction played a 

crucial role in seed weight. Similar results were reported by Frimpong et al. (2009). 

However, Singh, Yadava, and Agrawal (2003) and (Lokare, Patil, and Chavan 2007) 

observed insignificant influence of environment on chickpea physio-chemical traits. 
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2.4.2 Nutritional properties 

Genotype and environment affect the nutritional profile of chickpeas in different ways. 

The protein content of chickpeas has been shown to vary widely depending on the 

genotype, sowing time (spring or winter), environment during seed development, and 

agronomic and cultural practices (El-Adawy 2002, Tayyar, Egesel, Gül, et al. 2008, 

Khan et al. 1995). Singh et al. (1993) suggested that the protein content of kabuli 

chickpeas was more likely to be influenced by the environment than genotype. Singh 

et al. (1990) reported the effects of spring and winter planting in four chickpea 

genotypes planted in Syria and Lebanon. The protein content of winter planted kabuli 

chickpeas was slightly higher and less variable than that of spring-planted kabuli 

chickpeas. Significant effects of autumn and spring plantings on the protein content of 

chickpeas genotypes grown in Turkey over two years were found by Tayyar et al. 

(2008). Chickpeas sown in spring had significantly higher protein content (23.2 g/100 

g, db) than those sown in the autumn (20.5 g/100 g, db) and the seed yield was 

negatively correlated to the protein content, suggesting that increased yield results in 

lower protein content (Tayyar, Egesel, Gül, et al. 2008). The findings of Cobos et al. 

(2017) were in agreement with those of Tayyar et al. (2008), who also concluded that 

sowing times had a significant effect on the protein content of chickpeas, with spring-

sown chickpeas having a higher protein content.    

The fat content of chickpeas negatively correlates to the starch concentration (Ereifej, 

Al-Karaki, and Hammouri 2001). A study by Gül, Egesel, and Turhan (2008) reported 

that autumn-sown chickpeas in Turkey contained 35% and 63% oleic and linoleic acid 

content respectively, whereas chickpeas sown in spring only had an 18% and 47% 

oleic and linoleic acid content. Thus, it was concluded that oleic and linoleic acid 

content in chickpeas varies with planting time (Gül, Egesel, and Turhan 2008). 

Phytosterols, tocopherols and squalene are components present in the unsaponifiable 

lipid fraction and their content in plant foods is affected by genotype, location and 

growing environment (Määttä et al. 1999, Marcone, Kakuda, and Yada 2003, Zhang, 

Vasanthan, and Wettasinghe 2007). Chickpeas are one of the highest sources of 

phytosterols after peas and sesame seeds (Sesamum indicum (L.) (Ryan et al. 2007, 

Kalogeropoulos et al. 2010). However, there is no data on the effect of genotype and 

environment, and their interaction on these compounds (Zia-ul-Haq et al. 2009). 
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Genotype, growing environment and their interaction also affect the concentrations of 

glucose, fructose, sucrose and raffinose family oligosaccharides (RFO) such as 

stachyose, verbascose and raffinose, in both kabuli and desi genotypes (Gangola et al. 

2013). Lower concentrations of RFO in chickpeas from a controlled growing 

environment in a greenhouse (higher photosynthetically active radiation, longer 

photoperiod, and less temperature variation), when compared to field trials, indicates 

the physiological function of these oligosaccharides in providing tolerance against 

abiotic stresses such as drought, salinity and temperature (Krasensky and Jonak 2012). 

A G x E study on seven desi and nine kabuli chickpea varieties at multiple sites across 

the Canadian prairies reported significant G x E interactions on the total starch and 

amylose concentrations in desi, but not in kabuli chickpeas, concluding that different 

chickpea types did not perform consistently relative to each other in different 

environments (Frimpong et al. 2009). A negative correlation between some nutritional 

components indicates that breeding selection strategy for high seed quality will require 

consideration of the genotype and G x E interaction for these constituents (Frimpong 

et al. 2009). Results of Wang et al. (2017) were in agreement with that of Frimpong 

et.al (2009), showing that genotype, environment and G x E interactions had a 

significant effect on the starch and amylose content of 180 desi and 49 kabuli chickpea 

genotypes. Genotype, environment and G x E also showed a significant (p≤0.001) 

effect on the concentration of soluble sugars in chickpeas. Starch and protein content 

in legumes including chickpeas correlate negatively (Wang, Gangola, et al. 2017, Gaur 

et al. 2016) as both starch and protein compete for photosynthetic substrate 

(Rolletschek et al. 2002, Tayade et al. 2019). Also, due to a higher activity of α-

amylase during a rainy environment, available starch gets catabolized resulting in 

soluble sugar accumulation and water influx, enhancing uptake of soluble nitrogen 

(mainly as free amino acids) resulting in higher protein synthesis and a decrease in 

starch content (Rolletschek et al. 2002). These changes in seed quality traits are 

supported by other studies on lentil (Tahir et al. 2011) and chickpeas (Frimpong et al. 

2009).     

Minerals are important for the proper functioning of the human body, from 

maintaining bone health, nerve impulse transmittance, hormone production to the 

regulation of the heartbeat (Gharibzahedi and Jafari 2017). In terms of both desi and 

kabuli chickpeas, no significant main effect of genotype has been reported for mineral 
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composition. In a study by Ibáñez et al. (1998), 37 cultivars of desi and kabuli 

chickpeas were analysed for their mineral composition (Cu, Fe, Zn, Mn, Ca, Mg, Na 

and K). No significant differences (p≤0.05) were observed between desi and kabuli 

biotypes (Ibáñez et al. 1998). It has been reported that calcium (Ca) is the main mineral 

in the seed coat, thus the difference in Ca content between both biotypes can be a 

consequence of the difference in the percentage of seed coat with desi chickpeas 

having a higher percentage when compared to the kabuli types. Even within kabuli 

cultivars, higher seed coat percentage resulted in higher Ca content. A similar trend 

was observed for magnesium (Mg), where seeds with higher seed coat percentage 

displayed a higher Mg content. However, for potassium (K) concentration, this was 

not the case as kabuli types showed a higher concentration (926 mg/ 100 g, db) when 

compared to desi types (878 mg/ 100 g, db). It was observed that the percentage of K 

was higher in kabuli chickpea seed coats when compared to desi chickpeas, thus 

overall, the K content of kabuli chickpeas was higher. However, the K content is 

significantly influenced by the location where the chickpeas were grown due to 

differences in soil type and farming practices (Jambunathan and Singh 1981). 

Ereifej et al. (2001) analysed the mineral content of four Jordanian chickpea 

genotypes grown over two years to determine the effect of year and cultivar on the 

mineral content of these chickpeas. A significant difference in the mineral content 

between chickpea cultivars was recorded. However, no influence of the growing 

season on the mineral composition (Mg, Na, Mn, Fe, Cu and Zn) was found. Patanè 

(2006) analysed ten Sicilian genotypes of chickpeas and compared them to an 

accession from the International Center for Agricultural Research in the Dry Areas 

(ICARDA) gene bank and a traditional cultivar from Italy. All genotypes were grown 

at the same location in the year 1997-98.  Significant differences were recorded 

between cultivars in their Fe, Ca, Mg and K content.  Very high significant differences 

in the Ca content (CV- 39.3%) of cultivars was related to differences in seed coat 

percentage and are in agreement with Jambunathan and Singh (1981) and Ibáñez et 

al., (1998). High variability in the Mg content between genotypes was also observed 

(CV- 9.8%). Significantly higher values for both Mg and K were reported when 

compared to the available literature, suggesting Sicilian genotypes as a good source of 

these minerals (Ibáñez et al. 1998, Jambunathan and Singh 1981, El-Adawy 2002).  
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2.5 Effect of processing methods on the nutritional components in chickpeas 

2.5.1 Dehusking and Milling 

Decortication is used to remove the seed coat of chickpeas before the cotyledons are 

split to make dahl and chickpea flour. During this process, the seeds are passed through 

a milling machine to remove the outer husk and this process has been known to affect 

the protein and dietary fibre content of the seeds. Dehusking and milling also affect 

colour; and when compared to the raw seeds, dehusked as well as dehusked and milled 

chickpeas are significantly lighter in colour (Ravi and Harte 2009, Vasishtha, 

Srivastava, and Verma 2014). No significant differences in the starch content of 

dehulled and milled desi and kabuli chickpeas were recorded and can be attributed to 

the high fibre containing husk in desi chickpeas which reduces the total starch content 

of the whole seed sample (Jambunathan and Singh 1980). However, an increase of 

around 2.5 times in the in vitro starch digestibility of germinated but dehulled 

chickpeas and a significant increase in the in vitro protein digestibility when compared 

to raw seeds was observed, which suggests that chickpea husk not only contributes a 

significant amount in the total weight of the seed but is also less digestible (Ghavidel 

and Prakash 2007). On dehusking, an increase in the soluble dietary fibre (SDF) 

content of chickpea was observed by Dalgetty and Baik (2003), confirmed by an 

increase in the pectin content of the dehusked seeds as SDF mainly consists of pectin. 

Vasishtha et al. (2014) reported a significant increase in the soluble protein content 

after decortication of both desi and kabuli chickpeas, confirming that the chickpea 

husk contains higher amounts of insoluble dietary fibre (IDF) which interferes with 

protein digestibility. Ghavidel and Prakash (2007) reported a significant decrease in 

soluble, insoluble and total dietary fibre content in chickpeas after dehulling, which 

significantly (p<0.5) increased the in vitro protein and starch digestibility of the 

dehulled samples.  

 Dehulling resulted in a four times increase in the bioavailable iron and a 2.5 times 

increase in the bioavailable calcium (Han and Baik, 2008). Dehusking resulted in a 

37% reduction of total polyphenol content of chickpeas, however, this was not 

translated into the antioxidant activity of the phytochemical extracts from the 

dehusked seeds. Dehusking does not affect the antioxidant activity of free 

phytochemicals in chickpeas, thus, it can be concluded that the chickpea hull is an 

insignificant source of free phytochemicals (Han and Baik 2008). Furthermore, 
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dehusking results in a reduction of anti-nutrients such as phytic acid (36.42%) and 

tannins (68.75%) in chickpeas, suggesting a high concentration of phytic acid and 

tannins in the husk.  

2.5.2 Soaking  

Soaking is an integral part of treatments such as germination, boiling, cooking, 

and canning.  It comprises of hydrating seeds in water until maximum weight is 

reached, with or without discarding the soaking medium (Prodanov, Sierra, and Vidal-

Valverde 2004). It decreases the total starch and resistant starch content in chickpeas 

by 8 - 11% and 28% respectively, due to the loss of amylopectin solubilized by α-

amylase action (Aguilera et al., 2009). However, soaking chickpeas in an alkaline 

solution of sodium bicarbonate alone significantly increased the insoluble dietary fibre 

components thus affecting the total dietary fibre content (Rehman, Rashid, and Shah 

2004). The process of soaking in an alkaline solution is governed by a series of kinetic 

stages of diffusion with a loss of material. Specific changes occur in the pericarp, 

aleurone layer, and the internal parts of the seed. The alkaline solution reacts with the 

pericarp structure and results in the opening of new pathways for diffusion of the 

alkaline solution, and loss of protein of the aleurone layer. Furthermore, extended 

soaking in an alkaline solution results in a reaction between the protein matrix of the 

starch granules in the endosperm resulting in the loss of material, leading to an 

increased dietary fibre content (Laria, Meza, and Peña 2007, Pineda-Gómez, Rosales-

Rivera, and Rodríguez-García 2012). Soaking also reduces the available 

carbohydrates in chickpeas by up to 20%, with no effect of the type of solution used 

(acidic, alkaline or neutral) (Frias et al. 2000). A significant reduction in zinc, iron and 

calcium content due to leaching after 24 hours of soaking chickpeas at room 

temperature has been observed (Olika, Abera, and Fikre 2019). 

One of the most influential factors that deter consumers from legume 

consumption is flatulence caused by a group of α-galactosides from the raffinose 

family of oligosaccharides (stachyose, verbascose and raffinose) (Gulewicz et al. 

2000, Peterbauer and Richter 2007). Soaking chickpeas in water reduces the amount 

of oligosaccharides, however soaking with ultrasound for three hours reduced the 

oligosaccharide content by more than 64% (Han and Baik 2006). Similarly, soaking 

chickpeas with high hydrostatic pressure for just one hour reduced the oligosaccharide 
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content by 67%, compared to conventional soaking reducing the oligosaccharide 

content by around 75% after 12 hours (Han and Baik 2006). Some oligosaccharides 

are bound either to proteins, to macromolecules, or are present as constituents of high 

molecular polysaccharides and go through non-enzymatic hydrolysis and get released, 

resulting in an increased oligosaccharide content during cooking (Jambunathan et al. 

1994, Han and Baik 2006).   

Polyphenols in chickpeas are sensitive to food processing conditions. Jood et 

al. (1987) reported that soaking for 12 hours significantly reduced (4-8%) the 

polyphenol content of chickpeas and this trend was observed for all eight varieties 

included in this study. In contrast, Han and Baik (2008) reported that soaking showed 

no changes in the total polyphenol content of chickpeas, the antioxidant activity of 

free phytochemicals increased and no changes were observed in the antioxidant 

activity of bound phytochemicals. However, a positive result of a reduction in the 

antinutritional factors - tannins (50%) and phytic acid (15.20%) was observed (Han 

and Baik 2008). 

2.5.3 Germination 

Germination is one of the most common practices known to improve the nutritional 

quality of legumes (Ridge 1991) and is carried out by soaking seeds in excess water, 

draining the water and letting the seeds germinate for a desired time. During 

germination, the seed reserve materials get degraded, causing drastic changes in the 

biochemical, nutritional as well as sensory characteristics of the seeds. Germination 

of pulses before consumption has been found to decrease the raffinose, stachyose and 

verbascose content in chickpeas (Wang et al.2010). It not only reduces the amount of 

anti-nutritive compounds but also boosts the levels of amino acids, carbohydrates, 

dietary fibre (Vidal-Valverde et al. 2002, Urbano et al. 1995) and as a consequence, 

increases the amount of bioactive compounds (Frias et al. 2005, Vidal-Valverde et al. 

2002). Neves and Lourenço (2001) reported a decrease of 19% and 20.6% in the 

globulins and albumin fractions of chickpeas respectively after 6 days of germination, 

whereas, Portari et al. (2005) found a significant increase in the protein content and 

protein digestibility values after germination for the same period. A significant fat 

reduction (Mittal et al. 2012, Alajaji and El-Adawy 2006, Ghavidel and Prakash 2007), 

soluble, insoluble, and total dietary fibre (Ghavidel and Prakash 2007) and crude fibre 
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content (60.3% reduction) (Mittal et al. 2012) have also been reported in chickpeas 

following germination.  

Phytic acid in chickpeas binds with minerals, rendering them unavailable for 

absorption and a very significant reduction in both tannins (75% and 21%) and phytic 

acid (31% and 17%) has been reported after germination (Olika, Abera, and Fikre 

2019, Ghavidel and Prakash 2007). The decrease in phytic acid results in significantly 

higher bioavailability of iron and calcium when compared to raw chickpeas. 

Germination also modifies the phenolic profile of chickpeas along with other legumes 

such as peas, lentils and beans (López-Amorós, Hernández, and Estrella 2006, Tarzi 

et al. 2012) and a significant increase in both the total phenolic content and the 

antioxidant activity has been observed following germination (Tarzi et al. 2012). 

Similar results were reported by Wu et al. (2012), who observed that germinated 

chickpeas had the highest polyphenol content out of nine legumes including chickpeas 

which when germinated for 3 days had a 3-fold increase in their antioxidant capacity 

when compared to their raw counterparts. 

2.5.4 Thermal processing: boiling, cooking, or dry heating 

Food legumes are typically cooked or boiled before consumption, bringing out 

many changes to their physical characteristics and chemical composition. The ability 

of fibre to retain water provides volume and consumption of a high fibre diet may 

cause a feeling of satiety without supplying excessive nutrients, which supports the 

role of high-fibre diets in treating obesity (Elhardallou and Walker 1993). The water-

holding capacity, the amount of water a food material can take up and retain, varies 

according to the type of fibres present in the food. The water holding capacity of 

chickpea flour has been observed to significantly increase after cooking and 

dehydration due to denaturation and unfolding of proteins, which exposes earlier 

hidden peptide bonds as well as polar side chains to hydrogen bonding, providing 

higher binding of water molecules (Singh 2001). Besides, the water-holding capacity 

is also influenced by starch and dietary fibres (Granito, Brito, and Torres 2007). An 

increase in insoluble dietary fibres and available starch can influence this property in 

foods (Wagner and Gueguen 1999) including cooked chickpeas (Aguilera et al. 2009b)  

In terms of nutritional composition, cooking significantly decreases available 

carbohydrates and increases the starch content in chickpeas by around 21% due to 
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modification of resistant starch into digestible starch (Aguilera et al. 2009). A 

significant decrease in reducing sugars, sucrose, raffinose, stachyose and verbascose 

after soaking and boiling (Alajaji and El-Adawy 2006) was observed due to the 

leaching of sugars (sucrose and fructose) in the soaking and cooking liquid in both 

desi and kabuli chickpeas. The effect of cooking on starch fractions has been 

controversial. Cooking has been shown to increase the resistant starch content of 

chickpeas (Wang, Hatcher, and Gawalko 2008, Wang, Hatcher, et al. 2010, Brummer, 

Kaviani, and Tosh 2015), whereas cooking of chickpeas followed by dry heating 

reduces the amount of resistant starch when compared to raw seeds, by modifying 

resistant starch into more digestible starch (Aguilera et al. 2009). An increase in the 

resistant starch content after cooking and cooling has been attributed to gelatinisation 

and retrogradation of the starch, while a decrease in resistant starch on cooking can be 

due to the destruction of amylase inhibitors by heat (Wang, Hatcher, et al. 2010, de 

Almeida Costa et al. 2006). Although the process of cooking increases starch 

digestibility, in some instances cooked legumes still retain a considerable amount of 

slowly digestible starch and resistant starch and can be considered nutritionally 

beneficial for human health. Further research is required to understand the effect of 

different processing methods on the resistant starch content of chickpeas. 

Cooking also increases the amount of proteins in chickpeas and the reason for 

an increased protein content can be the greater relative loss of soluble solids such as 

carbohydrates in the soaking and cooking liquid (de Almeida Costa et al. 2006, Wang, 

Hatcher, et al. 2010, Candela, Astiasaran, and Bello 1997). Vasishtha et al. (2014) 

reported around a 20 - 40% increase in soluble protein content of decorticated 

chickpeas after boiling, whereas Alajaji and El-Adawy (2006) found no significant 

differences between protein content after cooking of whole chickpeas signifying the 

role of decortication. Furthermore, Alajaji and El-Adawy (2006) reported a significant 

increase in the protein digestibility of cooked chickpeas when compared to the raw 

seeds, due to denaturation of proteins and destruction of antinutrients such as trypsin 

inhibitors. Contradicting results have also been reported where a reduction in protein 

content after cooking was observed (Clemente et al. 1998, Attia et al. 1994). Bulbula 

and Urga (2018) reported a significant decrease in protein, fat and fibre content of 

chickpeas after boiling followed by dehydration at 55ºC for 24 hr which can be 
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attributed to leaching, partial breakage of chickpea seeds and loss of material during 

cooking (Clemente et al. 1998). 

Soaking along with cooking increases the amount of dietary fibres (both 

soluble and insoluble) (Candela, Astiasaran, and Bello 1997) and causes structural 

changes in the dietary fibre components of chickpeas (Herranz, Vidal-Valverda, & 

Rojes-Hodelgo, 1981; Roehrig, 1990). A decrease in hemicellulose content and an 

increase in cellulose, in dehusked and cooked desi and kabuli chickpeas was observed 

by Vasishtha et al.(2014) and these results were in agreement with Vidal-Valverde and 

Frias (1991). The softening of chickpeas during cooking due to the disintegration of 

the cotyledonous tissue is caused by the conversion of native protopectin into pectin, 

which disintegrates quickly. An increase in the insoluble dietary fibre (e.g. cellulose) 

can also be attributed to Maillard’s reaction, possibly due to the production of Maillard 

reaction products during thermal processing, resulting in an overall increased cellulose 

content (Vasishtha, Srivastava, and Verma 2014). Furthermore, the percentage of 

lignin decreases and the pectin percentage increases on cooking of dehusked 

chickpeas. These components constitute chickpea dietary fibre, which is thus also 

altered in the process. 

Even though chickpeas are a good source of polyphenols, they rank lower than 

cowpea (Vigna unguiculata L.) and pigeon pea in their antioxidant activity (Ferreira 

et al. 2004, Gutiérrez-Uribe, Romo-Lopez, and Serna-Saldívar 2011). Soaking 

followed by domestic cooking significantly decreases the polyphenol content in 

chickpeas by up to 9 - 12% (Jood, Chauhan, and Kapoor 1987). Han and Baik (2008) 

reported a decrease in the antioxidant capacity of free polyphenols from cooked 

chickpeas by up to 30% which could be due to the loss of soluble antioxidant 

compounds during cooking. Similar results of a decrease in polyphenol content after 

cooking were reported by Kalogeropoulos et al.,(2010) and Xu and Chang (2008). The 

possible explanation for this phenomena can be partial leaching of polyphenols in the 

water during soaking and cooking and thermal/ oxidative deterioration of phenolics. 

However, no significant changes in the antioxidant activity of bound polyphenols were 

observed (Kalogeropoulos et al. 2010). Unlike soaking and subsequent cooking, dry 

roasting alone does not lead to a significant loss in total polyphenol content 

(Nithiyanantham, Selvakumar, and Siddhuraju 2012). 
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A reduction in water-soluble anti-nutrients (tannins and phytic acid) and an increase 

in the protein and starch digestibility of chickpeas after cooking has been reported in 

multiple studies (Olika, Abera, and Fikre 2019, Ramakrishna, Rani, and Rao 2006), 

however, even after boiling, chickpeas maintain several other heat-stable 

immunoreactive proteins (Lobato et al. 2011). The partial removal of tannins and 

phytic acid due to the thermal treatment creates a large space within the matrix, 

increasing the susceptibility of chickpeas to enzymatic attack, in turn increasing the 

digestibility of protein and starch (Rehman and Shah 2005). Overall, cooking the pre-

soaked chickpea seeds in water, acidic or basic solution, followed by drying seems to 

be sufficient to obtain a large reduction in the antinutritional factors such as trypsin 

inhibitors and α- galactosides in chickpea flour (Frias et al. 2000).   

2.5.5 High pressure cooking: including autoclaving and high hydrostatic 

pressure 

Soaking followed by high pressure cooking is a widely used domestic cooking 

method for the preparation of legumes such as chickpeas due to convenience and 

effectiveness. It has been shown to slightly increase nutrient availability as well as the 

insoluble dietary fibre content when compared to raw samples (Tovar and Melito 

1996). An increase in the crude fibre content of chickpeas was observed after pressure 

cooking which could be due to the formation of protein-fibre complexes (Chitra et al. 

1995, Mittal et al. 2012). High pressure cooking significantly increased the rapidly 

digestible starch content in chickpeas, which can be attributed to the digestion of starch 

by α-amylase. Also, pressure cooked chickpeas tended to have higher levels of 

resistant starch but lower levels of slowly digestible starch than conventionally cooked 

chickpeas (Jood, Chauhan, and Kapoor 1987). Compared to conventional cooking, 

pressure cooking also brings out organoleptic changes in the final product. High 

pressure cooked chickpeas were found to be darker in colour in comparison to 

conventionally cooked chickpeas (Güzel and Sayar 2012). 

Autoclaving of raw and soaked chickpeas has shown to significantly reduce (10-87%) 

the total polyphenol content and these significant losses could be credited to the 

leaching of water-soluble phenolics in cooking water as well as degradation of these 

compounds under high pressure and temperature (Nithiyanantham, Selvakumar, and 

Siddhuraju 2012). Whereas, A significant increase in the ferric reducing antioxidant 
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activity for autoclaved raw and soaked chickpeas was observed and could be attributed 

to the changes in phenolic compounds (Tsai and She 2006) or the release of bound 

polyphenols during processing (Dewanto, Wu, and Liu 2002, Nicoli et al. 1997). 

Mittal et al. (2012) reported a reduction of 13.7% phytic acid and 93.97% tannins after 

chickpeas were high pressure cooked in 1:2 w/v water for 15 min at 15 psi pressure, 

and they found that compared to all the processing techniques (germination, boiling 

and roasting), pressure cooking was the most effective in reducing phytic acid and 

tannins in chickpeas. Ertaş and Türker (2014) soaked chickpea seeds in different pH 

solutions (pH 4, 6 and 8) followed by autoclaving at 121 ºC and reported that not only 

the duration of soaking followed by autoclaving, but the pH of the soaking solution 

also affects the levels of phytic acid, minerals, and starch.  

High pressure processing (HPP) is a novel non-thermal method of food 

processing, which inactivates pathogenic microorganisms, increases shelf-life, and 

maintains the colour and freshness of food products. It is usually carried out using 

intense pressure between 100-1000 MPa, with or without heating (Yordanov and 

Angelova 2010). HPP is lethal to microorganisms but at lower temperatures (0 – 40 

ºC) covalent bonds are almost unaffected, causing minimal effects on the food 

chemistry (Balny and Masson 1993). Only a handful of studies have determined the 

effect of high pressure processing on chickpeas. Both Ibarz, González, and Barbosa-

Cánovas (2004) and Alsalman and Ramaswamy (2020) reported a reduction in the 

cooking time of chickpea seeds with an increase in the pressure levels during high 

pressure processing. High pressure treatment assisted with faster absorption of water 

by chickpeas, resulting in swelling of starch granules and/ or absorption of water by 

proteins. Higher protein content in chickpeas results in more water retention at 

medium pressure (200- 500 MPa) compared to brown rice (Yu et al. 2017b), since 

protein aggregation allows water retention by forming cavities (Alsalman and 

Ramaswamy 2020).  The highest decrease in percentage phytic acid (86%) and tannin 

(77%) was obtained in samples pre-soaked for 2 hours, at 40 ºC and high pressure 

treated at 500 MPa. Kadlec et al. (2006) in their study reported a 93% decrease in 

flatulence causing α-galactoside content by applying a combination of germination (2 

days), pressurization (500 MPa for 10 min) and storage for 21 days in refrigerated 

conditions. However, effects of high pressure processing on the nutritional 
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composition, digestibility and antioxidant properties of kabuli chickpeas have not been 

explored in detail and need further research.  

2.5.6 Microwave cooking 

The use of microwave ovens has been on the rise due to its speed, convenience 

and energy-saving nature when compared to conventional cooking methods (Khatoon 

and Prakash 2004). However, the use of microwaves in the cooking of legumes has 

been limited. Previous research has shown that microwave cooking of chickpeas 

significantly reduced the fat, ash and reducing sugars content, whereas an increase of 

around 30% in the crude fibre content was observed. The in-vitro protein digestibility 

of chickpeas also increased after microwave cooking, and it has been shown to retain 

more minerals, both macro (Na, Ca, Mg, Mn, P, K) and micro (Mn, Zn, Cu, Fe) 

compared to other cooking techniques, such as boiling and autoclaving. Furthermore, 

microwave cooking effectively reduced the amount of anti-nutritional factors such as 

trypsin inhibitors and phytic acid (Alajaji and El-Adawy 2006). Similarly, Xu et al. 

(2016), reported a significant decrease in protein, ash, mineral, phytate and tannin 

content of kabuli chickpeas after microwave cooking in a domestic microwave cooker 

for 15 min. However, a significant increase in protein digestibility was observed after 

microwave cooking, possibly due to the destruction of tannins and phytic acid 

(Mubarak 2005).   

Microwave cooking is known to cause a significant decrease in the levels of resistant 

and poorly digestible starch and can increase the level of rapidly digestible starch when 

compared to levels of these components in raw chickpeas. It leads to depolymerisation 

of the cell wall polysaccharides and the temperature and pressure during microwave 

cooking contributes towards the breaking of cell wall polysaccharide linkages, 

therefore increasing the soluble dietary fibre levels. However, conventional cooking 

had similar effects on these attributes, with the only advantage being reduced 

processing time of microwave cooking (Marconi et al. 2000). 

2.5.7 Extrusion 

Extrusion technology widely used in the plastic industries is increasing in 

popularity in the agri-food processing sector due to its versatility, high efficiency and 

cost-effectiveness (Moscicki 2011). The raw material is cooked at a very high 

temperature under high pressure (HTHP) and shear stress developed in the barrel of 
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the extruder, followed by expulsion from a die to shape it. The thermo-mechanical 

action during extrusion results in protein denaturation, starch gelatinisation, and 

inactivation of microbes, enzymes, and many anti-nutritional factors (Lobato et al. 

2011). Extrusion is considered to be a highly versatile process that can cook, texturize, 

form, mix and shape food products using conditions that can lead to quality retention, 

high productivity and low cost (Riaz 2000).  

 However, twin-screw extrusion of chickpea flour at 150 ºC has been shown to 

result in the disruption of chickpea flour microstructure (Raza et al. 2019). When 

compared to the round, oval, or spherical shape of non-extruded chickpea flour, using 

scanning electron microscopy, extruded flour had a non-uniform and irregular shape 

which signifies disruption of starch granules and crosslinking of proteins and starches 

(Raza et al. 2019). Extrusion cooking has little to no effect on the protein, ash or lipid 

levels in extruded legumes (Abd El-Hady and Habiba 2003, Adamidou et al. 2011, 

Alonso et al. 2000). However, it does increase the level of digestible starch in the 

product as a result of a change in resistant starch composition during processing and 

easier hydrolysis of extruded starch granules during the starch content analysis of 

starch. Poltronieri, Arêas, and Colli (2000) reported a significant increase in soluble 

dietary fibre content and a reduction in insoluble dietary fibre and resistant starch 

content after chickpeas were extruded at 200 rpm and 130 ºC using a single screw 

extruder; with no effect on the level of polyphenols.  

Extrusion being an HTHP process leads to macromolecular degradation of 

starch and other polysaccharides into simpler, low molecular weight components. 

Extruded chickpea flour contained insignificantly lower amounts of insoluble dietary 

fibre (Berrios et al. 2010). However, a significant increase in the in vitro protein 

digestibility when compared to conventional flour has been observed (Milán-Carrillo 

et al. 2000). This increase could be related to the elimination of antinutritional 

components such as tannins, phytic acids and trypsin inhibitors due to the high 

temperature and pressure of the extrusion process. These antinutritional factors have 

been known to interact and form complexes with proteins, in turn decreasing its 

digestibility (Mercier 1993, Rathod and Annapure 2016).  
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Table 2. 2 Summary of the effect of different processing techniques on the nutritional and phytochemical properties of chickpeas 

Source Activity Temperature Effect 

Dehulling/ Dehusking and Milling 

Han and Baik (2008) Dehusking of chickpeas -  Increase in antioxidant activity of bound 

phytochemicals 

 Decrease in total polyphenol content and 

antioxidant activity of free phytochemicals 

 

Vasishtha, Srivastava, 

and Verma (2014) 

Drying of chickpea seeds at 70ºC, followed 

by dehulling 

-  Increase in soluble protein and pectin content 

 Decrease in cellulose, hemicellulose, and lignin 

content 

 

Ghavidel and Prakash 

(2007) 

Dehulling of chickpeas from the local 

market 

-  Increase in protein, fat, bioavailable iron and 

calcium, in vitro starch and protein digestibility 

 Decrease in soluble, insoluble and total dietary 

fibre, phytic acid and tannin content 

 

Dalgetty and Baik (2003) Dehulling and milling -  Increase in protein, fat, and soluble dietary fibre 

content and decrease in insoluble dietary fibre 

content 

 

Ravi and Harte (2009) Dehusking and milling -  Slight lightening of colour after dehusking, 

further lightening of colour on milling. 
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Source Activity Temperature Effect 

Dehulling/ Dehusking and Milling (contd.) 

Olika, Abera, and Fikre 

(2019) 

Soaking in distilled water for 6 hr followed 

by dehulling, drying and milling  

Room 

temperature 

 Highest reduction in zinc, iron and calcium 

content when compared to soaking, germinating, 

cooking and dry roasting 

 Significantly high reduction in tannin (68.75%) 

and phytic acid content (36.42)  

 

 

 

Soaking methods 

Aguilera et al (2009) Soaking in tap water 1:10 w/v  (16 h) 20ºC  Decrease in total starch (8 - 11%) and resistant 

starch content (up to 28%) 

 

Rehman, Rashid, and 

Shah (2004) 

Soaking in alkaline solution of sodium 

bicarbonate 

 

-  Increase in insoluble dietary fibre components- 

acid detergent fibre, neutral detergent fibre, 

cellulose and hemicellulose 

Han and Baik (2006) Soaking in water for 12 hr 

Soaking in water for 1 hr with ultrasound 

Soaking in water for 1 hr with high 

hydrostatic pressure 

Room 

temperature 

 75% decrease in oligosaccharide content 

 

 64% decrease in oligosaccharide content 

 

 67% decrease in oligosaccharide content 
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Source Activity Temperature Effect 

Soaking methods (contd.) 

Frias et al. (2000) Soaking in water 

Soaking in citric acid solution (0.1%, 

pH=2.6) 

Soaking in sodium bicarbonate solution 

(0.075, pH=8.4)(for 9 h, in seed to solution 

ratio 1:3 w/v) 

Room 

temperature 

 Decrease in starch content (20 - 21%), no effect 

of solution employed. 

 Highest decrease (27%) of α- galactosidase in 

water-soaked seeds 

 12% decrease in trypsin inhibitor activity on 

water soaking only. No effect of other solutions 

used. 

 

Olika, Abera, and Fikre 

(2019) 

Soaking for 12hr in distilled water (1:3 w/v 

ratio) 

Room 

temperature 
 Decrease in zinc, iron and calcium content 

when compared to raw seeds 

 50% reduction in tannins and 15.2% reduction 

in phytic acid  

 

 

 

Germination methods 

Mittal et al. (2012) Soaked overnight and germinated for 2 days 22 ºC  Increase in protein, fatty acid (palmitic, 

linolenic) content 

 Significant decrease in crude fibre (-60.3%), 

polyphenol (-81.9%) tannins (-93.25)  
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Source Activity Temperature Effect 

Germination methods (contd.) 

 

Tarzi et al. (2012) Seeds soaked in 0.07% sodium hypochlorite 

for 30 min, washed and soaked again in 

distilled water for 5 hr. Transferred to 

germination trays and germinated for 5 days 

at 99% humidity. 

 

20 ºC  Significant increase in the total phenolic 

content and antioxidant activity 

Egli et al. (2002) Seeds soaked in a covered beaker with water 

for 16 hr in the dark. Seeds germinated in the 

dark for 24, 48 and 72 hr 

25 ºC  Significant reduction in phytic acid content 

(16%) after soaking and 72 hr germination 

Ghavidel and Prakash 

(2007) 

Soaking for 12 hr (22 - 25 ºC), followed by 

germination under a wet muslin cloth for 24 

hr 

22 - 25 ºC  Increase in protein content, soluble, insoluble 

and total dietary fibre content, bioavailable iron 

and calcium content 

 Decrease in fat, phytic acid and tannin content 

 

Portari et al. (2005) Washed in 0.001% benlate solution, soaked 

in distilled water and germinated for 2, 4 & 

6 days in a germination chamber in dark 

16 - 18 ºC  Significant increase in major globulins after 6 

days of germination was observed 

 With increase in germination time, a significant 

reduction in protein content was observed.  

 In vitro protein digestibility reduced as well 

after 6 days of germination compared to raw 

seeds. 
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Source Activity Temperature Effect 

Thermal processing (Boiling, cooking or dry heating) 

Frias et al. (2000) Soaking in water + cooking 

Soaking in citric acid solution (0.1%, 

pH=2.6) + cooking 

Soaking in sodium bicarbonate solution 

(0.075, pH=8.4) + cooking (soaking for 9 

hr, seed to solution ratio 1:3 w/v, followed 

by cooking (35 min) in distilled water 

(1:6.67 w/v ratio in water)) 

Dry heating under pressure (1 atm for 15 

min) 

100 ºC 

 

 

 

 

 

         

        120 ºC 

 Soaking in citric acid + cooking gives highest 

reduction in fructose content (83%) 

 Sodium bicarbonate soaking+ cooking results 

in highest (58%) α- galactosidase reduction 

 100% decrease in trypsin inhibitor activity from 

all soaked and cooked samples. 

 

 

 

 Dry heating resulted in highest reduction in 

starch content (26%) and only a 27% decrease 

in trypsin inhibitor activity. 

 

Aguilera et al. (2009) Soaking in tap water 1:10 w/v  (16 hr, 20 

ºC) + cooking in boiling water for 70 min 

100 ºC  Increase in the amount of available starch and a 

decrease in resistant starch was observed 

 

Mittal et al. (2012) Boiled in ratio 1:7 w/v for 10 min, followed 

by drying 

100 ºC 

 

 

 Increase in fatty acid (palmitic, oleic), 

potassium, iron content 

 Decrease in phytic acid (-12.3%), polyphenols 

(-86.4%) and tannins (-93.07%) 

Sand roasted in an open pan for 15 min 120 ºC  Increase in potassium and phosphorus content  

 > 80% decrease in polyphenols and tannins 
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Source Activity Temperature Effect 

Thermal processing (Boiling, cooking or dry heating) (contd.) 

Olika, Abera, and Fikre 

(2019) 

Boiled in distilled water for 60 min 

 

 

 

 

 

 

96 ºC 

 

 

 

 

 

 Decrease in zinc, iron and calcium content 

when compared to raw seeds 

 Highest reduction in tannin (82.5%) and phytic 

acid (57.35%) content when compared to other 

processing techniques such as soaking, 

germinating, dehulling and dry roasting. 

 

Dry roasting for 30 min 150 ºC  Dry roasting resulted in lowest reduction in 

tannin (25%) and phytic acid content (5.89%) 

when compared to soaking, germinating, 

dehulling and boiling. 

Brummer et al. (2015) Soaked for 16 hr in distilled water (1:4 w/v 

ratio) followed by boiling for 22 min 

100 ºC  Significant increase in total starch content after 

boiling 

 

High pressure cooking 

Alajaji and El-Adawy 

(2006) 

Soaking in distilled water (1:10 w/ v ratio 

seed:water) for 12 h at room temperature, 

followed by autoclaving (15 psi) in tap 

water  (35 min) 

121 ºC  Significant increase in crude fibre content 

 Decrease in sugars (sucrose, raffinose, 

stachyose and verbascose) 

 Compared to boiling and microwave cooking, 

highest reduction in tannins (50.10%) and 

phytic acid (41.32%) 
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Source Activity Temperature Effect 

High pressure cooking (contd.) 

 

 

Mittal et al. (2012) 

 

High pressure cooking at 15 psi in water 

(1:2 w/v seed: water) for 15 min 

 

- 

 

 Decrease in fatty acid (oleic, linoleic), 

potassium, magnesium, and sodium content 

 Highest decrease in phytic acid (-13.7%), 

polyphenols (-87.71%), and tannins (-93.97%) 

out of all processing techniques 

 

 

Ertaş and Türker (2014) Soaking (2, 8 &12 hr) in different soaking 

mediums (pH 4, 6, 8), followed by 

autoclaving 

121 ºC  With increase in soaking time, the reduction in 

starch, total zinc and phytic acid content 

increased  

 Soaking in pH 8 water increased in vitro 

protein digestibility, total zinc, and total 

potassium content.  

 

 

de Almeida Costa et al. 

(2006) 

Soaking for 16 hr in water (1:2 w/v seed to 

water ratio), followed by pressure cooking 

(14.7psi) for 20 and 40 min 

 

-  Significant increase in insoluble dietary fibre 

content 

Nithiyanantham, 

Selvakumar, and 

Siddhuraju (2012) 

Soaking for 12 hr in distilled water (1:10 

w/v seed to water ratio), followed by 

autoclaving (1:5 w/v seed to water ratio) for 

20 min 

121 ºC  Significant reduction in total phenolics and 

tannins,  after autoclaving 
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Source Activity Temperature Effect 

Microwave cooking 

 

 

(Máñez et al. 2002) 

 

Soaking in water for 24 hr, followed by 5 

min of microwave cooking (1400 W) 

 

- 
 

 No significant difference in phytic acid content 

when compared to raw seeds. 

 

 

 

 

Alajaji and El-Adawy 

(2006) 

Soaking in distilled water for 12 hr at room 

temperature (1:10 w/v ratio seed: water), 

followed by microwave cooking on high 

(tap water) 

-  Slight increase in crude fibre 

 Reduction in sugars (raffinose, sucrose, 

stachyose and verbascose). 

 A further reduction in tannin (48.5%) and 

phytic acid (38.02%) content compared to raw 

seeds 

 

 

 

 

Marconi et al. (2000) Soaking in distilled water for 18hr (1:10 

w/v seed: water ratio) at room temperature, 

followed by microwave cooking (585 W, 

pressure 12 - 15 psi) 

 

 

 

 

105  ºC  Significant increase in soluble dietary fibre 

percentage 

 Significant decrease in protein, insoluble 

dietary fibre and resistant starch   
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Source Activity Temperature Effect 

Extrusion 

 

Berrios et al. (2010) 

 

Twin screw extrusion of chickpea flour 

(500 rpm screw speed) 

 

160 ºC 

 

 Reduction in total available carbohydrate 

content 

 Insignificant reduction in insoluble dietary fibre 

content 

 

Raza et al. (2019) Twin screw extrusion of chickpea flour 150 ºC  Disruption of microstructure and crosslinking 

of proteins and starches as confirmed by 

scanning electron microscopy.  

 

Poltronieri, Arêas, and 

Colli (2000) 

Single screw extrusion of chickpea flour 

(200 rpm screw speed) 

130 ºC  Increase in iron, soluble fibre 

 Decrease in insoluble and resistant starch 

 

Milán-Carrillo et al. 

(2000) 

Dehulling, softening and single screw 

extrusion (189.5 rpm screw speed) 

  151ºC  Significant increase in vitro protein digestibility 

of extruded flour when compared to 

conventional flour  
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2.6 Conclusion: 

Consumption of chickpeas, being an excellent source of nutrients, provide beneficial 

health effects to humans and its global demand has been steadily growing. This is not 

only in developing countries where chickpeas are a staple food, but also in developed 

countries due to an increasing vegan and vegetarian population, plus a general health 

awareness resulting in a decreasing consumption of meat. Several factors including 

the environmental conditions during production, and different processing techniques 

post-harvest affect the physical, nutritional and bioactive properties of chickpea. 

Particular growing environment and processing techniques can be selected to obtain 

the desired nutritional, bioactive and organoleptic properties (aroma, taste, flavour and 

texture) to meet consumer demand for an alternative source of proteins and bioactive 

components. 

However, very limited information on these conditions on the commercial Australian 

varieties is currently available and needs further exploring. New, innovative and 

versatile processing techniques such as high pressure processing are now accessible 

and can provide better products than traditional processing methods, however, their 

full effects are unknown. Careful consideration of all these factors is required to obtain 

the highest nutritional and phytochemical benefits from chickpeas in their journey 

from farm to table which will establish chickpeas as the next health food for human 

consumption.  

 

 

 

 



CHAPTER 3 

 

40 
 

CHAPTER 3. The physical, nutritional and antioxidant properties of 

Australian kabuli chickpeas 

 

“Variety is a positive requisite even in the character of our food” 

John Ruskin 

 

Abstract 

Research suggests that different kabuli chickpea varieties have different seed 

properties, however, the evidence for this phenomenon in Australian kabuli chickpeas 

is lacking. Thus, to evaluate the intervarietal differences between Australian kabuli 

chickpeas, five commercially grown varieties were evaluated for their physical, 

nutritional and antioxidant properties using established methods. The results obtained 

showed large variation between varieties in terms of seed weight, volume, hydration 

and swelling characteristics, with Kimberley Large variety outperforming all other 

varieties due to its large size (9-11mm). The proximate composition was highly 

variable as well, with Kimberley Large exhibiting the highest values for ash (2.856 g/ 

100g, db), starch (48.881 g/ 100g, db) and carbohydrates (52.612 g/ 100g, db), while 

Genesis Kalkee contained highest protein levels (24. 564 g/ 100 g, db), resulting in 

higher proportions of the majority of amino acids when compared to other varieties. 

Both, Kimberley Large and Genesis 090 exhibited almost identical values for total 

polyphenol content (60.395 and 60.451 mg Gallic acid equivalent/ 100g sample, db), 

however, Genesis 090 presented significantly (p≤0.05) high DPPH (60.955 mg trolox 

equivalent (TE) /100 g, db) and ABTS ( 84.992 mg TE /100 g, db) antioxidant values 

when compared to all other varieties. Interestingly, the oxygen radical antioxidant 

capacity (ORAC) for Kimberley Large was the highest (2808 µmol TE/ 100 g sample, 

db), also making it the variety with the highest biologically relevant antioxidant 

capacity. These results showcase important seed quality differences between 

Australian chickpea varieties and can be utilised by farmers, researchers and food 

manufacturers.  
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3.1 Introduction: 

Chickpea (Cicer arietinum L.) is the third most frequently grown cereal legume crop 

in the world with a total production of 14.8 million tonnes in 2017 (FAOSTAT 2019). 

India is the leading producer of chickpeas with 66% of the world production, followed 

by Turkey, Pakistan, Iran, Canada and the United States of America (Rachwa-Rosiak, 

Nebesny, and Budryn 2015). Chickpeas can be grouped into two different types- desi 

and kabuli. Desi chickpeas are small, dark with an irregular- shaped seed coat and is 

grown in semi-arid tropical regions whereas, kabuli chickpeas are larger than desi 

chickpeas, have a thin beige or light-coloured seed coat and are generally grown in the 

temperate regions of the world (Gangola et al. 2013). In Australia, chickpeas are 

produced in a variety of climates from warm temperate with high humidity to hot arid, 

cold arid and equatorial with dry winters (Kottek et al. 2006) Total chickpea 

production in Australia in 2015 was 555,400 tonnes, out of which 43,700 tonnes was 

of the kabuli type (PULSE Australia, 2017).  

Chickpeas are an excellent source of carbohydrates, proteins, and dietary fibre, 

especially for people in countries where animal protein is very expensive compared to 

plant protein sources. It is also a good source of bio-actives with good antioxidant 

activity and bioavailable calcium, phosphorus, magnesium, iron and potassium 

(Christodoulou et al. 2005, Xue et al. 2015). Not only are desi and kabuli chickpeas 

morphologically different, but the nutritional composition also differs significantly, 

especially in terms of the protein and the dietary fibre content. Kimberley Large is a 

very large-seeded variety of kabuli chickpeas, which is being cultivated in the 

equatorial climate of northern Western Australia, compared to other commercial vari 

-eties such as Genesis 090, Genesis Kalkee, PBA Monarch and PBA Royal which are 

more suitable to the warm temperate climate of the northern and south-eastern parts 

of Australia (PULSE Australia, 2019). 
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Although kabuli chickpeas are a good source of nutrients in the human diet, studies 

have mostly focussed on kabuli chickpea varieties from Asia, Europe and North 

America (Frimpong et al. 2009, Cobos et al. 2017, Wang et al., 2017, Gil et al., 1996). 

It is also known that the nutritional composition of chickpeas is affected by factors 

such as plant variety, time of sowing, cultivation area, weather conditions, and their 

interactions (Frimpong et al. 2009, Cobos et al. 2017, Nikolopoulou et al. 2006b), 

consumers should be made aware of the exact nutritional profile of kabuli chickpeas 

which they are purchasing for consumption. As the production of kabuli chickpeas is 

increasing in Australia, with new areas of production opening up, it is important to 

characterise and compare Kabuli chickpea varieties grown under different climates 

and soil types found in different growing regions of Australia, which has not been 

previously studied. 

The Australian pulse production has been growing steadily from 2.14 million tonnes 

in 2009-10 to around 4.12 million tonnes in 2016-17, as it is one of the most exported 

agricultural commodities of Australia and accounts for around $2 billion in revenues 

(FAOSTAT 2014). Even though wheat and barley are produced in greater quantities, 

Australian chickpeas are a high-value crop and are sold at more than double the price 

per tonne of both wheat and barley (Profarmer 2019). Even after being a high-value 

export crop of Australia, there is limited information regarding the nutritional and 

polyphenolic composition as well as physical and antioxidant properties of Australian 

Kabuli chickpea varieties. Thus, in this study, we, therefore, determined the physical, 

nutritional, and polyphenol content, as well as the antioxidant capacity of Australian 

chickpea varieties grown in different agricultural regions of Australia to determine the 

inter-varietal differences.  

3.2 Materials and methods 

Representative samples of five kabuli chickpea varieties grown in different regions of 

Australia viz. Kimberley Large (Kununurra, Western Australia), Genesis 090 (Sea 

Lake, Victoria), Genesis Kalkee (Warracknabeal, Victoria), PBA Monarch and PBA 

Royal (formerly known as CICA1156) both from Kadina, South Australia, from 2017 

harvest were collected (Table 3.1) (Fig 3.1). Approximately 1-2kg sample was 

collected, sieved, vacuum packaged and stored at 4°C until analysis.  
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Figure 3.1 Locations where Australian kabuli chickpea crops were grown in 2017:  

(1)  Kununurra, WA (2)  Kadina, SA  

(3)  Sea Lake, VIC, (4)  Warracknabeal, VIC.
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Table 3. 1 Climate and soil type at Kabuli chickpea growing locations   1 

2 Kabuli chickpea variety Growing location Latitude Longitude Climate (Beck et al. 

2018) 

Soil type (CSIRO 

2012) 

Kimberley Large Kununurra, WA 15.604949 °S 128.765468 °E Tropical, dry winter Clay 

Genesis 090 Sea Lake, VIC 35.505541 °S 142.85269 °E Arid, steppe, cold Sandy clay, clay loam 

Genesis Kalkee Warracknabeal, VIC 36.252755 °S 142.391955 °E Arid, steppe, cold Clay loam, sandy 

clay, clay 

PBA Monarch Kadina, SA 33.963265 °S 137.714859 °E Arid, steppe, cold Clay, clay loam 

PBA Royal Kadina, SA 33.963265 °S 137.714859 °E Arid, steppe, cold Clay, clay loam 
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Figure 3.2 Representative samples of the five modern genotypes of Australian kabuli chickpeas 

grown in 2017 
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3.3 Physical analysis 

Seed size (g), volume (mL), density(g/mL), hydration capacity(g), hydration index, 

swelling capacity(mL), and swelling index were evaluated following the methods of 

Williams et al.(1983) and Khattak et al. (2006). Three random samples of 50 seeds 

from each cultivar were weighed and the values were converted into grams per seed. 

The seed volume was determined by transferring 50 seeds into a 100mL measuring 

cylinder, with the addition of 25mL distilled water. The increase in volume was taken 

as the volume occupied by seeds. Seed density was calculated by dividing seed weight 

by seed volume. Seeds were soaked in distilled water overnight (12h), and hydration 

capacity was calculated using gain in weight after overnight soaking. The hydration 

index was determined by diving hydration capacity by original seed weight. Similarly, 

swelling capacity was determined using gain in volume after overnight soaking, and 

the swelling index was calculated as swelling capacity divided by the original seed 

volume.   

3.4 Colour measurement 

The surface colour of chickpea grits was measured using a BYK Gardener handheld 

spectrophotometer (Model 6801, BYK, Germany). Chickpea grits of uniform size 

contained in a petri dish were placed on a white surface and L*(lightness), a* (redness 

and greenness) and b* (yellowness and blueness) colour values were recorded (Kaur, 

Singh, and Sodhi 2005).   

3.5 Chemical analyses 

3.5.1 Sample preparation 

Kabuli chickpea seeds were milled using a CEMOTEC 1090 grinder (Foss Tecator, 

Hoganäs, Sweden) to enable them to pass 100% through a 500-micron sieve, then 

vacuum packaged and stored at ̴ -20 ± 2 °C for two weeks to kill any insects present 

in the samples, and then stored at 15°C for 18 months.  

3.5.2 General nutrient analyses 

General nutrient analyses of chickpea samples were performed in triplicate using the 

following standard methods: Moisture by the Modified Solids (total) and moisture in 

flour- oven drying method (Method 925.10, AOAC International 2008); Protein by 

Kjeldahl assay: digestion, distillation and titration using a nitrogen conversion factor 
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of 6.25 (Method 920.87, AOAC International 2005b); Fat by the Soxhlet solvent 

extraction technique, (Method 963.15, AOAC International 2006); Ash by the Ash of 

flour method (Method 923.03, AOAC International 2005a) and Dietary fibre was 

determined using Enzymatic – Gravimetric method (AACC 2009) (AOAC 2005) and 

available carbohydrates were calculated by difference (FSANZ 2017). 

3.5.3 Amino acid profile 

Eighteen essential and non-essential amino acids were analysed using ultra-

performance liquid chromatography with a combination of Photo Diode array and 

tandem mass spectrometric detectors (UPLC-PDA-MSMS) using an in-house 

developed, validated and NATA accredited method at the National Measurement 

Institute, Port Melbourne, Victoria, Australia. The instrumentation included an H class 

Waters™ Acquity UPLC/ MS system equipped with a photodiode array and Waters™ 

QuattroMicro mass spectrometer (Milford, MA, USA) were used. Samples were 

prepared by thoroughly homogenising and weighing approximately and accurately 

100mg of sample. A test portion of 2g of sample was further mixed with 0.1M HCl to 

extract free amino acids, whereas another test portion of 100mg was base hydrolysed 

for 24 h using 6 M NaOH at 110 °C, followed by neutralisation and filtration. An 

aliquot of the free amino acid solution and the neutralised hydrolysate solution was 

analysed by UPLC-PDA-MSMS. The derivative amino acids from sample extracts 

were separated, detected and quantified using UPLC-PDA-MSMS. The confirmation 

of the identity of each amino acid was performed using PDA retention times of the 

reference standards against the retention times of amino acid obtained from the 

sample. Furthermore, the unique MRM transitions of the MSMS were used as a 

secondary form of confirmation. All results were expressed as mg/kg sample.  

3.5.4 Total starch content: 

Starch content was determined in duplicate using the standard colourimetric technique 

(AOAC International 2005c) using a total starch assay kit (AA/AMG) from 

Megazyme International Ltd (Bray, County Wicklow, Ireland). 

3.5.5 Mineral content: 

Content of individual minerals (mg) was determined in duplicate using an inductively 

coupled plasma optical emission spectrometer (ICP- OES) (Varian, Palo Alto, USA) 
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at the National Measurement Institute, Perth, Western Australia. Concentrated nitric 

acid (HNO3) (3 mL) and concentrated HCl (3 mL) were added to 1g of chickpea flour, 

and this mixture was digested at 95 ℃ for 2 hours in a DEENA automated digestion 

block (Thomas Cain, Omaha, Nebraska, USA). After digestion, the sample tube 

volume was made up to 40 mL using distilled water, and the solutions were left to 

settle. Afterwards, all samples were diluted 5-folds with distilled water before being 

analysed using ICP-OES. Appropriate emission wavelengths with higher sensitivity 

and lower interferences of 238.204 nm, 317.933 nm, 213.618 nm, 213.857 nm, 

279.078 nm, 766.491 nm, and 589.592 nm were chosen to analyze Fe, Ca, P, Zn, Mg, 

K and Na respectively (Wu, Johnson, Bornman, Bennett, Singh, et al. 2016). All 

results were expressed as mg/ kg sample. 

3.5.6 Polyphenol extraction  

Total polyphenols were extracted as per Segev et al.(2010) with a few modifications. 

In brief, whole chickpea seeds were milled in a CEMOTEC 1090 grinder (Foss 

Tecator, Hoganäs, Sweden) until 100% passed through a 500 µm sieve. Whole 

chickpea flour (1g) was mixed with 10 mL 50% acetone solution. The mixture was 

shaken at ambient temperature at 60 rpm for 3 hours (h) using a suspension mixer 

(RSM7DC, Ratek, Boronia, Victoria, Australia). The mixture was extracted for an 

additional 12 to 16 h in the dark overnight. The extract was centrifuged using an 

Eppendorf centrifuge (Model- 5810r, Hamburg, Germany) at 12000 g, for 10 min at 

room temperature, and the extracts were kept in the dark at -20 °C until used for 

determination of total phenolic content (TPC), total flavonoid content (TFC), 2-2-

diphenyl-1-picrylhydrazyl (DPPH), 3-ethylbenzothiazoline-6-sulfonic acid diammoni 

-umsalt (ABTS) and oxygen radical absorbance capacity (ORAC).  

3.5.7 Total polyphenol and flavonoid content 

Total polyphenol content was determined using Folin-Ciocalteu method (Wu et al. 

2017). In brief, 100 µL of polyphenol extracts were mixed with 2.5 mL of 0.2 N Folin-

Ciocalteu reagent, followed by 2 mL of saturated sodium carbonate solution (75g/L) 

addition. After a reaction time of 2 h at room temperature in the dark, the absorbance 

of obtained mixtures was determined using a UV-1800 Spectrophotometer (Shimadzu, 

Canby, USA) at 765 nm. A standard curve was prepared using Gallic acid 
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 (0-360mg/L) and results were expressed as mg Gallic acid equivalents (GAE)/ 100g 

dry basis (db). All extract were analysed in duplicate.   

The total flavonoid content was determined as per Wu et al.(2017). In brief, 250µL 

extract was mixed with 5% NaNO2 (75 µL) and 1 mL water in a 2.5mL microfuge 

tube. After 5 min of reaction time, 10% AlCl3 (75 µl) was added. After 6 min, 500 µl 

of 1 mol/L NaOH and 600 µL of ultrapure water was added. The absorbance of the 

mixture obtained was immediately determined at 510 nm and the results were 

expressed in terms of mg catechin equivalents (CE)/ 100g db. Catechin (20–100 mg/L) 

was used to prepare a standard curve and all extracts were analyzed in duplicate. 

3.5.8 Antioxidant capacity 

The method of Thaipong, Boonprakob, Crosby, Cisneros-Zevallos, and Byrne (2006) 

was used to determine the antioxidant capacities of the chickpea varieties. The 2-2-

diphenyl-1-picrylhydrazyl (DPPH), 3-ethylbenzothiazoline-6-sulfonic acid 

diammonium salt (ABTS), and oxygen radical absorbance capacity assay were used 

to estimate the antioxidant capacity of the polyphenolic extracts obtained from Kabuli 

chickpeas as described below.  

For the DPPH assay, firstly, DPPH (24 mg) was added into 100 mL methanol to 

prepare the stock solution, which was stored at -20 °C in the dark until use. To prepare 

the working solution, a 10mL stock solution was diluted with 50 mL methanol, giving 

an absorbance of 1.1 ± 0.02 units at 515 nm. Duplicate kabuli chickpea phenolic 

extracts (150µL) were mixed with the DPPH working solution (2850µL) and reacted 

for two hours in the dark, after which the absorbance was determined at 515 nm and 

results were expressed in terms of mg Trolox equivalents (TE)/g db. Different 

concentrations of trolox (20–250 mg/L) were used to prepare a standard curve for 

DPPH antioxidant activity determination.  
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For the ABTS assay, a fresh stock solution was prepared by mixing 7.4 mM ABTS 

and 2.6 mM potassium persulphate in equal amounts, which were kept for the duration 

of 12 hours in the dark. Using the stock solution, a fresh ABTS working solution was 

prepared by diluting 1 mL of the stock solution with 60 mL of methanol to get a 1.1 ± 

0.02 units absorbance at 734 nm. The kabuli chickpea phenolic extract (150µL) was 

mixed with the ABTS working solution (2850 µL) and incubated in the dark for two 

hours, followed by absorbance determination at 734 nm. The standard used for the 

ABTS assay was Trolox (20–250 mg/L) and the results were expressed in terms of mg 

Trolox equivalents (TE)/g db, with all extracts being analysed in duplicate. The ORAC 

assay was performed using the procedure of Huang, Ou, Hampsch-Woodill, Flanagan, 

and Prior (2002) in a 96-well black-walled, clear-bottom Polypropylene microplate. 

On all sides of the plate, the exterior wells were left unused as there was high variation 

from the results when compared to the interior wells. Polyphenol extract (25 μL) from 

each chickpea variety was mixed with 0.084 μmol/ L fluorescein (150 μL) and 

incubated for 30 min at 37 °C. Then, 25 μL of 153 mmol/ L AAPH (2, 2'-Azobis (2-

methylpropionamidine) Dihydrochloride) was quickly added to start the reaction, 

followed by shaking for 10s in a microplate shaker at maximum intensity. 

Fluorescence intensity was kinetically monitored at 485 nm excitation and 528 nm 

emission every minute over 120 mins (at 37 °C) using a multi-detection micro-plate 

reader (Synergy HT, Biotek Instruments, Winooski, USA). The area under the average 

fluorescence-reaction time kinetic curve (AUC) for both blank and samples were 

calculated. All extracts were analysed in duplicate and the final antioxidant activity 

results were calculated using Trolox as a standard (0-50 μmol/ L), and expressed as 

µmol TE/100 g sample, db. 

3.5.9 Statistical analysis 

The statistical analysis was performed using SPSS v.26.0 (SPSS Inc.; Chicago, IL). 

Data were evaluated using analysis of variance with Tukey’s post hoc test to determine 

the significant differences (p≤0.05) between varieties. Pearson correlation coefficients 

were calculated to compare analytical determinations to reveal associations (p≤0.05). 
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3.6 Results and Discussion 

3.6.1 Physical analysis  

Significant differences in the physical characteristics of kabuli chickpeas analysed in 

this study were observed and are reported in Table 3.2. The seed weight of the different 

cultivars varied significantly (p<0.05). Greatest seed weight and volume of 0.61g and 

0.51mL per seed was observed in Kimberley Large compared to the lowest seed 

weight (0.30 g/seed) and volume (0.25 mL/ seed) in Genesis090, with the average seed 

weight of varieties decreasing from Kimberley Large > Genesis Kalkee > PBA Royal 

> PBA Monarch > Genesis 090. In legumes, seed size controls the distance to which 

water must travel to reach the seeds innermost portion, in turn affecting the cooking 

time (Kaur, Singh, and Sodhi 2005, Khan et al. 1995). Thus it can be concluded that 

Kimberley Large with the largest seed size will take the longest to cook. Similar results 

have been reported by Kaur et al.(2005), who reported that the cooking time for Kabuli 

chickpea was longer than desi chickpeas due to their larger seed size. Seed density 

ranged from 1.177 and 1.337g/ mL, being the lowest for Genesis Kalkee and highest 

for PBA Royal. Significant differences in the hydration capacity and index were 

observed and hydration capacity and hydration index for chickpea varieties ranged 

between 0.31-0.64 g/seed and 95.05-110.16, respectively. Hydration capacity was 

positively correlated to seed weight (r=0.974, p<0.01) and volume (r=0.980, p<0.01) 

(Table 3), the lowest hydration capacity recorded in Genesis 090, the variety with the 

lowest seed weight. Both, seed size and seed coat thickness play an important role in 

the water absorption qualities of legume seeds (Kaur, Singh, and Sodhi 2005).  

Water uptake is also a characteristic of seed pore structure which increases with an 

increase in permeability, and a decrease in tortuosity (Joshi et al. 2010). Kimberley 

Large variety had the largest seed size, resulting in the highest values for hydration 

capacity and hydration index when compared to other samples. Similarly, significant 

differences (p<0.05) were observed between swelling capacity and swelling index of 

chickpea samples. The swelling capacity of the different chickpea varieties ranged 

between 0.3-0.69 mL/ seed, whereas the swelling index per seed ranged from 112.9-

137.2. Kaur et al. (2005) reported similar results for swelling capacity (0.23) and 

swelling index (136.5) for kabuli chickpea (variety L-550) in their study. A positive 

correlation was recorded between seed weight and swelling capacity (r=0.949, p<0.01) 

(Table 3.3). There is an association between the swelling index and the gelatinization 
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of starch which represents the uptake of water by hydrogen bonding as well as by non-

starch polysaccharides and proteins. The water absorption capacity in seeds is affected 

by the seed composition, cell structure, and cell compactness, in turn affecting both 

the hydration and swelling of seeds (Mokni et al. 2015). 
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Table 3. 2 Physical analyses of Kabuli chickpea varieties grown in Australia compared to Indian cultivars (Kaur, Singh, and Sodhi 2005) 

Property Kimberley Large Genesis90 Genesis Kalkee PBA Royal PBA Monarch Kaur et al.(2005) 

Seed weight (g) 0.61±0.02a 0.3±0.014b 0.43±0.01c 0.43±0.02c 0.38±0.02d 0.21 

Seed volume (mL) 0.51±0.02a 0.25±0.01b 0.37±0.02d 0.32±0.02c 0.29±0.01bc 0.17 

Density (g/ mL) 1.21±0.02ab 1.19±0.05ab 1.18±0.07b 1.34±0.12a 1.30±0.03ab 1.29 

Hydration capacity (g/ seed) 0.64±0.01a 0.31±0.01d 0.45±0.02b 0.41±0.01c 0.42±0.02bc 0.20 

Hydration Index 104.6±2.9a 103.49±1.3ab 105.05±5.9ab 95.06±5.07b 110.16 ±3.31a 90.4 

Swelling capacity (mL/ seed) 0.69±0.02a 0.3±0.02c 0.42±0.02b 0.36±0.02bc 0.37±0.04bc 0.23 

Swelling index 137.18±11.1a 118.59±9.5a 115.07±12.7a 112.93± 11.9a 126.35 ±14.2a 136.5 

All values are presented as mean ± standard deviation. Following Tukey’s post hoc test, values followed by the same superscript within a row do 

not differ significantly (p<0.05)  
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Table 3. 3 Pearson’s correlation coefficients (r) among physical properties of Kabuli chickpea seeds 

Trait  Seed volume  Hydration capacity Swelling capacity 

Seed weight (g)  -  0.979** 0.974** 0.949** 

Seed volume (mL)          -  - 0.980** 0.959** 

Hydration capacity -                                                              -      - 0.977** 

 Note: ** Significant at p<0.01 
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3.6.2 Colour 

Colour measurement values (L*, a*, b*) are shown in Table 3.4. Among different 

chickpea cultivars, significant differences (p≤0.05) in colour values were observed. 

The L* and a* (redness and greenness) values ranged between 86.15 and 90.54 and 

2.55 and 3.83 respectively. The b* value (yellowness and blueness) ranged from 16.39 

and 19.34, being the lowest for PBA Royal and highest for Genesis090.  L* value for 

PBA monarch indicated that these seeds were lightest in colour compared to Genesis 

090 which had the lowest L* value and highest a* value, indicating that these seeds 

were the darkest out of all cultivars and had a faint reddish tinge to them. Kaur et al. 

(2005) also reported colour values for kabuli chickpea samples, however as can be 

seen from the data in Table 4, their samples were darker (lower L*) with a higher b*( 

yellowness and blueness) compared to samples in this study. Harvest times have 

shown to affect chickpea seed colour, with an early harvest giving a more bright and 

intense colour to the seeds (Cassells and Caddick 2000). Past studies have also linked 

chickpea seed colour to establishment on sowing, seed yield, and ease of decortication, 

seed with the darker seeds being more favourable (Knights and Mailer 1989).  

3.6.3 General nutrient analyses  

The concentration of major components in chickpea varieties is reported in Table 3.5. 

The statistically significant differences (p<0.05) in terms of moisture, protein, fat, ash, 

dietary fibre and starch content between varieties were observed. The moisture content 

of whole chickpea flours ranged from 6.649 to 9.041 g/100g with the moisture content 

of Kimberley Large variety being significantly lower than all other varieties. The 

observed difference in moisture content could be due to a difference in the postharvest 

handling of chickpeas (Abu, Arogba, and Ugwu 1999). A study by the Grains 

Research and Development Corporation (GRDC) concluded that over a period of 9 

months of post-harvest storage, chickpea seeds lost about 2% of moisture due to 

conditions such as moisture content upon harvesting, storage temperature and aeration 

(GRDC 2018a).  
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A significant difference in protein content was observed as well, ranging from 18.163 

to 24.564 g/100g sample (db). Genesis Kalkee had the highest protein content and 

Kimberley Large had the lowest amongst all samples. The protein content in some 

Australian chickpea varieties was comparatively higher than that found in varieties 

from Syria, Canada and India which varied from 17.12 to 19.81g/ 100 g (db) sample 

(Frimpong et al. 2009) and could be due to the difference in the cultivar and growing 

conditions (Mokni et al. 2015). The fat content in chickpeas ranged from 5.871-6.707 

g/ 100 g sample (db) and was similar to results obtained by El Adawy (2002) and  

Nikolopoulou et al.(2006b) for varieties from Egypt and Greece, respectively. 

Compared to other legumes such as black beans and lentils, chickpeas generally have 

a higher fat content. The higher fat content in chickpeas is of importance as during 

starch gelatinisation, amylo-lipid complexes are formed resulting in a lower starch 

bioavailability (Silva-Cristobal et al. 2010). 

The ash content is an indicator of the mineral content of a material and its value in 

plant sources is quite variable when compared to animal sources, making it an 

important part of the proximate analysis (Marshall 2010). The ash content in chickpea 

samples ranged from 2.433 to 2.856 g/100g (db) sample, with significant differences 

observed between chickpea varieties. These observations are in agreement with the 

findings of Özer et al.(2010) and Xu et al. (2013), who also reported significant 

differences in ash content between different Kabuli chickpea varieties.  

Legumes have been known to contain one of the highest percentages of dietary fibre 

in seed groups (Rosin, Lajolo, and Menezes 2002), with high levels reported in 

common beans, chickpeas and lentils. The dietary fibre (DF) content of the chickpea 

samples in this study ranged from 14.3 to 18.234 g/100g (db). Wang et al. (2010) 

reported an average DF content in kabuli chickpeas of 15.3 g/100g dry sample 

whereas, Jukanti et al.(2012) reported an average DF content of 17.4 g/100g (db). The 

values reported in both of these studies are within the range of this study. In contrast, 

Tosh and Yada (2010) reported a higher DF content of 18-22g in kabuli chickpeas. 

Similar to protein content, DF content has been known to vary due to differences in 

seed size, and coat thickness (as DF is mainly found in the seed coat), chickpea type 

(desi or kabuli) as well as the analytical method used for the estimation 
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of DF (Rincón, Martínez, and Ibáñez 1998, Silva-Cristobal et al. 2010). Higher DF 

contents have been reported in desi chickpea varieties (Gil, Nadal, Luna, Moreno, and 

Haro 1996) and are linked to the thicker seed coat of desi chickpeas which accounts 

for 14.5-16.5% of the seed weight compared to kabuli chickpeas, where it accounts 

for only 4.3-4.4% (Sosulski and Gadan 1988). This is despite the larger seed size of 

kabuli chickpeas compared to desi chickpeas. A high intake of DF has been shown to 

have beneficial health effects (Saura-Calixto et al. 2000). 

In general, the nutrient composition of Australian kabuli chickpeas was in agreement 

with the available literature. However the variation in the characteristics presented in 

this study compared to the previously published data can be explained by the 

differences in genotype, growing conditions, sowing time (autumn or spring), post-

harvest handling as well as different techniques of analysis (Gül, Egesel, and Turhan 

2008, El-Adawy 2002, Tayyar, Egesel, Gul, et al. 2008, Silva-Cristobal et al. 2010).  
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Table 3. 4 Colour (L*, a*, b*) of Kabuli chickpea varieties grown in Australia compared to published literature 

Colour 

components 

Kimberley Large Genesis90 Genesis Kalkee PBA Royal PBA Monarch Literature 

L* 88.29±0.12a 86.15±0.79b 88.10±0.36a 90.41±0.06c 90.54±0.54c 76.78 

a* 2.94±0.01ac 3.83±0.18b 3.34±0.25ab 2.55±0.09c 2.75±0.13ac 1.54 

b* 16.47±0.16a 19.34±0.39b 18.87±0.08b 16.39±0.07a 16.72±0.34a 22.34 

All values are presented as Mean± standard deviation. Values followed by the same superscript within a row do not differ significantly (p<0.05).  

 Literature: Kaur et al.(2005) 
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Table 3. 5 General nutrient composition of Kabuli chickpea varieties grown in Australia compared to published literature 

Component  

(g/ 100 g, db) 

Kimberley Large Genesis 090 Genesis Kalkee PBA Royal PBA Monarch Literature  

Moisture  6.649±0.13a 9.041±0.19c 8.158±0.22b 8.795±0.11c 8.075±0.32b 7.68 

Protein  18.163±0.21a 20.297±.07b 24.564±0.05c 24.026±0.12d 22.925±0.12e 20.47 

Fat  5.921±0.45a 6.707±0.19a 5.837±0.36a 5.923±1.25a 5.871±0.35a 4.4-6.04× 

Ash content 2.856±0.00a 2.588±0.05b 2.688±0.01b 2.564±0.03c 2.433±0.01bc 2.85 

Dietary fibre 16.485 ±0.02a 16.536±0.65a 18.234±2.33a 14.300±0.39a 16.181±0.12a 12.2-22+ 

Carbohydrate by 

difference  

52.612 

 

44.831 

 

40.519 

 

44.392 

 

44.515 

 

62.95 

 

Starch content  48.881±1.60a 32.684±3.67b 38.778±1.88b 36.596±2.74b 38.881±1.10b 38.2-43.9* 

All values are presented as mean ± standard deviation. Following Tukey’s post hoc test, values followed by the same superscript within a row do 

not differ significantly (p<0.05). Literature: USDA(2019), + Tosh and Yada(2010), * Wang and Daun (2004), × Iqbal, Khalil, Ateeq, & Sayyar 

Khan,(2006) 
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3.6.4 Total starch content 

The total starch content (Table 3.5) of Kabuli chickpeas ranged from 32.684 to 48.881 

g/ 100 g (db) with the highest value for Kimberley Large and the lowest for Gensis090. 

These values are in agreement with the starch content reported by Özer et al.(2010), 

but the starch content for Kimberley Large chickpeas is significantly higher than 

previously reported by Wang and Daun (2004) for Canadian kabuli chickpeas (41.1 g/ 

100 g, db). Compared to cereals, legume starches have lower digestibility due to higher 

resistant starch content (Hoover and Zhou 2003), which makes them highly desirable 

as resistant starch has been known to have the potential to prevent diabetes, colon 

cancer and obesity-related complications (Sharma, Yadav, and Ritika 2008). Xu et al. 

(2013) reported a starch content range of 38.6 to 49.7 g per 100 g (db) for Kabuli 

chickpeas grown in Virginia, USA, which is also similar to the range obtained in this 

study. Compared to other legumes such as green gram, black gram, haricot bean and 

moth bean, Kimberley Large kabuli chickpea from this study have a greater starch 

percentage (Bravo, Siddhuraju, and Saura-Calixto 1999), which is also similar to the 

starch content found in cowpeas (49.6 g per 100 g, db) (Huang et al. 2007).  The 

difference in the starch content of Australian Kabuli chickpeas when compared to 

other varieties of chickpeas can be due to different sowing times, genotypic as well as 

climatic differences at the growing location.  

3.6.5 Amino acid profile 

Amino acids (AA) are responsible for protein synthesis, regulated hormone secretion, 

immune responses, and cell signalling and other essential metabolic processes in the 

human body. They can also act as antioxidants (Cysteine) or are involved in the 

synthesis of other amino acids (Wu 2009). Amino acids can be classified as “essential” 

and “nonessential” based on whether they can be produced in the human body 

(nonessential) or need to be supplemented through diet (essential) (Wu 2016). The 

most abundant AA in all chickpea varieties was arginine, aspartic acid, glutamic acid, 

leucine, lysine and phenylalanine (Table 3.6). Significant (p≤0.05) differences were 

observed in the AA profile of chickpea varieties, with Genesis Kalkee containing the 

highest and Kimberley Large the lowest concentration of most AA.  Methionine was 

a limiting amino acid across all varieties and this finding is in agreement with Wang 

and Daun (2004) and Jukanti et al.(2012). Higher concentrations of aspartic acid, 
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glutamic acid, arginine and proline were observed in some chickpea varieties in this 

study when compared to the previous studies (Bampidis and Christodoulou 2011b, 

Brenes et al. 2008).  
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Table 3. 6 Amino acid content of Kabuli chickpea varieties grown in Australia compared to published literature 

Amino acids (mg/ kg, db) Kimberley Large Genesis 090 Genesis Kalkee PBA Royal PBA Monarch Literature* 

Aspartic 21500 ± 707a 22000 ± 0.00a 26000 ± 0.00b 25000 ± 0.00b 26000 ± 0.00b 20400-24000 

Serine 9750 ± 212a 10500 ± 707ab 12000 ± 0.00b 11500 ± 707b 12000 ± 0.00ab 12800-13600 

Glutamic 31500 ± 707a 32500 ± 707a 38500 ± 707b 36000 ± 0.00b 38500 ± 707b 19400-34300 

Glycine 7800 ± 141a 7850 ± 71a 9100 ± 0.00c 8550 ± 71bc 8800 ± 141b 10400-11200 

Histidine 4000 ± 141a 4350 ± 71b 5000 ± 0.00c 4700 ± 0.00c 4950 ± 71c 2000-5500 

Argenine 14000 ± 0.00a 16000 ± 0.00b 22500 ± 707c 18000 ± 0.00d 19000 ± 0.00d 12700-17800 

Threonine 7100 ± 141a 7100 ± 0.00a 7950 ± 71b 7650 ± 71b 7650 ± 71b 8600-9300 

Alanine 7800 ± 141a 7950 ± 71a 9100 ± 141b 8550 ± 71bc 8950 ± 71c 10200 

Proline 7500 ± 141a 8000 ± 0.00b 9250 ± 71c 8600 ± 141c 9100 ± 0.00d 7600 

Tyrosine 4450 ± 71a 4400 ± 0.00b 5250 ± 71c 4850 ± 71cd 5050 ± 71d 6800-8000 

Valine 7700 ± 141a 8100 ± 283ab 9150 ± 71c 8800 ± 0.00c 9400 ± 283bc 9800-11500 

Lysine 12500 ± 707a 13000 ± 0.00ab 14000 ± 0.00b 14000 ± 0.00b 14000 ± 0.00b 14900-15300 

Isoleucine 7350 ± 71a 7650 ± 212a 8750 ± 71b 8450 ± 71b 8900 ± 283b 9100-9600 
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 Table 3.6 Amino acid content of Kabuli chickpea varieties grown in Australia compared to published literature (contd.) 

All values are presented as mean ± standard deviation. Following Tukey’s post hoc test, values followed by the same superscript within a row do 

not differ significantly (p<0.05). Literature*: Brenes et al. (2008), Bampidis and Christodoulou (2011b) 

 

 

 

.

Amino acids (mg/ kg, db) Kimberley Large Genesis 090 Genesis Kalkee PBA Royal PBA Monarch Literature* 

Leucine 13000 ± 0.00a 14000 ± 0.00ab 15500 ± 707c 15000 ± 0.00c 16000 ± 0.00bc 17000-19000 

Phenylalanine 10000 ± 0.00a 11000 ± 0.00a 13000 ± 0.00a 12000 ± 0.00a 13000 ± 0.00a 13100 

Methionine 2050 ± 71a 1900 ± 0.00a 2550 ± 212a 2200 ± 283a 2350 ± 71a 2800 
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3.6.6 Individual mineral content 

Legumes are characterised by high mineral levels, however, mineral levels depend on 

the species, agronomic cultivar as well as the soil where the plant was grown (Silva-

Cristobal et al. 2010). The individual mineral content of chickpea varieties shown in 

Table 3.7. Significant (p<0.05) differences between varieties were observed.  

Kimberley Large being the only very large-seeded variety had the highest iron content 

followed by Genesis Kalkee, Genesis 090, PBA monarch and PBA Royal with the 

lowest iron content. Kimberley Large also had the highest level of potassium, 

phosphorus and zinc content however, the sodium content was the lowest out of all 

varieties. Genesis 090 had the highest amount of magnesium at 1429 mg/ kg (db), 

whereas PBA monarch had the highest concentration of sodium at 239.33 mg/ kg (db). 

Compared to other legumes such as cowpea, lentils and green pea, chickpeas are a 

good source of iron, zinc, and calcium and have similar sodium and magnesium levels 

(Iqbal et al. 2006). All the chickpea samples analysed in this study have higher iron, 

magnesium and phosphorus values when compared to the chickpeas analysed by Iqbal 

et al. (2006). 

Several studies have linked the Ca:P ratio in foods to bone health and obesity. A Ca:P 

ratio of 1.3:1.0 has been suggested to maintain bone health (Kemi et al. 2010, Whybro 

et al. 1998), whereas a Ca:P ratio above the median of 0.57 has shown to reduce the 

risk of central obesity based on waist to height ratio (Pereira et al. 2013). None of the 

varieties in this study meets the Ca:P ratio requirements. The excess of potassium in 

chickpeas could also be detrimental to the absorption and utilization of other minerals 

by humans. Both the above-mentioned issues can be corrected by supplementation of 

other minerals along with chickpea consumption (Iqbal et al. 2006). However, 

according to the Australian Government Ministry of Health guidelines, the chickpeas 

analysed in this study can help in meeting the recommended daily intake of iron, zinc 

and phosphorus in adults (NRV 2017). 
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Table 3. 7 Individual mineral content of Kabuli chickpea varieties grown in Australia compared to published literature 

All values are presented as mean ± standard deviation. Following Tukey’s post hoc test, values followed by the same superscript within a row do 

not differ significantly (p<0.05). Literature: USDA (2019), Iqbal et al.(2006). 

Minerals (mg/ kg, 

db) 

Kimberley Large Genesis 090 Genesis Kalkee PBA Royal PBA Monarch Literature 

Iron 55.667±0.58a 43.33±0.58bc 45.33±0.58c 36.67±0.58d 43.00±2.00b 30-43.1 

Calcium 689.33±6.66a 971.33±29.57b 1012.67±9.71b 1031.00±11.53b 968.33±7.51b 570-1970 

Magnesium 1357±62.39a 1429±2.89c 1307±3.51ab 1279±61.78ab 1197±4.00b 46-790 

Potassium 10712±15.50a 9821±184.91c 10525±128.51ab 9247±63.52d 10117±73.51bc 7180-11550 

Sodium 33.67±0.57a 175.67±0.58b 119.67 ±0.58c 142.67 ±0.58d 239.33±0.58e 240-1010 

Zinc 35.33±0.57a 31.00±0.00b 34.00±0.00ab 24.33±0.58d 28.33±1.15bc 27.6-68 

Phosphorus 4071±104.62a 3811±59.30ab 3992±55.08a 3253±59.77c 3336±53.11bc 2510-2520 

Ca:P ratio 0.169 0.254 0.253 0.316 0.290 0.78 
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3.6.7 Total polyphenol content and flavonoid content 

The total polyphenol (TPC) and flavonoid content of the kabuli chickpea varieties in 

this study is shown in Table 3.8. The varieties had significantly (p<0.05) different 

amounts of total polyphenol content. Total polyphenol content ranged from 40.757 to 

60.451 mg GAE/ 100 g dry sample, with Genesis090 recording the highest and PBA 

Monarch the lowest polyphenol levels. Segev et al. (2010) reported the effect of 

different solvents on the extractability of polyphenols and reported significantly 

different results in the total polyphenol content of the same sample due to difference 

in the extraction solvent. Acetone (50% v/v) was found to be the best solvent for the 

extraction of whole seed chickpea polyphenols when compared to 5 other solvents. 

Thus in this study, 50% acetone was utilised for polyphenol extraction as well. Similar 

results (57mg TE/100g sample, db) have been reported by Heiras-Palazuelos et 

al.(2013) in a Mexican kabuli chickpea variety that was extracted using 80% ethanol. 

In contrast, slightly higher results were reported by Giusti et al.(2017) at 88mg 

GAE/100g sample (db) for Kabuli chickpeas from the USA which were extracted 

using 70% ethanol.  

As presented in Table 3.8, total flavonoid contents (TFC) were significantly different 

(p<0.05) when comparing varieties. The highest flavonoid content (8.248 mg 

CE/100g, db) was found in Genesis Kalkee whereas, PBA Royal exhibited the lowest 

flavonoid content (6.079mg CE/ 100g, db). Slightly higher values were reported by 

Segev et al. (2010) at 11mg CE/100g sample (db), whereas, Heiras-Palazuelos et 

al.(2013) reported a flavonoid content of 15mg CAE/ 100 g sample (db) from 

undigested free polyphenol extracts of kabuli chickpeas. The values obtained are 

similar to the total flavonoid content of some varieties of legumes such as yellow pea 

(8.6 mg CE/100g), green peas (6.5 mg CE/ 100g), common beans (9.2 mg CE/ 100 g) 

and soybean (10.6 mg CE/ 100 g) (Xu, Yuan, & Chang 2007).  

Plants have been known to be equipped with antioxidant machinery for combating 

oxidative stress which is either present in their natural environment or is induced by 

beneficial microbes or stress conditions (Mittler et al. 2004). It has also been reported 

that the presence of beneficial microbes (one or a combination of a few) can enhance 

the total polyphenols and flavonoid levels in chickpeas, in turn increasing the 

antioxidant capacity (Singh et al. 2014). Thus, chickpeas grown using different 
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agriculture practices, in different soils around the world will inherently have different 

levels of bioactive components.  

3.6.8 Antioxidant capacity 

Three assays (DPPH, ABTS and ORAC) were chosen to determine the antioxidant 

capacity and the data is reported in Table 3.8. The DPPH and ABTS radical 

scavenging activity of kabuli chickpea phenolic compounds showed a significant 

variation (p≤0.05) between kabuli chickpea varieties. The results demonstrated that 

Genesis090, the variety with the smallest seed size had the highest DPPH and ABTS 

antioxidant capacity, while Kimberley large had the lowest values. The descending 

order of antioxidant capacity of kabuli chickpeas for both antioxidant methods DPPH 

and ABTS is: 

Genesis 090> Genesis Kalkee> PBA Royal > PBA Monarch> Kimberley Large 

Both DPPH and ABTS antioxidant capacity from our study corresponded to 

values reported by Quintero-Soto et al. (2018), who analysed 9 Kabuli chickpea 

varieties from Mexico, whereas, Marathe et al. (2011) reported slightly higher values 

for ABTS scavenging activity for Indian kabuli chickpeas. The differences found in 

our results when compared to previously reported could be due to the difference in 

variety as well as the extraction method. 

It is very important to emphasize that both DPPH and ABTS assay are technically very 

simple and are based on electron transfer mechanisms and have some limitations 

compared to the ORAC assay, which is based on the hydrogen atom transfer 

mechanism. Peroxyl radicals have been shown to react very slowly or being inert to 

2-2-diphenyl-1-picrylhydrazyl (DPPH), whereas, the ABTS values for pure 

antioxidant compounds such as α-tocopherol, ascorbic acid and uric acid are almost 

the same and show no correlation with the number of electrons they can transfer. 

Compounds with similar chemical structures have also shown to have significantly 

different ABTS values (quercetin and kaempferol) (Institute of Medicine Panel2000).  
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Table 3. 8 Total polyphenol content, total flavonoid content and contents of total antioxidant capacity in Kabuli chickpea whole seed measured 

using the DPPH (mg TE/g, sample db) and ABTS (mg TE/g sample, db) assay 

Abbreviations: TPC- total polyphenol content; TFC- total flavonoid content; DPPH- 2-diphenyl-1- picryhydrazyl radical scavenging activity; 

ABTS- 3 ethylbenzothiazoline-6-sulfonic acid diammonium salt assay. All values are presented as mean ± standard deviation. Following 

Tukey’s post hoc test, values followed by the same superscript within a row do not differ significantly (p<0.05). 

Property Kimberley Large Genesis 090 Genesis 

Kalkee 

PBA Royal PBA 

Monarch 

Literature 

TPC(mg GAE/100g, 

db) 

60.395±0.98a 60.451±0.57a 51.758±0.31b 46.419±0.65c 40.757±0.94d 46-88 

(Heiras-Palazuelos et al. 2013, Giusti et al. 

2017, Marathe et al. 2011) 

TFC(mg CE/100g, 

db) 

6.214±0.24a 6.719±0.19ac 8.428±0.241b 6.079±0.00a 7.103±0.09c 11-15 

(Segev et al. 2010, Heiras-Palazuelos et al. 

2013) 

DPPH (mg TE/100g, 

db) 

42.939±1.31a 60.955±0.89b 53.712±0.07c 51.008±0.15cd 50.044±1.16d 9.76-51.56 (Quintero-Soto et al. 2018) 

ABTS(mg TE/100g, 

db) 

78.947±0.50a 84.992±0.96b 84.541±2.55b 84.386±1.52b 81.639±0.10ab 69.58-103.37 (Quintero-Soto et al. 2018) 
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Figure 3.3 Oxygen radical absorbance capacity (ORAC) of Kabuli chickpea varieties. 

Different letters above bars indicate significant differences (p≤0.05) following 

Tukey’s post hoc test. 

 

The ORAC values for kabuli chickpea extracts have been reported in Fig. 3.3 and 

significant differences (p≤0.05) between ORAC values were observed. The ORAC 

assay is based on hydrogen atom transfer and it is also the only method that considers 

complete free radical action, uses area under the curve (AUC) technique for 

determination of the antioxidant capacity value, thus combining both percentage of 

inhibition and the inhibition time of the free radical actions by antioxidants in one 

value (Prior and Cao 1999). It is also considered more accurate due to the use of a 

biologically relevant free radical source (Prior et al. 2003). Based on the ORAC assay, 

the descending order of antioxidant capacity of kabuli chickpea varieties is: 

Kimberley Large> Genesis 090> PBA Royal >Genesis Kalkee> PBA Monarch 

A significant (p≤0.01) positive correlation was found between TPC and ORAC values 

(r=0.834). In a study by Xu et al. (2007) on cool-season legumes, it was reported that 

both the DPPH and ABTS assay results were highly correlated in contrast to ORAC 

assay results. The food and nutraceutical industries have accepted the method to a 
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point that they have started including ORAC values in their product labels (Bank and 

Schauss 2004), making it the most relevant method out of all three described in this 

study. Thus from the results presented in Fig 3.3, it can be concluded that Kimberley 

Large has the highest and PBA monarch has the lowest biologically relevant 

antioxidant capacity amongst all the varieties.  

3.7 Conclusion 

The present work is the first comparative and detailed study on the physical, nutritional 

and bioactive properties of kabuli chickpea varieties grown exclusively in Australia.  

This study establishes that Australian kabuli chickpeas are on par or even superior in 

some of these traits when compared to Indian, Canadian, Sicilian or Mexican kabuli 

chickpea varieties. The differences found between varieties could be due to the 

genotype effect or possibly due to the different recommended locations where these 

chickpeas were grown. The data has also been shown to be comparable to the USDA 

Nutrient Database as well as widely available literature. Furthermore, the values found 

for bioactive compounds fit the ranges reported in the literature. Some varieties in this 

study showed higher antioxidants capacity values and it is suggested that these 

varieties can be utilized in breeding programs for the selection of chickpea varieties 

with improved nutraceutical traits.  
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CHAPTER 4 Effect of genotype by environment, and their 

interactions, on the physical, nutritional and bioactive properties of 

Australian kabuli chickpeas 

 

“A fertile soil alone does not carry agriculture to perfection.” 

E. H. Derby 

 

Abstract 

Chickpeas are one of the most widely consumed legumes in the world and for the 

development of higher quality seed and better-adapted chickpea varieties, it is 

important to understand the effects of genotype, growing environmental conditions 

and their interactions on seed properties. Thus, in this chapter, the physical properties, 

proximate composition, polyphenol content and antioxidant capacities of four 

common Australian kabuli chickpea varieties grown at five locations around Australia 

in the 2018 National Variety Trials were evaluated. The results indicate that genotype, 

environmental conditions and their interactions had significant effects on the physical 

property of swelling capacity, proximate composition, polyphenol content and 

antioxidant capacities. Significant positive correlations between polyphenol content 

and antioxidant capacities were identified, as well as a negative correlation between 

protein and starch content, and protein and antioxidant capacities. A comparison of 

seed properties using the principal components analysis (PCA), where the first four 

principal components explained over 87.86% of the variation, showed a clear 

separation of the chickpea varieties based on the growing environment. Given the 

significant effects of genotype, environment and their interaction on chickpea seed 

properties, the results obtained in this study will provide plant breeders valuable 

information to develop varieties that are better able to respond to growing season 

environment with high nutritional and antioxidant properties. Farmers can utilise this 

information to enhance desirable properties in kabuli chickpeas based on the growing 

environments on the farm and may have the potential to receive higher returns by 

targeting specific food markets. 
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4.1 Introduction 

Chickpeas are an important pulse crop with a total world production of 14 Mt in 2019, 

with Asia being the largest producing region followed by Oceania (FAOSTAT 2019). 

It is a staple food in India, the Americas, North and East Africa, and southern Europe 

(Frimpong et al. 2009).  Chickpeas are an important winter/spring grown pulse crop 

in Australia, with over 95% of the production exported. Kabuli chickpeas are grown 

in Australia command a price premium of around AUD$100/ tonne greater than desi 

types due to demand and their high quality (high germination rate, vigour and seed 

weight) (GRDC 2018b).  

Chickpeas are a popular alternative to animal protein and have been incorporated into 

a number of products such as biscuits (Yadav, Yadav, and Dhull 2012) and bread 

(Mohammed, Ahmed, and Senge 2014, Man et al. 2015), as well as in chickpea 

blended meat products such as chicken nuggets, sausages and meatballs (Verma, 

Banerjee, and Sharma 2012, Thushan Sanjeewa et al. 2010, Asgar et al. 2010). More 

recently, chickpeas have been incorporated into rice noodles to increase the product 

protein content (Sofi, Singh, et al. 2020) and to replace meat in healthy burgers (Argel 

et al. 2020), highlighting the varied functionality of chickpeas. A steadily growing 

demand and an increased interest in plant-based protein sources make chickpeas an 

economically important crop for the future (Jukanti et al. 2012, Merga and Haji 2019). 

However, like many other crops, chickpea seed properties and chemical composition 

are altered when grown under different environmental conditions through changes in 

metabolic and enzymatic activities (Varol et al. 2020, Carvalho, Ricardo, and Chaves 

2004, Frimpong et al. 2009). Awasthi et al. (2014) observed a significant decrease in 

sucrose and starch content in chickpeas of Indian origin due to heat stress and water 

deficit, with higher reductions under combined stress conditions.  Carvalho, Ricardo, 

and Chaves (2004) found that water deficit during grain filling in lupin plants, an 

example of another legume crop, resulted in a decrease in fat and total soluble sugar 

content in seeds. No studies however have yet characterised the quality variables of 

Australian kabuli chickpeas in detail since they have focused on desi types or varieties 

of a different origin such as India, Syria (Yadav et al. 2010), Canada (Frimpong et al. 

2009), Spain (Cobos et al. 2017), Turkey (Tayyar, Egesel, Gül, et al. 2008) and the 

United States (Vandemark et al. 2020). 
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In terms of studies on the effects of genotype and environment and their interaction,  

Wang, Gangola, et al. (2017) reported on over 49 chickpea genotypes of international 

origin whereas Kaloki, Trethowan, and Tan (2019) identified effects of genotype and 

environment on Australian desi chickpea yield and performance consistency. 

However, no information on the effects of genotype, environment and their interaction 

on Australian kabuli chickpea physical, nutritional and bioactive composition has been 

reported. In this context, this study investigated the physical and compositional 

properties, along with antioxidant capacities of four Australian kabuli chickpea 

varieties grown in different environments at five locations across Australia in 2018. 

The results of this study will help inform selection of cultivar and production location 

by farmers to target specific consumer markets. 

4.2 Materials and methods 

Four representative common chickpea varieties (viz. Almaz, Genesis 090, Kalkee and 

PBA Monarch) (Fig. 1) were collected from five 2018 National Variety Trials (GRDC 

NVT Online https://www.nvtonline.com.au/) (Birchip, Vic; Kununurra, WA; 

Rainbow, Vic; Tarranyurk, Vic; and Walgett, NSW) selected with different 

environmental growing season environments (Table 1). After receival, samples were 

sieved to remove unwanted material (broken seeds, dirt and stones), vacuum packaged 

and stored at 4°C until analysis. Figure 2 details the major seasonal rainfall zones of 

Australia (Bureau of Meteorology, 2021) with Birchip, Rainbow and Tarranyurk 

described as having a winter rainfall, Kununurra a summer dominant rainfall and 

Walgett with wet summers and low winter rainfall. Based on temperature and 

humidity, Kununurra can be classified as a hot humid summer zone, whereas Walgett 

has a wet summer and the other locations have hot dry summers and cold winters  

(Bureau of Meteorology, 2021). 

 

https://www.nvtonline.com.au/
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Figure 4.1 Map of Australia showing the location of the five National Variety Trials 

in 2018 (GRDC NVT Online https://www.nvtonline.com.au/) where kabuli chickpea 

varieties selected for the study were grown. 

 

Table 4.1 Geographic variables of chickpea trial production environments 

*(CSIRO 2020)

Environment Latitude Longitude Sowing date Harvest date Soil type* 

Birchip, Vic. 35.9833° S 142.9146° E 14/05/2018 25/11/2018 clay 

Kununurra, WA 15.6049° S 128.7655° E 18/05/2018 8/10/2018 sandy-loam 

/ loam 

Rainbow, Vic. 35.9008° S 141.9972° E 11/05/2018 26/11/2018 sandy-loam 

Tarranyurk, Vic. 36.2128° S 142.0340° E 4/06/2018 20/12/2018 clay 

Walgett, NSW 30.0268° S 148.1231° E 30/05/2018 14/11/2018 clay 
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Figure 4.2 Major seasonal rainfall zones across Australia (Bureau of Meteorology 

2018) 
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Figure 4.3 Representative samples of four kabuli chickpea genotypes (Almaz, Genesis 090, PBA Kalkee and PBA Monarch) grown at five 

Australian locations (Birchip, Vic; Kununurra, WA; Rainbow, Vic; Tarranyurk, Vic and Walgett, NSW) in 2018.
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4.3 Physical analysis 

Two random samples of 50 seeds from each variety were withdrawn before the 

analysis. Physical properties of the whole seeds were analysed in duplicate by 

determining the following using standards methods (Kaur, Singh, and Sodhi 2005, 

Williams 1983) as previously described in Chapter 3 (Section 3.3): 

 Seed weight (S.W.) (g): Obtained weight of 50 seeds, converted to weight per 

seed. 

 Volume (mL): obtained volume of 50 seeds, converted to volume per seed. 

 Density (g/ mL): The ratio between weight and volume.  

 Hydration capacity (H.C.): calculated using the formula: HC= (Ws – W0 )/ 100, 

where Ws is weight of 50 seeds after soaking for 12 hours, W0 is weight of 

seeds before soaking.  

 Hydration index (H.I.): Hydration capacity/ seed weight.   

 Swelling capacity (S.C.): calculated using the formula: SC= (Vs- V0)/ 100, 

where Vs is volume of 50 seeds after soaking for 12 hours and V0 is volume of 

50 seeds before soaking.  

 Swelling index (S.I.) (%): Swelling capacity/ seed volume.   

 

4.4 Chemical analyses 

4.4.1 Sample preparation 

A random sample of 200g seeds of each variety was milled using a CEMOTEC 1090 

grinder (Foss Tecator, Hoganäs, Sweden) to allow them to pass 100% through a 500-

micron sieve. The milled samples were then vacuum packaged and stored at -20 ± 2°C 

for two weeks to inactivate any living insects which might be present in the samples, 

followed by storage at 4°C until analysis.  

4.4.2 General nutrient analyses 

General nutrient analyses were performed in triplicate using the following standard 

methods:  

 Moisture content (g/ 100 g) using the “Modified Solids (total) and Moisture in 

Flour - oven drying method” (Method 925.10, AOAC International 2008). 
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 Protein (g/ 100 g) by Kjeldahl digestion, distillation and titration with a 

nitrogen conversion factor of 6.25 (Method 920.87, AOAC International 

2005b).  

 Fat (g/ 100 g) by the Soxhlet solvent extraction technique (Method 963.15, 

AOAC International 2006). 

 Ash (g/ 100 g) by the “Ash of Flour” method (Method 923.03, AOAC 

International 2005a). 

4.4.3 Total starch content 

Starch content (g/ 100g, db) was determined in duplicate using the standard 

colorimetric 

technique (AOAC International 2005c) using the total starch assay kit (AA/AMG) 

from Megazyme International Ltd (Bray, County Wicklow, Ireland). 

4.4.4 Polyphenol extraction and total polyphenol content 

Total polyphenols were extracted as per Segev et al. (2010) with a few modifications 

as previously described in Chapter 3 (Section 3.5.6) of this thesis. They were then 

quantified in duplicate using the Folin-Ciocalteu method (Wu et al. 2017)  as 

previously described in section 3.5.7 of this thesis. 

4.4.5 Antioxidant capacity 

The antioxidant capacities of the total polyphenols extracts were determined in 

duplicate using the 2-2-diphenyl-1-picrylhydrazyl (DPPH), 3-ethylbenzothiazoline-6-

sulfonic acid diammonium salt (ABTS), and oxygen radical absorbance capacity 

colorimetric methods (Thaipong et al. 2006). These methods were previously describe 

in more detail in Chapter 3, Section 3.5.8 of this thesis. 

4.5 Statistical analysis 

Data is presented as combined means of variety and environment. All statistical 

analyses were performed using Genstat Version- 20.1.2.24528 (VSN International 

Ltd, UK). Two-way ANOVA was performed to investigate the main effects of 

genotype, environment and their interaction. Where significant results (p<0.05) were 

returned, Tukey’s post hoc test was used to separate the mean values within each 

genotype or environments. Pearson’s correlation was used to reveal associations 

between seed quality variables prior to running a genotype main effect by- genotype 
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x environment (GGE) biplot analysis. The GGE biplot analysis, which uses a bi-plot 

to present factors (genotype and genotype x environment (G × E) interaction), was 

utilised to visualise the multi-environment data. It was used to graphically display the 

G x E interaction of a two-way table (Yan 2011) and to determine the “which-won-

where” pattern for recommending specific genotypes to environments (Mattos et al. 

2013, Tena et al. 2019). An unequivocal display of “which-won-where” pattern was 

obtained by the polygon view of a GGE biplot with symmetric scaling.  The polygon 

was formed by connecting genotypes located in different sectors, which represented 

the extent of response of that variety to the tested environments. Other genotypes can 

have smaller vectors, and thus be contained within the polygon i.e. in relation to the 

interaction of environments in that sector. These genotypes are therefore less 

responsive to the growing environment for that particular trait. A set of perpendicular 

lines intersect the sides of the polygon, dividing the biplot into several sectors. 

Genotypes furthest away from the origin in a sector were the best performing 

compared to the other genotypes in that sector (Yan and Rajcan 2002, Yan et al. 2001, 

Mohammadi et al. 2009). One or more environment within the same sector can be 

enclosed within an oval, forming a mega-environment.  The genotype on the vertex of 

the polygon, contained in a sector along with an environment or a mega-environment, 

performs best in the environment furthest away from the origin of the biplot and is one 

of the best performing genotypes in the other environments located in the same sector 

(Yan and Rajcan 2002). Environments near the origin have little to no influence on 

the quality variable being investigated and does not affect the genotypes performance 

in relation to that quality variable.   

As the GGE biplot can visually represent the G × E interaction of only one variable at 

a time, a principal components analysis (PCA), was used in order to visually represent 

the overall effect of all quality variables. Within the principal components analysis,  

the correlation matrix in principal components analysis was used to convert all the 

variables to a common scale (Bennett and Bullitta 2003) and the results of Pearson’s 

correlation were used to exclude certain highly correlating variables to prevent 

potential bias.  

4.6 Growing season environment 

The growing period, number of extreme high (temperature above 30°C) and low-

temperature instances (temperatures below 0°C) within the growing season and the 
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number of rainfall instances have been reported for all growing environments in Table 

4.2. Out of all the environments, Kununurra had the shortest growing period of 142 

days, whereas Tarranyurk reported the longest growing period (199 days). Kununurra 

also exhibited the highest number of extreme high temperature instances, followed by 

Walgett and Tarranyurk. The number of extreme low temperature instances differed 

in each environment, the highest for Walgett (23 days), followed by Birchip and 

Tarranyurk (14 days), and Rainbow (9 days). Kununurra was the only location to 

record no extreme low temperature instances. Tarranyurk received the highest number 

of rainfall instances during the growing period (75 days), followed by Rainbow and 

Birchip. As Kununurra has a summer dominant rainfall season, chickpeas in this 

environment were grown on stored soil moisture with irrigation. All the environments 

from the state of Victoria (Birchip, Rainbow and Tarranyurk) exhibited very high 

mean rainfall in the month of December 2018, as shown in Fig. 4.4. 

 

Table 4.2 Summary of growing period, number of days recording extreme high and 

low temperatures, and number of rainfall days at five NVT trials  

*irrigated

Location Growing 

period 

(days) 

Extreme high 

temperature instances  

(above 30° C ) 

Extreme low 

temperature instances 

(below 0° C ) 

Rainfall 

instances 

Birchip, Vic 194 10 14 53 

Kununurra, 

WA* 

142 119 0 1 

Rainbow, Vic 198 8 9 62 

Tarranyurk, Vic 199 19 14 75 

Walgett, NSW 169 35 23 24 
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Figure 4.4 Total monthly rainfall and mean minimum and maximum monthly temperatures at the five growing environments (Birchip, Vic; 

Kununurra, WA; Rainbow, Vic; Tarranyurk, Vic; Walgett, NSW) in the year 2018 (BOM, 2018). First black arrow represents sowing month, 

with the second black arrow representing harvest month.  
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4.7 Results and discussion 

A significant (p≤0.05) effect of genotype (chickpea variety), environment, and their 

interactions were observed for kabuli chickpea varieties grown in five NVT trials 

across Australia for their physical properties, nutritional composition, and polyphenol 

and anti-nutritional factors.  

4.7.1 The effect of genotype, environment and their interaction on the physical 

properties of Australian kabuli chickpea varieties 

The main effects of variety, environment and their interaction on physical properties 

of chickpea varieties are reported in Table 4.3. Significant (p<0.05) main effects of 

genotype and environment were observed for all seed physical properties (except 

density with no main effects of variety). Significant (p<0.05) G × E interactions were 

also observed for hydration index, swelling capacity and swelling index (Table 4.3). 

The results indicate variability in seed properties among varieties and their response 

to different growing environments (genotypic plasticity), however, a higher main 

effect of growing environment was observed on chickpea seed properties.   

Out of all the environments, chickpeas grown at Tarranyurk had the highest mean seed 

weight (S.W.) (0.364 g) as Tarranyurk received higher rainfall during the growing 

season (Table 4.2) and an unusually high mean rainfall (around 112 mm) in the harvest 

month of December (Fig. 4.4). Higher water availability and cooler temperatures led 

to an increased seed weight in chickpeas grown at Tarranyurk when compared to other 

environments. Our results are in agreement with those of Zhong et al. (2020), who also 

reported higher seed weight in Australian lupin varieties grown at Wongan Hills (WA) 

which received higher mean rainfall and had cooler temperatures compared to Eradu 

(WA). The highest volume was recorded for chickpeas from Tarranyurk (0.383 mL) 

and lowest for chickpeas from Rainbow (0.218 mL). Seed weight across varieties was 

significantly (p<0.05) different, with Kalkee showing the highest seed weight (0.387g) 

and Genesis 090 the lowest (0.293g) averaged across all environments. Similarly, 

Kalkee and PBA monarch showed the highest seed volume at 0.296 mL and 0.277 mL 

respectively and Genesis 090 the lowest (0.224 mL).  
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Table 4. 3 Mean squares of ANOVA for each variable, along with the percentage 

coefficient of variation (CV) for four kabuli chickpea varieties grown in five different 

environments in Australia (** Significant at p< 0.001, * significant at p<0.05) 

Trait Environment (E) Genotype (G) G x E CV (%) 

Seed weight 0.0033** 0.016** 0.0006 10.3 

Volume 0.012** 0.010** 0.0004 10.6 

Density 0.180** 0.001 0.004 0.8 

Hydration 

capacity 

0.001* 0.019** 0.0009 11 

Hydration index 97.61** 121.89** 12.761* 2.9 

Swelling capacity 0.003** 0.016** 0.001* 9.2 

Swelling index 6755.8** 167.67* 158.84* 2.4 

Moisture 28.377** 0.189 0.961** 1.7 

Protein 41.125** 1.334* 0.891* 1.5 

Fat 0.648** 0.258** 0.634** 2.8 

Ash 0.805** 0.032** 0.009** 1.8 

Starch 240.36** 16.250** 18.707** 4.9 

TPC 732.280** 123.296** 55.711** 5.9 

DPPH 39.140** 3.475* 6.479* 3.3 

ABTS 510.77** 136.957** 80.242** 4.7 

ORAC 112272.8** 26762.6** 1997.2** 11.1 

Where TPC = total polyphenol content; DPPH = 2-2 diphenyl-1-picrylhydrazyl antioxidant 

assay; ABTS = 3-ethylbenzothiazoline-6-sulfonic acid diammonium salt antioxidant assay; 

ORAC= oxygen radical antioxidant capacity 
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In contrast to seed weight, chickpeas grown at Tarranyurk recorded the lowest density 

values (1.154 g/ mL) and those from Rainbow the highest (1.477 g/ mL). Kaur, Singh, 

and Sandhu (2004) reported a positive correlation between seed density and setback 

viscosity (an indication of the tendency of starch pastes to retrograde) in black gram 

seeds. A high setback viscosity is indicative of low cooking quality as the seed starch 

has a greater tendency to retrograde and thus become too firm upon cooking (Fazeli 

Burestan, Afkari Sayyah, and Safi 2021). Thus, chickpeas from Rainbow may exhibit 

low cooking quality due to their high seed density, when compared to chickpeas from 

Tarranyurk, and the cooking quality of Almaz chickpeas will be superior to PBA 

Monarch chickpeas due to their low seed density. Density also affects structural load 

and thus is an important factor in the design of drying and storage equipment (Baryeh 

2001).  

Previous studies have reported a positive relationship between moisture content, and 

seed weight and volume, and a negative relationship with seed density in lentils (Amin, 

Hossain, and Roy 2004), kidney bean, pea and black eyed peas (Altuntas and 

Demirtola 2007), chickpeas (Nikoobin et al. 2009), and faba bean (Altuntaş and Yıldız 

2007). However, as the moisture content of all varieties in our study was very similar, 

the effect of moisture content on seed weight, volume and density was not apparent.  

Instead, all four varieties grown at Birchip had high seed weight, whereas seeds of 

varieties grown at Rainbow were denser.  

Similar to volume, the hydration capacity of chickpeas from Tarranyurk was the 

highest (0.362 g/ seed) and the lowest values were obtained for chickpeas from 

Rainbow (0.332 g/ seed). Chickpeas from Kununurra had the highest hydration index 

(105.8) and those from Birchip the lowest (98.2). The highest swelling capacity was 

found in seeds from Birchip (0.403 mL/ seed) and the highest swelling index was 

found in seeds from Rainbow (179.8), whereas seeds from Tarranyurk had the lowest 

values for both of these variables (0.354 mL/ seed, 112.4). Between varieties, 

hydration and swelling capacity followed the same pattern as seed weight, with the 

highest values for Kalkee (0.386 g/ seed and 0.411 mL/ seed respectively) and lowest 

for Genesis 090 (0.294 g/ seed and 0.327 mL/ seed respectively) were found. Saha et 

al. (2009) reported very similar values to those in this thesis for hydration capacity 

(0.43 g/ seed) and swelling capacity (0.40 mL/ seed) in common beans from India, 

whereas the swelling capacity for 91 Turkish chickpea varieties ranged from 0.14 to 
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0.32 mL/ seed (Özer et al. 2010), which is lower than the swelling capacity of chickpea 

varieties from our study (Table 4). In a study by Kaur, Singh, and Sodhi (2005), the 

swelling capacity and swelling index for different Indian chickpea varieties ranged 

from 0.11-0.23 mL/ seed and 103.1-136.5 respectively, and these values are lower than 

those found in our study due to the lower seed weight of chickpeas from India.  

Knowledge of seed physical properties is vital to assist and improve the design of 

processing and storage equipment as it impacts greatly on the functioning of these 

equipment (Yalçın and Özarslan 2004). Hydration capacity and hydration index is 

directly related to the conclusion temperature (Tc) of starch gelatinisation in legumes 

(Kaur, Singh, and Sandhu 2004) and is influenced by differences in variety and 

growing conditions (Ma et al. 2017). Low Tc indicates lower starch gelatinisation 

temperature, attributed to the content of short amylopectin chains in legume starches 

(Hoover and Ratnayake 2002) and translates into increased enzymatic digestion of 

starch (Srichuwong et al. 2005). Seed size and seed coat thickness play a major role in 

water absorption properties, and chickpeas with a highly permeable seed coat may 

exhibit higher swelling capacity (Özer et al. 2010). Swelling capacity is an important 

parameter in food products (such as canned chickpeas) where a change in volume post-

processing enhances the acceptability of the final product (Ayodele and Beatrice I. O. 

2015).  

4.7.2 Nutritional composition 

The content of all the nutritional components varied significantly (p<0.05) between 

varieties, environments and their interaction (Table 4.3), except moisture content 

which had no significant interaction with the environment. The average protein 

content across environments was 21.36 g/ 100 g (db) with the highest protein content 

found in chickpeas grown at Rainbow (23.69 g/ 100 g, db) and Birchip (23.59 g/ 100 

g, db) and the lowest protein content in chickpeas grown at Walgett (18.77 g/ 100 g, 

db). Between varieties, the protein content ranged from 20.83- 21.68 g/ 100 g (db), 

with Genesis 090 containing the highest and PBA Monarch the lowest concentration. 

Overall, the variety Kalkee from Rainbow contained the highest protein levels (24.34 

g/ 100g, db) and PBA Monarch from Walgett contained the lowest (18.23 g/ 100 g, 

db) (Appendix 1, Table S 1). The protein content for varieties in this study was similar 

to the level previously reported in the literature (Nikolopoulou et al. 2006a, Frimpong 



CHAPTER 4 

 

86 
 

et al. 2009). Sowing times significantly affect the total dry matter of chickpeas 

(McKenzie and Hill 1995), in turn influencing the protein content in the seeds (López-

Bellido et al. 2008, Tayyar, Egesel, Gül, et al. 2008, Varol et al. 2020). Tao et al. 

(2017) reported that a wetter climate during the vegetative growth period of field pea 

plants resulted in higher protein content in dry pea seeds The earlier sowing dates at 

Birchip and Rainbow (Table 4.1) in combination with a lower number of extreme 

temperature days (days with temperatures above 30° C) and availability of water had 

a positive effect on the protein content of all chickpea varieties from these growing 

environments (Khan et al. 2011, Mafakheri et al. 2011, Tao et al. 2017, Croser et al. 

2003). 

The average fat content across environments was 4.96 g/ 100g (db) (Table 4.4) and 

the highest fat content recorded in chickpeas grown at Tarranyurk (5.317 g/ 100g). 

The fat content between varieties ranged from 4.765 to 5.144 g/ 100 g (db), with PBA 

Monarch recording the highest levels and Almaz the lowest. The overall highest fat 

content was observed in variety Kalkee from Tarranyurk (5.59 g/ 100 g, db) and Almaz 

grown in Walgett contained the lowest fat concentrations (4.09 g/ 100 g, db) 

(Appendix 1, Table S 2). The fat content of chickpea varieties from this study was in 

agreement with the levels reported by Özer et al. (2010) (4.45- 6.11 g/ 100g sample) 

and Ravi and Harte (2009) (5.31 g/ 100 g sample) for Turkish and Indian genotypes 

respectively, but slightly higher than those reported by Summo, De Angelis, Ricciardi, 

et al. (2019) (3.3- 4.0 g/ 100 g sample) in four different genetic clusters in their 

research. Water availability during the growing season significantly affects the fat 

content in legumes, with lower water availability leading to a lower fat content in 

harvested seeds (Chibarabada, Modi, and Mabhaudhi 2017). In this study, the highest 

fat content was observed in chickpeas grown at Tarranyurk, which also received the 

highest rainfall (265 mm) during the growing season out of the five environments. Our 

results are in agreement with those of Chibarabada, Modi, and Mabhaudhi (2017), 

which reported similar patterns of reduction in the fat content of groundnut (Arachis 

hypogaea), bambara groundnut (Vigna subterranean) and cowpea (Vigna 

unguiculata) seeds as a result of lower water availability when compared to the seeds 

grown with optimum irrigation. Similarly, in agreement with our present findings, Ali, 

Ashraf, and Anwar (2010) also reported a significant decrease in the oil content of 

corn grown under drought stress in Pakistan.  
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The mean starch and ash content across all growing environments was found to be 

22.74 g/ 100 g (db) and 2.672 g/ 100 g (db). Both ash and starch content was found to 

be the highest in seeds from Kununurra (3.069 g/ 100 g and 28.72 g/ 100 g 

respectively) which also received the lowest rainfall out of the five growing 

environments. Whereas, chickpeas from Rainbow contained the lowest amount of 

starch (14.08 g/ 100 g) and those from Birchip (2.269 g/ 100 g) had the lowest ash 

content. The highest levels of ash were obtained in variety Almaz (Kununurra) at 3.13 

g/ 100 g (db) and the lowest levels were obtained in Genesis 090 (Birchip) at 2.175 g/ 

100 g (db) (Appendix 1, Table S 3). The highest total starch content was found in 

Genesis 090 from Kununurra (31.69 g/ 100 g, db), whereas variety Kalkee grown at 

Rainbow exhibited the lowest levels (12.43 g/ 100 g, db) (Appendix 1, S 4). A rainy 

environment has previously been linked to reduced starch accumulation in wheat from 

the Czech Republic (Faměra et al. 2015) and chickpeas from 26 countries (Wang, 

Gangola, et al. 2017), due to α- amylase activity, and our results are in agreement with 

these studies. The starch content across varieties was similar, however, PBA Monarch 

exhibited the highest (p≤0.05) ash content (2.728 g/ 100 g, db). Özer et al. (2010) 

reported an ash content of 2.54- 3.48 g/ 100g for 91 Turkish chickpea genotypes and 

our results were slightly lower than these ash levels.  

4.7.3 Total polyphenol content and antioxidant activity  

Plant polyphenolics execute a wide spectrum of biological functions from being 

structural components in cell walls to participating in growth and developmental 

processes (Brown et al. 2001). However, one of their main functions in plants is 

protection from severe environmental stress due to unfavourable growing conditions 

(Bautista et al. 2015, Di Ferdinando et al. 2014). Plant polyphenols have been shown 

to reduce the effects of harmful ultraviolet rays, oxidation inhibition and improving 

water retention in plants facing thermal stress (Agati et al. 2012). The total polyphenol 

content and antioxidant capacity values were significantly (p<0.05) affected by 

genotype (variety), environment and G × E interaction (Table 4.3).  

Varieties grown at Kununurra and Walgett had significantly higher total polyphenol 

content when compared to genotypes from other locations Chickpeas from Walgett 

and Kununurra contained the highest TPC levels (67 and 66.66 mg GAE/ 100 g sample 

(db), respectively), whereas samples from Birchip contained the lowest levels (43.62 
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mg GAE/ 100 g sample, db) (Table 4.5). Out of the 20 samples analysed, Genesis 090 

chickpeas from Walgett contained the highest polyphenol levels, whereas Kalkee from 

Birchip contained the lowest (Appendix 1, Table S 5). Kununurra faced the most high 

temperature instances out of all locations, whereas Walgett had the 2nd highest number 

and the highest number of low-temperature instances (Table 4.2). These temperature 

extremes may have resulted in the high polyphenol content in samples from these 

locations as has been suggested in previous research on other grains (Wu, Johnson, 

Bornman, Bennett, Clarke, et al. 2016, Sallas et al. 2003). Across varieties, the highest 

TPC was exhibited by Genesis 090 (62.88 mg GAE/ 100g sample, db) and the lowest 

TPC was obtained for PBA Monarch (54.59 mg GAE/ 100g sample, db), significant 

at p<0.05. The mean TPC (59.48 mg TE/ 100g sample, db) for varieties from this study 

is very similar to TPC levels reported by Heiras-Palazuelos et al. (2013) for Mexican 

kabuli chickpeas (57 mg TE/ 100g sample, db), but the study highlights the variability 

around this value when grown in different environments and between varieties.  

The values for DPPH, ABTS and ORAC antioxidant capacity of chickpeas followed 

the same pattern as TPC (Table 4.5), with chickpeas from Walgett containing 

significantly (p≤0.05) higher values for DPPH (19.65 mg TE/ 100 g sample, db), 

ABTS (85.19 mg TE/ 100 g sample, db) and ORAC (583.0 µmol TE/ 100 g sample, 

db) antioxidant capacity respectively when compared to other environments. The only 

exception observed was the ABTS antioxidant capacity of chickpeas from Kununurra 

(86.53 mg TE/ 100 g sample, db) being similar to that of chickpeas from Walgett. In 

contrast, chickpeas from Birchip had the lowest antioxidant capacities (DPPH - 14.44 

mg TE/ 100 g sample, ABTS - 66.64 mg TE/ 100 g sample and ORAC - 290.2 µmol 

TE/ 100 g) (Table 4.5).  Our results for DPPH and ABTS antioxidant capacity were 

similar to those reported by Quintero-Soto et al. (2018) for nine Mexican kabuli 

chickpea genotypes grown under irrigation. The mean value for total polyphenol 

content, DPPH and ABTS antioxidant capacity values for Genesis 090 chickpeas from 

all growing environments was the highest (p<0.05), in contrast to PBA monarch with 

the lowest values. PBA monarch recorded significantly (P<0.05) lower ORAC value 

(403.8 µmol TE/ 100 g sample ) in comparison to both Genesis 090 (498.7 µmol TE/ 

100 g sample, db) and Kalkee (516.8 µmol TE/ 100 g sample, db), which had the 

highest levels. Out of all the varieties, Kalkee when grown at Walgett exhibited the 
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highest ORAC values and PBA Monarch when grown at Birchip exhibited the lowest 

(Appendix 1, Table S 6).  

 Similar to the TPC values, all antioxidant capacity assay values viz. DPPH, ABTS 

and ORAC were found to be significantly (p< 0.05) higher in varieties grown at 

Kununurra and Walgett.  It can be suggested that the extreme temperature instances 

recorded at Kununurra and Walgett during the seed development and maturation 

periods (September and November 2018) resulted in increased production of 

polyphenols in the plants, which were then distributed to the different plant organs, 

including the seeds, reflecting as higher values for TPC, DPPH, ABTS and ORAC 

(see next section for correlations).  

To date, no information relating to the effects of genotype and growing environment 

on kabuli chickpea polyphenols is available and thus, our results are discussed in 

relation to similar studies on other crops. Both Rivero et al. (2001) and Wu, Johnson, 

Bornman, Bennett, Clarke, et al. (2016) found similar trends of increased polyphenol 

content in tomatoes and sorghum genotypes subjected to high-temperature stress 

during growth. A significant increase in polyphenol content resulting in enhanced 

antioxidant capacity was also reported in strawberries (Wang and Zheng 2001)and 

linked to increased growing temperatures (30/ 22°C compared to 18/12°C). A recent 

study also reported that cold growing climates can result in increased polyphenol 

levels in legume roots, stems and seeds (Kabtni et al. 2020) due to increased gene 

expression of enzymes involved in flavonoid and procyanidin synthesis pathways, 

thus resulting in increased antioxidant capacity (MacGregor et al. 2015). Chickpeas 

grown at Walgett experienced the highest number of low temperature instances, also 

resulting in increased polyphenol content and antioxidant capacity in these samples.   
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Table 4.4 Average physical and nutritional variables of four kabuli chickpea varieties evaluated across five National Variety Trials  

Values presented are averaged by variety and averaged by location. Following Tukey’s post hoc test, values followed by the same superscript within a column (between 

varieties, or between locations) do not differ significantly (p<0.05). Nitrogen conversion factor = 6.25. 

 Seed 

weight 

(g) 

Volume 

(mL) 

Density 

(g/ mL) 

Hydration 

capacity 

(g/ seed) 

Hydration 

index 

Swelling 

capacity 

(mL/ seed) 

Swelling 

index 

Moisture 

(g/ 100 g) 

Protein 

(g/ 100 g, 

db) 

Fat 

(g/ 100 g, 

db) 

Ash 

(g/ 100 g, 

db) 

Starch 

(g/ 100 g, 

db) 

Variety  

Almaz 0.325b 0.247a 1.340a 0.331b 101.8a 0.367b 153.2a 7.115a 21.48b 4.765a 2.709c 22.47ab 

Genesis 090 0.293a 0.224a 1.326a 0.294a 100.6a 0.327a 149.5a 7.039a 21.68b 5.033bc 2.607a 23.73b 

Kalkee 0.387d 0.296b 1.323a 0.386c 99.8a 0.411c 144.8a 7.314a 21.46b 4.935ab 2.644b 21.04a 

PBA Monarch 0.357c 0.277b 1.311a 0.383c 107.5b 0.410c 153.7a 7.008a 20.83a 5.144c 2.728c 23.71b 

Mean 0.340 0.261 1.325 0.348 102.4 0.378 150.3 7.119 21.36 4.96 2.672 22.74 

CV 10.3 10.6 0.8 11.0 2.9 9.2 2.4 1.7 1.5 2.8 1.8 4.9 

Pooled SE 0.008 0.009 0.023 0.007 0.8 0.008 3.3 0.113 0.207 0.074 0.011 0.519 

Location  

Birchip 0.361b 0.256bc 1.420b 0.355ab 98.2a 0.403b 165.5c 5.816a 23.59d 4.950b 2.269a 22.82b 

Kununurra 0.323a 0.231ab 1.402b 0.342ab 105.8b 0.381ab 167.1c 5.829a 19.50b 4.898b 3.069e 28.72d 

Rainbow 0.322a 0.218a 1.477b 0.332a 103.2b 0.396b 179.8d 8.918b 23.69d 4.553a 2.907d 14.08a 

Tarranyurk 0.364b 0.315d 1.154a 0.362b 99.5a 0.354a 112.4a 9.424c 21.26c 5.317c 2.535b 22.31b 

Walgett 0.332a 0.283c 1.173a 0.352ab 105.6b 0.360a 126.6b 5.609a 18.77a 5.128bc 2.580c 25.77c 

Mean 0.340 0.261 1.325 0.348 102.4 0.378 150.3 7.119 21.36 4.96 2.672 22.74 

CV 6.0 15.1 11.3 3.4 3.4 5.7 19.3 26.5 10.6 5.7 11.9 24.1 

Pooled SE 0.008 0.010 0.026 0.007 0.9 0.009 3.7 0.127 0.232 0.083 0.012 0.580 
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 Table 4.5 Total polyphenol content, DPPH, ABTS and ORAC antioxidant capacities of four kabuli chickpea varieties evaluated across five National Variety Trials 

Values presented are averaged by variety and averaged by location. Following Tukey’s post hoc test, values followed by the same superscript within a column (between varieties, or between 

locations) do not differ significantly (p<0.05). (Where TPC= total polyphenol content; DPPH = 2-2 diphenyl-1-picrylhydrazyl antioxidant assay; ABTS = 3 ethylbenzothiazoline-6-sulfonic acid 

diammonium salt antioxidant assay; ORAC= oxygen radical antioxidant capacity).

 TPC 

(mg GAE/ 100g sample, db) 

DPPH 

(mg TE/ 100 g sample, db) 

ABTS 

(mg TE/  100 g sample) 

ORAC 

(µmol TE/ 100 g sample) 

Variety  

Almaz 59.80b 18.12b 79.84b 443.2b 

Genesis 090 62.88bc 18.26b 83.18c 498.7c 

Kalkee 60.66c 17.82ab 80.62bc 516.8c 

PBA Monarch 54.59a 16.95a 74.38a 403.8a 

Mean 59.48 17.79 79.51 465.63 

CV 5.9 3.3 4.7 11.1 

Pooled SE 0.887 0.387 0.931 7.173 

Location  

Birchip 43.62a 14.44a 66.64a 290.2a 

Kununurra 66.66d 19.61c 86.53d 570.2c 

Rainbow 58.33b 16.77b 77.55b 434.5b 

Tarranyurk 61.78c 18.48c 81.62c 450.3b 

Walgett 67.00d 19.65c 85.19d 583.0c 

Mean 59.48 17.79 79.51 465.64 

CV 16.1 12.4 10.1 25.6 

Pooled SE 0.992 0.432 1.041 8.020 
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4.7.4 Pearson’s correlation 

Pearson’s correlation coefficients among different variables are reported in Table 4.6. 

A high positive correlation was detected between seed weight and volume (r = 0.818, 

p ≤0.05, seed weight and hydration capacity (r = 0.925, p ≤0.01) and swelling capacity 

(r = 0.684, p ≤0.01). A positive correlation between seed weight and cooking time has 

been previously reported, indicating seeds of higher weight will take longer to cook 

(Kaur, Singh, and Sodhi 2005, Sefadedeh and Stanley 1979). Kaur and Singh (2006) 

reported high positive correlations between seed weight and hydration capacity and 

swelling capacity for Indian chickpea varieties in their study. High values for volume 

and swelling capacity in seeds also indicate longer cooking times (Kaur and Singh 

2006). A significant (r = 0.575, p ≤0.05) positive correlation between density and 

protein content was also observed, implying seed density may be useful to identify 

high or low protein concentrations in chickpea varieties (Li and Burton 2002, 

Carbonaro et al. 2015). In soybeans, the correlation between seed density and protein 

content ranges from 0.06 to 0.71, with low-density soybeans exhibiting lower protein 

content when compared to high-density soybeans, indicating the indirect role of seed 

density in selection for high protein varieties (Li and Burton 2002).   

A significant (r = -0.667, p ≤0.05) negative correlation between protein and starch 

content was obtained (Table 4.6) and was substantiated by the highest mean protein 

content of chickpeas from Rainbow which showed the lowest levels of starch. These 

results suggest that selecting a variety for high protein content will give low starch 

content, and vice versa. This negative correlation between protein and starch content 

has been previously reported by Frimpong et al. (2009) in Canadian kabuli chickpeas, 

by Wang, Gangola, et al. (2017) in chickpeas of Syrian and Turkish origin and in 

soybeans from Korea (Koo et al. 2014). Both protein and starch compete for the same 

substrate for photosynthesis in plants and thus are negatively correlated to each other 

(Rolletschek et al. 2002, Wang, Gangola, et al. 2017). Our results are also in agreement 

with the findings of Wang and Daun (2006), who reported a strong varietal and 

environmental effect on the starch content of lentils, where, with an increase in protein 

content, the starch content decreased. Although it is recommended to independently 

select varieties for starch and protein content, their correlation and its effect on seed 

quality cannot be neglected (Gaur et al. 2016).  
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Protein and TPC (r = -0.669, p ≤0.05) negatively correlated to each other (Table 4.6). 

Protein was also negatively correlated with DPPH (r = -0.709, p ≤0.05), ABTS (r = -

0.613, p ≤0.05) and ORAC (r = -0.731, p ≤0.05) values (Table 4.6). Polyphenols are 

known to interact with proteins by forming soluble or insoluble complexes (Baxter et 

al. 1997) and such protein binding may also influence the extractability and 

physiological effects of polyphenols, including their bioavailability (Wollgast and 

Anklam 2000). Some studies have also uncovered that the antioxidant capacity of 

polyphenols can be modified by the presence of proteins (Arts et al. 2002, Riedl and 

Hagerman 2001), negatively affecting the availability of both components and 

resulting in a loss of beneficial health properties (Bandyopadhyay, Ghosh, and Ghosh 

2012, Liang, Tajmir-Riahi, and Subirade 2008, Naczk et al. 2006).  

A very high positive correlation between TPC and DPPH (r = 0.943, p ≤0.05), TPC 

and ABTS (r = 0.971, p ≤0.05) and TPC and ORAC (r = 0.889, p ≤0.05) values in our 

study, indicating the major role of polyphenols in the antioxidant capacity of the kabuli 

chickpeas (Xu, Yuan, and Chang 2007, Segev et al. 2010). A number of studies have 

reported the role of oxidative stress in the pathogenesis of degenerative diseases in 

humans including aging, cancer, cataract, Alzheimer’s or Parkinson’s diseases, and 

the role of polyphenols in reducing this oxidative stress (Golden, Hinerfeld, and Melov 

2002, Finaud, Lac, and Filaire 2006, Scalbert, Johnson, and Saltmarsh 2005, Hollman 

2014, Yan et al. 2020). Polyphenols regulate the oxidoreductase system and improve 

the antioxidation ability in the human body (Ahmed et al. 2017), revealing the direct 

link between polyphenols and antioxidant capacity.  
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Table 4. 6 Pearson’s correlation coefficients (r) between different physical and nutritional properties in four kabuli chickpea varieties evaluated across five 

NVT trials in Australia 

Note: ** significant at p < 0.001, * significant at p < 0.05

Trait S.W. Volume Density H.C. H.I. S.C. S.I. Moisture Protein Fat Ash Starch TPC DPPH ABTS ORAC 

S.W. - 0.818** -0.215 0.925** -0.193 0.684** -0.268 0.115 0.052 0.043 -0.274 -0.083 -0.333* -0.267 -0.337* -0.274 

Volume  - -0.732** 0.77** -0.132 0.242 -0.739** 0.145 -0.294 0.275 -0.356* 0.117 -0.011 0.051 -0.059 -0.002 

Density   - -0.218 0.005 0.390* 0.946** -0.061 0.575** -0.396* 0.298 -0.306 -0.374* -0.407** -0.305 -0.334* 

H.C.    - 0.192 0.763** -0.194 0.012 -0.135 0.053 -0.068 0.028 -0.244 -0.156 -0.279 -0.173 

H.I.     - 0.201 0.199 -0.256 -0.495** 0.001 0.552** 0.267 0.254 0.309 0.184 0.281 

S.C.      - 0.429* -0.176 0.227 -0.212 0.118 -0.210 -0.437** -0.365* -0.439** -0.333* 

S.I.       - -0.176 0.469** -0.395* 0.388* -0.258 -0.327* -0.335* -0.284 -0.276 

Moisture        - 0.418** -0.113 0.073 -0.668** -0.033 -0.166 -0.062 -0.177 

Protein         - -0.349* -0.287 -0.667** -0.669** -0.709** -0.613** -0.731** 

Fat          - -0.307 0.456** 0.077 0.157 0.01 0.154 

Ash           - 0.016 0.531** 0.444** 0.479** 0.488** 

Starch            - 0.249 0.368* 0.242 0.340 

TPC             - 0.943** 0.971** 0.889** 

DPPH              - 0.939** 0.796** 

ABTS               - 0.826** 
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4.7.5 Mean performance of four kabuli chickpea varieties using GGE biplot 

The GGE biplot for six variables (seed weight, moisture, protein, fat, starch and total 

polyphenol content) can be seen in Fig. 4.5(a-f). These variables were chosen due to 

their key role in chickpea seed quality. In general, seed yield is one of the most 

important commercial factors, however, to maintain a high-quality product, nutritional 

properties cannot be ignored. For example, Tena et al. (2019) utilised GGE biplot to 

determine the best performing genotype for sugar yield from sugar cane grown in eight 

different growing environments in Ethiopia, and Vaezi et al. (2017) used GGE biplot 

to determine the highest yielding barley genotypes in four different locations across 

Iran. However, recent GGE biplot analysis studies have also focussed on seed quality 

characteristics in different grains and pulses (Netyam et al. 2017, Yildirim et al. 2018, 

Silva et al. 2017, Kargiotidou et al. 2019, Subedi et al. 2021), and thus GGE biplot can 

be considered a key tool to visually determine the performance of genotypes in 

different growing environments pertaining to a particular seed quality trait.  

In the case of seed weight (Fig 4.5a), the values for PC1 and PC2 were 90% and 9% 

respectively, following the GGE biplot which jointly accounted for 99% of G × E.  In 

the GGE biplot for seed weight, all environments (Birchip, Kununurra, Rainbow, 

Tarranyurk and Walgett) fall into the same sector as variety Kalkee and are also 

outside the polygon formed by all varieties, making Kalkee the best performing variety 

in terms of seed weight across all environments. In terms of moisture content (Fig. 

4.5b), the biplot accounts for 99% of the variation across both principal components. 

Kalkee had the highest moisture content out of all genotypes when grown at Birchip, 

whereas the other environments did not affect the moisture content of varieties due to 

their closeness to the biplot origin. Being a main source of proteins for a large number 

of people, protein content in chickpeas is an important quality parameter (Subedi et al. 

2021). For the protein content biplot, the PC1 and PC2 values were 58% and 33% 

respectively.  Kununurra and Tarranyurk, formed a mega-environment in which 

Genesis 090 was the best performing variety, whereas Kalkee performed best in 

Birchip, Walgett, and Rainbow out of all the other varieties grown in these 

environments (Fig 4.5c). 

The biplot for fat content accounted for 90% of the total variation across both principal 

components. The fat content of PBA Monarch and Kalkee grown at Kununurra and 
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Walgett was the highest out of all varieties from these environments, whereas Almaz 

had the highest starch content when grown at Birchip and performed better at Rainbow 

than other varieties (Fig 4.5d). The biplot for polyphenol content accounted for around 

94% variation. Kalkee had the highest total polyphenol content out of all varieties 

when grown at Tarranyurk followed by Rainbow. Both Walgett and Kununurra 

experienced extreme temperature instances (Table 4.2) and the importance of this is 

highlighted, by these two locations forming a mega environment following GGE 

biplot analysis (Fig. 4.5f). Genesis 090 when grown at Walgett exhibited the highest 

total polyphenol content possibly due to the environmental stress, while also 

performing well at Kununurra.
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Figure 4.5 Genotype main effects + genotype x environment interactions shown as a (GGE) biplot, representing (a) seed weight, (b) moisture, (c) 

protein (d) fat (e) starch, (f) TPC (total polyphenol content), of four chickpea genotypes grown in five environments in 2018. 
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4.7.6 Principal component analysis: 

Principal component analysis of four kabuli chickpea varieties grown at five locations 

was carried out using 11 variables (seed weight, density, H.C., S.W., moisture, protein, 

fat, ash, starch, TPC and ORAC). These were selected from 16 possible variables, as 

they were the variables with the lowest correlations between each other, thus reducing 

potential bias that comes from highly correlated variables (Jiang and Eskridge 2000). 

The first four principal components expressed 87.86% of the variation (Table 7). 

Principal component 1 (PC1) and principal component 2 (PC2) accounted for 36.35% 

and 19.72% of the variation respectively.  

All variables with the exception of protein content had positive loadings on PC1 (Table 

4.7), with protein content exhibiting a negative relation with total polyphenol content 

in PC1. This result can be explained as protein-phenolic interactions lead to the 

formation of complexes, reducing polyphenol extractability, bioavailability, and 

antioxidant capacity (Wollgast and Anklam 2000, Ozdal et al. 2019). Similar to the 

negative correlation (r = -0.667, p ≤0.01) between protein and starch content reported 

earlier (Table 4.6), PC1 also showed a negative relationship between these 

components, highlighting the competition for the same substrate involved in the 

biosynthesis of both components (Rolletschek et al. 2002).  

The second component (PC2) was strongly represented by fat and ash content (Table 

4.7), ash having the highest loading (0.575) on this component. On principal 

component 2 (PC2), density and ash content had positive loadings, whereas fat content 

had a negative loading. Density was represented to a lesser extent (loading= 0.411), 

indicating that seeds with a higher density will contain higher ash and lower fat 

content.  

PC3 exhibited positive loadings for hydration index (0.372) and swelling capacity 

(0.556) whereas PC4 had a large positive loading for seed weight and moisture 

content. A positive relationship between moisture content and seed weight has 

previously been reported in legume seeds (Amin, Hossain, and Roy 2004, Altuntas 

and Demirtola 2007, Altuntaş and Yıldız 2007). High moisture content in seeds leads 

to higher seed weight, in turn affecting other moisture dependent seed properties such 

as volume and hydration properties (Zewdu and Solomon 2007).  
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The distribution of varieties on the biplot of the principal component loadings for PC1 

and PC2 overlaid over the principal component scores is shown in Fig. 4.6. The plot 

of PC1 by PC2 shows that varieties grown at a particular location form separate 

clusters highlighting that the variation between locations is greater than the variation 

between varieties (Fig.4.6A). Variety Kalkee grown at Birchip is separated from the 

rest of the varieties from this location due to its higher protein content. Similarly, 

variety Almaz from Walgett is separated from the other varieties grown at this location 

due to its higher TPC and ORAC content. With the exception of these, all other 

varieties showed high dispersion in the principal component plot in relation to 

location, depicting the variability of varieties in response to growing environment.   It 

also highlights that seed quality traits related to PC1 (TPC, ORAC, starch) were 

highest in chickpeas grown at Kununurra and Walgett, but that these contained low 

protein levels due to a negative loading for protein in PC1 (-0.460). Similarly, 

chickpeas grown at Rainbow had the highest values for components related to PC2 

(ash, density) and possessed a low-fat content due to a negative loading on PC2.   
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Table 4. 7 Results of principal components analysis (PCA) of five growing locations 

analysed together 

 PC1 PC2 PC3 PC4 

Component     

Eigen value 3.99 2.17 1.83 1.33 

Cumulative % 

variance explained 

 

36.35 19.72 16.7 12.09 

Variable loadings     

Seed weight -0.187 -0.230 0.363 0.572 

Density -0.253 0.411 0.136 -0.397 

Hydration index 0.237 0.301 0.372 0.054 

Swelling capacity -0.240 0.156 0.556 0.289 

Moisture -0.190 0.092 -0.443 0.494 

Protein -0.460 0.076 -0.178 -0.156 

Fat 0.179 -0.457 0.045 -0.0004 

Ash 0.193 0.575 0.064 0.131 

Starch 0.333 -0.243 0.317 -0.278 

TPC 0.416 0.174 -0.233 0.193 

ORAC 0.43 0.138 -0.109 0.167 

Where, PC1= principal component 1; PC2= principal component 2; PC3= principal 

component 3; PC4= principal component 4; TPC= total polyphenol content; ORAC= 

oxygen radical antioxidant capacity. 
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Figure 4.6 Principal components analysis of four kabuli chickpea varieties grown at five NVT locations; (A) scores of variety by location, (B) 

biplot of the component loadings. Variety abbreviations: G090= Genesis 090; PBAM= PBA Monarch, and variable abbreviations: H.I. = hydration 

index; S.C. = swelling capacity; TPC= total polyphenol content; and ORAC= oxygen radical antioxidant capacity)



CHAPTER 4 

 

102 
 

4.8 Conclusion 

This chapter examined the physical, nutritional and antioxidant capacities of four 

Australian kabuli chickpeas varieties grown in five locations across Australia. 

Significant genotype, environment and G x E effects were found in the properties of 

the chickpea seeds, findings that have not previously been reported for Australian 

kabuli chickpeas but have been explored for chickpeas of other origins. Contents of 

nutritional components and antioxidant properties were significantly affected by the 

growing environment, with decreased protein content and increased polyphenol levels 

in extreme temperature environments and thus it appears reasonable to suggest that 

specific varieties and growing environments can be selected to improve the nutritional 

and antioxidant properties of Australian kabuli chickpeas. This information can be 

used to make further progress in enhancing various quality characteristics of kabuli 

chickpeas by strict selection of growing environments with particular stress 

characteristics to increase the amount of desirable seed constituents.  

The results included in this chapter are from analyses conducted on raw chickpea 

seeds. Chickpeas are consumed by humans only after processing by methods such as 

soaking (Vasishtha and Srivastava 2012), cooking (Kaur, Singh, and Sodhi 2005, 

Alajaji and El-Adawy 2006), germination (Khalil et al. 2007), and roasting (Ouazib et 

al. 2015),  which can result in changes to the nutritional and bioactive properties of 

the seed (Summo, De Angelis, Rochette, et al. 2019). High pressure processing is a 

novel processing method, mainly used for the preservation of foods while retaining 

colour, flavour, and nutritional components (Oey et al. 2008). However, its effect on 

Australian kabuli chickpea properties has not been explored. Therefore, the following 

chapter will determine the effects of high pressure processing on Australian kabuli 

chickpea textural, nutritional and bioactive properties. 
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CHAPTER 5. The effect of high pressure processing on the textural, 

bioactive and digestibility properties of cooked Kimberley Large 

kabuli chickpeas 

 

“To eat is a necessity, but to eat intelligently is an art.” 

Francois de la Rochefoucauld 

 

 

Abstract 

High pressure processing is a non-thermal method used for the preservation of various 

foods while retaining nutritional value and can be utilised for the development of 

ready-to-eat products. This chapter investigated the capacity of high pressure 

processing for the development of a ready-to-eat chickpea product using Australian 

kabuli chickpeas. Three pressure levels (200, 400, 600 MPA) and two treatment times 

(1 and 5 min) were selected to provide six distinct samples. When compared to the 

conventionally cooked chickpeas, high pressure processed chickpeas had a more 

desirable texture due to a decrease in firmness, chewiness and gumminess.  The 

general nutrient composition and individual mineral content were not affected by high 

pressure processing, however, a significant increase in the slowly digestible starch 

from 50.53- 60.92 g/ 100 g starch and a concomitant decrease in rapidly digestible 

starch (11.10- 8.73 g/ 100g starch) as well as resistant starch (50.53- 30.35 g/ 100g 

starch) content was observed. Increased starch digestibility due to high pressure 

processing was noticed, whereas in vitro protein digestibility was unaffected. These 

findings suggest that high pressure processing could be utilised to produce a 

functional, ready to eat kabuli chickpea product with increased levels of beneficial 

slowly digestible starch.  

5.1 Introduction 

High pressure processing (HPP) is an innovative method of preserving foods, 

which is an alternative to standard heat treatment methods. It produces high quality 

and safe food which have a longer shelf life than conventionally stored food due to a 

reduction of food spoiling microorganisms (Huang et al. 2017, Krebbers et al. 2002). 
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High pressure processing has been shown to retain quality attributes such as colour, 

flavour and the nutritional value of foods (Oey et al. 2008, Huang et al. 2017). In brief, 

during high pressure processing, at any given time, the pressure is transmitted 

uniformly by the pressure transmitting medium and is independent of the shape and 

size of the product being treated. The effectiveness of high pressure treatment depends 

on treatment time, pressure and temperature level, rate of pressurisation/ 

decompression, and the composition of the food (Knorr 2002). 

The demand for plant-based protein is steadily growing around the world and 

is estimated to be a USD 14.5 billion market by 2025 (Markets and Markets 2020). In 

the last 5 years, an increasing number of people shifted animal-based proteins to plant-

based proteins sources in their meals (Maphosa and Jideani 2017, Tziva et al. 2020). 

Chickpeas (Cicer arietinum L.) are widely grown worldwide, are already a popular 

food source for humans and are an excellent source of proteins (Bar-El Dadon, Abbo, 

and Reifen 2017). However, the time required to cook chickpeas makes them a less 

popular choice amongst the younger generation, which prefers healthy and convenient 

food options requiring less preparation time (Linsberger-Martin et al. 2013).  

As HPP is known to increase the shelf life of foods without affecting the 

sensory and nutritional properties (Huang et al. 2017), cooked and high pressure 

processed chickpeas could be introduced as a ready-to-eat option, with desirable 

textural, organoleptic and nutritional properties. However, there is a scarcity of 

knowledge on the effects of HPP on the textural, nutritional and bioactive properties 

of legumes in general. HPP denatures proteins reversibly and irreversibly. A moderate 

pressure (<300 MPa) affects the speed of enzyme action whereas, a pressure above 

300 MPa induces protein denaturation and inactivation of enzymes (Thakur and 

Nelson 1998, Oey et al. 2008). Previous studies have reported the effect of high 

pressure on lentil starch (Ahmed et al. 2016), mung bean starch (Li et al. 2011) and 

pea starch (Leite et al. 2017), however, no information is available on both protein and 

starch digestibility of HPP chickpeas.  

A small decrease in the total polyphenols (Linsberger-Martin et al. 2013) and 

antioxidant properties of HPP vegetables have been reported by Butz et al. (2002) 

whereas Doblado et al. (2007) reported slight changes in the antioxidant capacity and 

vitamin C content of HPP germinated cowpeas (Vigna unguiculata (L.), a grain 
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legume common in sub-Saharan Africa, following high pressure treatment. A recent 

study by Alsalman and Ramaswamy (2020) reported changes in the texture, colour 

and antinutrient (tannins, phytic acid) content of raw Canadian kabuli chickpeas, but 

did not explore the changes in starch or protein digestibility, polyphenol content and 

antioxidant capacities of cooked chickpeas. Therefore, there is a need to investigate 

the effect of high pressure processing on the texture profile, general nutrient 

composition, starch and protein digestibility, polyphenol content and antioxidant 

capacity of cooked and HPP kabuli chickpeas, compared to cooked only samples to 

inform ready to eat product development in the near future. To fill this knowledge gap, 

the objective of this chapter was to examine the effects of HPP (200, 400 and 600 MPa 

for 1 and 5min) on the textural, nutritional, and bioactive properties of cooked 

Australian kabuli chickpeas.  

5.2 Materials and methods 

Representative samples of the cultivar Kimberley Large kabuli chickpeas (Siddique 

and Regan 2005) harvested in 2017 from the Ord River region of Western Australia 

were collected, sieved, vacuum packaged and stored at 4°C until analysis. The kabuli 

chickpeas were soaked in excess water overnight (12 h) at room temperature (22°C). 

After 12 h, the remaining water was drained off and chickpeas were cooked in fresh 

boiling water for 30 min. Following cooking, the chickpeas were cooled by washing 

them under running tap water and excess moisture was removed using a paper towel. 

The cooked and cooled chickpeas were vacuum packaged in a 100-micron vacuum 

packaging bag using a Multivac double chamber vacuum packaging machine (Model- 

C450, Multivac, Keilor Park, Victoria, Australia) and stored at 4° C until high pressure 

processing.  

5.2.1 High pressure processing 

Cooked and vacuum packaged Kimberley Large kabuli chickpeas were commercially 

high pressure processed at Preshafoods Pty. Ltd. (Derrimut, Victoria, Australia) using 

hyperbaric high pressure processing equipment (Model- Hyperbaric 300, Burgos, 

Spain, EU) at the following settings detailed in Table 5.1. 
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Table 5.1 Pressure and time combinations for high pressure processing of cultivar 

Kimberley Large chickpea samples 

 

The time required to reach 200 MPa, 400 MPa and 600 MPa was 60, 130 and 240 

seconds respectively, and the decompression was instant. Purified water was used as 

the pressurization media and all the samples were pressurised at 4°C. After processing, 

the samples were stored at 4°C and transported to Curtin University (Bentley, Western 

Australia) under refrigerated conditions. Cooked and vacuum packaged Kimberley 

Large kabuli chickpeas not subjected to high pressure processing were used as a 

control.  

5.2.2 Texture profile analysis 

Texture profile analysis of the control and high pressure processed chickpeas was 

conducted using a Perten Texture analyser (TVT6700, Hägersten, Sweden) (Wang, 

Daun, and Malcolmson 2003). The samples were subjected to 50% compression with 

a perspex cylindrical probe (25 mm diameter) at a crosshead speed of 1 mm/s twice in 

two cycles using a 5 kg load cell. The texture profile was expressed as firmness, 

cohesiveness, springiness, gumminess and chewiness. Forty replicates were analysed 

for control and each HPP sample. 

5.2.3 Moisture content 

Moisture content was determined by the modified solids- (total) and moisture in flour- 

oven drying method (Method 925.10, AOAC International 2008). 

 

             Pressure 

Time 

200 MPa 400 MPa 600 MPa 

1 min 2000 MPa, 1 min 

(2K1) 

4000  MPa , 1min 

(4K1) 

6000  MPa , 1min 

(6K1) 

5 min 2000  MPa , 5min 

(2K5) 

4000  MPa , 5min 

(4K5) 

6000  MPa , 5min 

(6K5) 
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5.2.4 Protein content 

Protein content was determined in duplicate by Kjeldahl assay: digestion, distillation 

and titration using a nitrogen conversion factor of 6.25 (Method 920.87, AOAC 

International 2005b). 

5.2.5 Total starch content 

Starch content was determined in duplicate using the standard colourimetric technique 

(Method 996.11, AOAC International 2005c) using the total starch assay kit 

(AA/AMG) from Megazyme International Ltd (Bray, County Wicklow, Ireland). 

5.2.6 Freeze drying  

The chickpea samples were placed in a freezer over night at -20°C. The samples were 

transferred to a freeze dryer (Christ Alpha 1-4LD Plus, Germany) and freeze dried at 

1 mbar pressure and -50°C for four days. The freeze dried samples were milled 

(Grindomix, GM200, Retsch, Haan, Germany) to get a fine powder, passing 100% 

through 500 microns. 

5.2.7 Mineral content: 

Content of individual minerals (mg) in freeze dried control and highest HPP treated 

sample (6K5) was determined in duplicate at the National Measurement Institute, 

Perth, Western Australia using an inductively coupled plasma optical emission 

spectrometer (ICP- OES) (Varian, Palo Alto, USA) (Wu, Johnson, Bornman, Bennett, 

Singh, et al. 2016) as discussed in detail in Chapter 3 (3.5.5).  

5.2.8 Polyphenol extraction and total polyphenol content 

Total polyphenols were extracted from the freeze dried control and HPP samples as 

per Segev et al. (2010) with a few modifications as described in detail in section 3.5.6 

of Chapter 3. Total polyphenol content was determined in duplicate samples using the 

Folin-Ciocalteu method (section 3.5.7) (Wu et al. 2017)  

5.2.9 Antioxidant capacity 

The method of Thaipong et al. (2006) was used to determine the antioxidant capacities 

of polyphenol extracts of control and high pressure processed samples. The 2-2-

diphenyl-1-picrylhydrazyl (DPPH), 3-ethylbenzothiazoline-6-sulfonic acid 
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diammonium salt (ABTS), and oxygen radical absorbance capacity (ORAC) assay 

were used to estimate the antioxidant capacity of phenolic compounds in polyphenolic 

extracts of duplicate samples as described in Chapter 3 (3.5.8). 

5.2.10 Starch Isolation 

Starch from the freeze dried control and high pressure processed chickpea samples 

was isolated using the method of Sun et al. (2014). Freeze dried high pressure 

processed chickpea sample (250 g) was steeped in water containing 0.1% sodium 

sulphite for 12 h at 25°C. The slurry obtained was then diluted with 100 mL distilled 

water, and the pH was adjusted to pH 10 using 0.5 M sodium hydroxide (NaOH). The 

slurry was continuously mixed using a magnetic stirrer (500 rpm) for 1 h and then 

filtered through a 100 mesh sieve (0.149 mm nominal sieve opening) to separate the 

fibre from the starch. The filtered slurry was centrifuged at 3000 g for 10 min at 10°C 

(Eppendorf Centrifuge 5810R made in Germany) and the supernatant was discarded. 

The centrifugation step was repeated six times until a clear supernatant was obtained 

whereas, pure starch was the white sediment remaining at the bottom. The isolated 

starch was dried using a digital hot air oven (Thermotec 200, Contherm, Lower Hutt, 

New Zealand) at 40°C for 48 h and ground into a fine powder using a pestle and 

mortar. 

5.2.11 Light microscopy 

Isolated starch samples ( ̴ 0.01 g) were mounted on a glass slide with a few drops of 

water and covered with a cover slip. The samples were observed under a microscope 

(Alphaphot-2 YS2, Nikon, Melville, USA) equipped with a 10x lens (100x 

magnification) and a 3.2 M pixel camera ( Pro-MicroScan 5888, Prague, Czech 

Republic). Digital images were captured using ScopePhoto software (version 

x86,3.1.615, Scopetek).   

5.2.12 Scanning electron microscopy 

Isolated starch sample morphology was investigated using Tescan Mira3 FESEM with 

Oxford Instruments X-MaxN 150 silicon drift x-ray detector and Aztec software. 

Starch samples were fixed on a circular metallic microscope stub with carbon 

aluminium tape and then coated with a 5 nm platinum coating using a sputter coater 

(208HR, Cressington). The scanning electron microscopy was performed at an 

accelerating voltage of 2 kV.     
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5.2.13 ATR-FTIR analysis 

Attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) were 

obtained using a Nicolet IFS50 FTIR spectrometer, and a single bounce diamond ATR 

accessory. Spectra were collected by placing the milled freeze dried chickpea sample 

in contact with the ATR accessory. Spectra were recorded across 4000 – 400 cm-1 

spectral range at 4 cm-1 spectral resolution, and with 128 co-added scans. The 

background spectrum was collected from blank diamond ATR crystals. Spectra were 

post normalised using vector normalisation across the spectra range 875 – 1190 cm-1, 

using OPUS software (v7.0). Second-derivatives of the FTIR spectra were then 

calculated using a 17 smoothing point Savitzky-Golay function.  

5.2.14 In vitro slowly digested starch 

The amount of In-vitro slowly digested starch was determined in duplicate on fresh 

chickpea samples using a rapid glucometer method based on that of Sopade and Gidley 

(2009). A weighed sample of 250 mg was placed in a glass jar (150 mL, Ergo Flint 

Glass 70 mm, Plasdene Glass-Pak, Canning Vale, Australia) and 1 mL of porcine α-

amylase (250 U/mL in 0.2 M pH 7 carbonate buffer) was added to it. After, 20 seconds, 

5 mL of pepsin suspension [9 mg of pepsin, (2500 units/mg) and 5 mL of 0.02 molar 

hydrochloric acid was added to lower the pH to 2.0 (approximate pH of in vivo gastric 

conditions). The mixture was then incubated in a reticulating water bath (37°C, 85 

rpm) for a duration of 30 min before neutralisation using 5 mL 0.02 M NaOH and 50 

mL 0.2 M pH 6 sodium acetate buffer. This was then followed by the addition of 5 

mL pancreatin mixture [0.095 g pancreatin + 0.2 M acetate buffer (44.175 mL, pH 

6.0)]. Incubation was continued in a reticulating water bath (37°C, 85 rpm). Glucose 

readings in duplicate were made at 0, 5, 10, 20, 40, 60, 90 and 120 min from the time 

of addition of the pancreatin mixture by an Accu Check Performa glucometer (Roche 

Diagnostics Aust. Pty. Ltd, Castle Hill, Australia). Slowly digested starch (SDS) was 

calculated using equation (1) and expressed in terms of g/ 100 g starch (db).  

                                          SDS =
0.9 ×(G120− G20)×180 ×V

W ×S( 100−M)
                                (1)  

Where; G120 = glucometer reading (mM) at 120 min, G20=glucometer reading (mM) 

at 20 min, V= digesta volume (mL), 180 = molecular weight of glucose, W = sample 

weight (g), S= sample starch content (g/ 100 g db), M = sample moisture content (g 
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/100g sample), and 0.9 = stoichiometric constant for starch from glucose contents. 

Using known quantity of glucose in the digesta, the glucometer was corrected (37°C).  

5.2.15 Starch digestion kinetics 

First order kinetics was used to investigate the starch digestion kinetics of the control 

and HPP samples under simulated digestion conditions. This is given by equation (2): 

                                C = 1- e - kt                        (2)  

Where; C  is the starch fraction digested at time t (and 1- C is the undigested fraction); 

k is the fractional-digestion rate coefficient (h-1), t is the incubation or digestion time. 

For data fitting, the value of k was obtained by linear-least-squares fit of the solution 

of eq. (2), viz., as the slope of a plot of ln(1-C) against t. The linearity of this plot will 

provide a measure of the applicability of first-order kinetics (Al-Rabadi, Gilbert, and 

Gidley 2009).                                

5.2.16 Protein digestibility 

The in-vitro protein digestibility of samples (control and HPP (6K5)) was determined 

following the method of Villarino et al. (2015) with a few modifications. 

Approximately, 100 mg freeze-dried chickpea sample was incubated with a mixture 

of pepsin (0.75 mg, 2500 units/mg activity; Chem-Supply, Gillman, SA, Australia) 

and 0.1 N hydrochloric acid (7.5 mL) at 37°C for 5 h. Using 3.75 ml of 0.2 N NaOH, 

the solution was neutralized. By the addition of 25 ml of 10% tricholoroacetic acid 

and centrifuging for 30 min (2000×g at 22°C), the undigested proteins present in 15 

ml of digesta were precipitated. The total nitrogen content of the supernatant was then 

determined using the Kjeldahl method and the in-vitro protein digestibility (IVPD) 

was calculated according to Eq. (3). 

 

IVPD (%) =
(Total nitrogen(g/100mL)−nitrogen in supernatant(g/100mL)) 

Total nitrogen (g/100mL)
×  100               (3) 
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5.2.17 Statistical analysis 

Two-way analysis of variance (ANOVA) was used to compare means of replicate 

analyses per treatment followed by Duncan’s multiple range test to separate means 

when F was significant (<0.05). Dunnett’s post-hoc test was used to compare the mean 

values of the control against those of high pressure treated samples. All tests were 

performed using Genstat statistical tool (Version- V.20.1.2.24528, VSN International 

Ltd, UK). 

5.3 Results and discussion 

5.3.1 Texture Profile analysis   

A typical texture profile analysis (TPA) curve for cooked kabuli chickpea samples is 

shown in Fig. 5.1. Texture measurements of control and HPP samples are presented 

in Fig. 5.2 and Fig. 5.3, where high pressure processing resulted in significant (p<0.05) 

changes in TPA parameters when compared to the control following ANOVA. In 

addition, the 5 min application at all pressures lead to a significant (p<0.05) reduction 

in TPA values than samples treated for 1 min. The firmness of HPP samples ranged 

from 15.27 – 25.28 N and was highest for the control and lowest for 6K5. Two way 

analysis of variance (ANOVA) showed a significant effect (P<0.05) of pressure (P) 

on the firmness of HPP samples, however, no effect of time (T) or pressure and time 

(P x T) interaction was observed. Samples treated at 200 and 400 MPa had similar 

firmness values, however, with the increase in treatment pressure to 600 MPa, a 

significant reduction in the firmness of HPP samples was observed. When compared 

to the control, even the lowest processing treatment (2K1) significantly (p<0.05) 

reduced the firmness of cooked chickpeas and all high pressure treated samples were 

significantly (p<0.05) less firm than the control, with 6K5 being the softest. Alsalman 

and Ramaswamy (2020) also reported a decrease in the firmness of chickpeas with an 

increase in pressure (from 100 to 400 MPa). However, an increase in pressure to 600 

MPa led to an increase in firmness, possibly due to the aggregation of protein in the 

uncooked samples used in this study (Oliveira et al. 2017). Internal redistribution of 

moisture, weakened hydrophobic interactions of the protein matrix and tissue collapse 

can be attributed to texture degradation (Koca, Balasubramaniam, and Harper 2011), 

resulting in loss of firmness. 
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Figure 5.1 A typical texture profile curve for cooked kabuli chickpeas 

 

Cohesiveness in the texture profile analysis indicates how well a product withstands a 

second deformation following the first. Cohesiveness for cooked and HPP chickpeas 

ranged between 0.16 – 0.23 and was lowest for 6K5 and highest for the control. 

Cohesiveness can be influenced by the depressurization process and hence a more 

pronounced effect can be observed for samples treated at 600 MPa. Springiness, 

gumminess, and chewiness for the cooked and HPP samples ranged between 0.80- 

0.96 mm, 2.53- 5.77 N, and 2.32- 4.68 N mm, respectively. Similar to the firmness, 

cohesiveness, gumminess and chewiness of HPP treated samples were significantly 

(p<0.05) affected by the pressure treatment (P), however, there was no effect of time 

(T) or P x T interaction on these texture properties. Cohesiveness values for 2K1, 4K5, 

6K1 and 6K5 were significantly (P < 0.05) lower than the control. Also, all HPP 

samples were significantly (P < 0.05) less gummy (except 4K1) and less chewy than 

the control. Springiness is the degree to which cooked grains can return to their 

original shape after partial compression. Springiness negatively correlates with 

hardness and chewiness, suggesting that springier samples are less hard and less chewy 

(Meullenet et al. 1998). No effect of high pressure processing on the springiness of 

cooked kabuli chickpeas was observed in this study.  
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Figure 5.2 Firmness (N) of control and HPP chickpea samples (2K1= 200 MPa, 1min; 

2K5= 200 MPa, 5 min; 4K1= 400 MPa, 1 min; 4K5= 400 MPa, 5 min; 6k1= 600 MPa, 

1 min; and, 6K5 = 600 MPa, 5min). Bars bearing different letter are significantly 

(p<0.05) different to each other. Bars bearing * are significantly (p<0.05) different to 

the control.  

 

The effect of high pressure on firmness, cohesiveness, springiness, gumminess, and 

chewiness has been investigated in previous studies on the texture of beetroot (Paciulli 

et al. 2016), meat (Sun and Holley 2010, Oliveira et al. 2017) and chickpeas (Alsalman 

and Ramaswamy 2020), 

 However, due to the conflicting results of these studies, a conclusion based on the 

available data to support the clear effects of high pressure processing on these textural 

properties cannot be reached.  Our result for firmness was in agreement with that of 

Koca, Balasubramaniam, and Harper (2011) for cheese, Yu et al. (2017a) for brown 

rice and Alsalman and Ramaswamy (2020) for chickpeas, which also reported that 

increasing pressure during HPP results in a reduction in sample firmness.  
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Figure 5.3 Texture profile of control and HPP chickpea samples (where, 2K1= 200 

MPa, 1min; 2K5= 200 MPa, 5 min; 4K1= 400 MPa, 1 min; 4K5= 400 MPa, 5 min; 

6k1= 600 MPa, 1 min; and, 6K5 = 600 MPa, 5min). Bars bearing different letter for 

the same parameter are significantly (p<0.05) different. Bars bearing * for the same 

parameter are significantly (p<0.05) different to the control. 

 

In our study, the softest texture was chosen as the most desirable based on previous 

results of sensory studies on legumes such as green gram (Phaseolus aureus Roxb), 

bengal gram (Cicer arietinum), lentils (Lens esculenta) (Khatoon and Prakash 2006) 

and beans (Phaseolus vulgaris) (Ghasemlou, Gharibzahedi, and Emam-Djomeh 

2013). Among all the samples, 6K5 showed the lowest firmness, cohesiveness, 

gumminess and chewiness values, whereas the control had the highest values for these 

textural properties. Thus, based on the instrumental analysis we can concur that 6K5 

had the most desirable textural properties out of all the samples in this study.  
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5.3.2 General nutrient composition 

The proximate and dietary fibre content of the control and HPP chickpea samples is 

given in Table 5.2. The moisture content of the HPP samples ranged from 61.01- 64.13 

g/100 g, and the protein content ranged from 17.81- 19.02 g/100 g (db). None of these 

measurements were significantly different to the control. On the other hand, the starch 

content of the HPP samples ranged from 46.13- 54.97 g/ 100 g, and was significantly 

(P<0.05) affected by treatment pressure levels, with an increase in pressure, leading 

to a decrease in starch content. When compared to the control, 4K1, 4K5, 6K1 and 

6K5 had significantly (P<0.05) less starch content. The reason for the reduction in 

starch content is the leaching of starch due to rupture of cell walls by the high pressure 

applied as observed in common beans as well (Belmiro, Tribst, and Cristianini 2020). 

Based on these results, HPP can be potentially used to reduce the starch content of 

other high starch grains and pulses for designing lower calorie alternatives.     

The soluble dietary fibre (SDF), insoluble dietary fibre and total dietary fibre content 

ranged from 2.244 - 3.189 g/100 g, (db) 18.571 - 21.417 g/ 100 g, (db) and 21.388 - 

23.662 g/ 100 g (db) respectively. Treatment time (T) had a significant (P<0.05) effect 

on the SDF content of the HPP samples, with the increase in treatment time from 1 

min to 5 min, resulting in a  marked increase in SDF levels. Whereas, pressure x time 

(P x T) interaction had a significant (p<0.05) negative effect on the IDF and total 

dietary fibre (TDF) levels. With an increase in treatment pressure (from 200-600 MPa) 

and time (1-5 min), the IDF and TDF levels decreased markedly. However, when 

compared to the control, all the samples had similar SDF, IDF and TDF levels, with 

only 6K5 having a significantly (P<0.05) higher SDF content. The significant increase 

in SDF content of sample 6K5 and the marked reduction in IDF and TDF levels of all 

samples can be a result of cleavage of glycosidic linkages and/ or breakage of weak 

bonds between polysaccharides (Wennberg and Nyman 2004).  Consumption of SDF 

has shown to reduce postprandial glucose absorption in humans, acting as a glycaemic 

lowering ingredient. Thus HPP can be used in further research and development of 

legume-based functional foods.  

5.3.3 Mineral content 

The mineral content of the control and HPP sample (6K5) is reported in Table 5.3. 

Potassium was the most abundant mineral (5371 - 6131 mg/kg), followed by 
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phosphorus (3749 - 4173 mg/ kg), magnesium (1267 - 1340 mg/ kg) and calcium (917 

- 994 mg/ kg). Other studies have reported that compared to their raw counterparts, 

soaked and/ or cooked legumes have a reduced mineral content (Bains, Uppal, and 

Kaur 2014, Barampama and Simard 1995, Wang, Hatcher, et al. 2010). The cooked 

samples from this study demonstrated higher iron, phosphorus, and magnesium levels 

when compared to uncooked chickpea samples from Pakistan (Iqbal et al. 2006), 

however, the effect of high pressure processing on the mineral content of cooked 

kabuli chickpeas has previously not been reported. 

High hydrostatic pressure processing is known to not influence smaller molecules 

including pigments, vitamins, volatiles and compounds related to organoleptic, 

nutritional and health-promoting effects (Oey et al. 2008, Briones-Labarca et al. 

2011). In our study, no significant (P<0.05) differences were observed in the mineral 

content of the control and the highest treatment level sample, meaning when 

consumers ingest HPP chickpeas, they receive the same total intake of minerals as 

with traditionally cooked chickpeas. Our results are also in agreement with studies on 

other foods treated with HPP such as Andrés, Villanueva, and Tenorio (2016) who 

reported no effect of HPP on the mineral content of milk and soy smoothies containing 

fruits (orange, papaya, melon and carrot). As no difference between the control and 

highest treatment level sample was found, samples with lower HPP treatments were 

not analysed for their mineral content.  

5.3.4 Polyphenol content 

The polyphenol content of the control and HPP samples is reported in Table 5.4. It 

ranged from 31.704 - 52.321 mg Gallic acid equivalent/ 100g sample (db), with the 

highest recorded for 2K1 and the lowest for 6K5. Main and significant (P<0.05) effects 

of pressure and treatment time were observed, suggesting that with an increase in 

pressure and treatment time, total polyphenol content (TPC) in samples decreased. 

However, when compared to the control, only samples treated at 600 MPa were 

significantly (P<0.05) lower in their TPC.  

Similar results have been reported by Rodríguez-Roque et al. (2015) and Barba et al. 

(2012), who also found a slight decrease in the polyphenol content of orange juice 

following high pressure treatment above 400 MPa. Linsberger-Martin et al. (2013) 

also reported a reduction in the total phenolic content in split peas and whole white 
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beans after HPP.  In contrast, Patras, Brunton, Da Pieve, and Butler (2009), Wang, He, 

and Chen (2014), Patras, Brunton, Da Pieve (2009), and Butler (2009) Sánchez-

Moreno et al. (2006), reported an increase in the polyphenol content of different plant 

foods (cereals; tomato puree; tomato, carrot; and strawberry, blueberry respectively) 

after high pressure processing.  

The type of food, location of phenolic compounds in food, pre-processing treatment, 

as well as the duration and intensity of the HPP treatment affects the concentration of 

phenolic compounds in the extract (Chandrasekara, Naczk, and Shahidi 2012). An 

increase in the total phenolic content of certain foods (in case certain fruits and 

vegetables) can be due to the disruption of cell wall structures, inactivation of enzymes 

related to loss of phenolic substances or improved extractability of the antioxidant 

components following high pressure treatment (Barba et al. 2012). However, changes 

in the physicochemical characteristics (Rodríguez-Roque et al. 2015) and enhanced 

chemical and enzymatic oxidation of polyphenols (Clariana et al. 2011) can occur due 

to processing, resulting in a lower availability. 

5.3.5 Antioxidant capacity 

An effect of high pressure processing on the antioxidant capacity of cooked kabuli 

chickpeas was observed and the values are reported in Table 5.4. The DPPH, ABTS 

and ORAC values for HPP samples ranged from 29.722 - 58.480 mg trolox equivalent/ 

100g, 85.506 - 91.022 mg TE/ 100g, and 1253 - 1993 µmol TE/ 100g, respectively. 

For DPPH and ORAC antioxidant capacity, significant (P < 0.05) negative effects of 

pressure and time were observed. Thus, with an increase in pressure (200 – 600 MPa) 

and treatment time (1-5min), the DPPH and ORAC values significantly decreased. 

However, the reduction in ORAC values was only observed at the highest pressure 

level (600 MPa). Significant (P<0.05) main effects of pressure (P), time (T) and PxT 

interaction were observed for ABTS antioxidant capacity. However, following 

Duncan’s post hoc test, only sample 6K5 showed a significantly (P<0.05) lower ABTS 

value when compared to all other samples including control. When compared to the 

control, 4K1, 4K5 6K1 and 6K5 showed significantly (P<0.05) lower DPPH 

antioxidant values, whereas only 6K5 expressed significantly (p<0.05) lower ABTS 

and ORAC value than the control.  Sample 6K5 had the overall highest decrease in the 

antioxidant capacities out of all samples analysed. 
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 The DPPH and ABTS assays are considered more accurate and reliable when 

compared to other methods such as FRAP (Ferric reducing antioxidant power) because 

of their rapidity, robustness and reliability in assessing the antioxidant capacity of 

plant materials (Piluzza and Bullitta 2011). On the other hand, ORAC assay uses 

biologically relevant free radicals, is standardised and integrates both degree and time 

of antioxidant reaction unlike other chemical assays (Zulueta, Esteve, and Frígola 

2009). Previous studies have recommended using at least 2 assays for the antioxidant 

capacity analysis of plant materials (Schlesier et al. 2002, Piluzza and Bullitta 2011), 

and thus we have chosen these 3 assays for this study to validate our results. 

Negative effects of thermal treatments on the antioxidant capacity of legumes such as 

chickpeas, soybeans, kidney beans (Gujral et al. 2013), common beans (Rocha-

Guzmán et al. 2007), and cowpeas (Barros et al. 2017) have been reported in previous 

studies. However, very limited information on the effects of high pressure processing 

on the antioxidant capacity of legumes or foods, in general, is available. Doblado, 

Frías, and Vidal-Valverde (2007) observed a significant decrease in the ABTS 

antioxidant capacity of germinated cowpeas after HPP of up to 500 MPa (room 

temperature/ 15 min), and Butz et al. (2002) reported an 11% decrease in the ABTS 

antioxidant capacity of carrots after HPP at 500 MPa for 5 min (4 °C). In another 

study, a decrease in ABTS antioxidant capacity of orange juice was observed when 

the HPP pressure level was increased from 100- 800 MPa (at 30–65 °C) (Indrawati, 

Van Loey, and Hendrickx 2004) due to ascorbic acid degradation. In contrast, the 

DPPH antioxidant capacity of tomato puree was unchanged by HPP at 400 MPa/ 25 

°C/ 15 min (Sánchez-Moreno et al. 2006) and Briones-Labarca et al. (2011) reported 

an increase in the DPPH antioxidant activity of uncooked Algarrobo seeds, an 

underutilised legume after high pressure processing at 500 MPA for 10 min compared 

to untreated seeds and seeds treated at 500 MPa for 2, 4 and 8 min (20 °C). The reduced 

antioxidant activity recorded in the present study may have occurred because of the 

combination of cooking and high pressure processing destroying the bioactive 

components or due to the formation of new compounds with pro-oxidant action.  

The correlation between total polyphenol content (TPC) and the antioxidant activity 

revealed by three assays (DPPH, ABTS and ORAC) is also represented in Table 5.5. 

A very high and significant (P<0.001) positive correlation was observed between TPC 

and DPPH values (r=0.922), and slightly lower but significant (P<0.001) positive 
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correlations with ABTS (r =0.669), and ORAC (r = 0.727) assays were also observed. 

These results indicate that changes in the antioxidant capacity due to high pressure 

processing were closely related to the polyphenol content of the samples, supporting 

previous reports (Marathe et al. 2011, Wu et al. 2017).   
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Table 5. 2 Moisture, protein, starch and dietary fibre (soluble, insoluble and total dietary fibre) content of control and high pressure processed 

cooked chickpeas 

Component 

(g/100g, db) 

Control 200 MPa, 1min 200 MPa, 5min 400 MPa, 1min 400mPa, 5min 600 MPa, 1min 600 MPa, 5min 

Moisture 62.65 ± 1.30 61.01 ± 1.46a 62.53 ± 3.40a 62.60 ± 1.49a 61.44 ± 1.51a 64.13 ± 1.41a 62.62 ± 1.23a 

Protein 17.09 ± 1.21 17.81 ± 1.43a 17.94 ± 1.24a 19.02 ± 1.57a 17.44 ± 0.17a 18.65 ± 0.78a 17.96 ± 2.12a 

Starch 54.48 ±2.18  54.97 ± 2.26a 53.86 ± 1.30ab 49.46 ± 4.57bc* 47.41 ± 1.99c* 47.29 ± 1.26c* 46.13 ±0.59c* 

Dietary fibre        

SDF 2.408 ± 0.03 2.244 ± 0.39a 2.817 ± 0.18a 2.267 ± 0.10a 3.094 ± 0.28a 2.412 ± 0.49a 3.189 ± 0.06a* 

IDF 20.951 ± 0.30 21.417 ± 0.56a 18.571 ± 0.68b 20.373 ± 0.07ab 20.026 ± 0.61ab 20.414 ± 0.16ab 19.409 ± 0.39ab 

Total 23.359 ± 0.33 23.662 ± 0.96a 21.388 ± 0.50a 22.64 ± 0.02a 23.12 ± 0.88a 22.826 ± 0.65a 22.598 ± 0.33a 

Where, SDF = soluble dietary fibre; and IDF= insoluble dietary fibre. All values are presented as mean ± standard deviation. Following Duncan’s 

post hoc test, values followed by the same superscript within a row do not differ significantly (p<0.05). * Denotes significant difference (p<0.05) 

between control and HPP sample following Dunnett’s test. 
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Table 5.3 In vitro Protein digestibility and mineral content of the control and high 

pressure processed cooked chickpeas 

Parameters Control 600 MPa, 5 min 

IVPD (%) 78.078 ± 1.25a 79.046 ± 3.29a 

Minerals (mg/kg, db)   

Calcium 994 ± 59a 917 ± 10a 

Iron 62 ± 4.9a 59 ± 1.4a 

Potassium 6131 ± 416a 5371 ± 18a 

Magnesium 1340 ± 157a 1267 ± 76a 

Sodium 75 ± 4.9a 74 ± 1.4a 

Phosphorus 4173 ± 108a 3749 ± 12a 

Zinc 42 ± 4.2a 40 ± 0.7a 

 

 

 

Where, IVPD = In vitro protein digestibility. All values are presented as mean ± standard deviation. 

Following Duncan’s post hoc test, values followed by the same superscript within a row do not 

differ significantly (p<0.05).  
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Table 5. 4 Polyphenol content and antioxidant capacity of control and high pressure processed cooked chickpeas 

Parameters Control 200 MPa, 1 

min 

200 MPa, 5 

min 

400 MPa, 1 

min 

400 MPa, 5 

min 

600 MPa, 1 

min 

600 MPa, 5 

min 

TPC (mg GAE/ 100 g, db) 49.390 ±1.05 52.321 ± 3.16a 51.478 ± 1.56a 51.341 ± 1.81a 49.712 ± 1.53a 34.159 ± 1.61b* 31.704 ± 1.01b* 

DPPH (mg TE/ 100 g, db) 55.511 ±0.92 58.480 ± 1.50a 56.542 ±0.61a 48.731 ± 2.81b* 46.351 ± 1.79b* 33.693 ± 2.02c* 29.722 ± 1.97c* 

ABTS (mg TE/ 100 g, db) 91.050 ±2.09 91.022 ± 3.38a 90.309 ± 0.89a 90.783 ± 1.07a 90.678 ± 1.34a 89.813 ± 1.46a 85.506 ± 0.82b* 

ORAC (µmol TE/ 100 g, 

db) 

1996 ± 72  1993 ± 97a 1875 ± 224a 2054 ± 267a 1937 ± 128a 1723 ± 196a 1253 ± 233b* 

Where, TPC = total polyphenol content; DPPH = 2-2-diphenyl-1-picrylhydrazyl antioxidant assay; ABTS = 3-ethylbenzothiazoline-6-sulfonic acid 

diammonium salt antioxidant assay; ORAC= oxygen radical antioxidant capacity. All values are presented as mean ± standard deviation. Following 

Duncan’s post hoc test, values followed by the same superscript within a row do not differ significantly (p<0.05).  * Denotes significant difference 

(p<0.05) between control and HPP samples following Dunnett’s test. 
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Table 5.5 Pearson’s correlation between TPC, DPPH, ABTS and ORAC values 

5.3.6 Light microscopy 

Fig. 5.4 shows typical light microscopy images of the isolated starch powder from 

raw, cooked and HPP kabuli chickpeas. Swelling and distortion of cooked and HPP 

starch granules (Fig.5.4b-h) were evident when compared to the raw starch granules 

(40x) (Fig.5.4a). The smooth-surfaced, round or oval-shaped native chickpea starch 

granules transformed into irregular and elongated granules with a rough surface after 

high-temperature cooking and high pressure processing due to gelatinization (Fig.5.4 

b-h) (Yniestra Marure et al. 2019). Similar results have been reported by Henry, 

Hudson, and Piperno (2009) and Crowther (2012), who also observed changes in 

chickpea starch granule structure on cooking. To understand the effect of cooking and 

HPP in more detail scanning electron microscopy was used to obtain high-resolution 

images of the starch granules.  

5.3.7 Scanning electron microscopy  

Morphological characteristics of starch granules from raw, cooked and HPP kabuli 

chickpeas was observed using scanning electron microscope (SEM). Raw chickpea 

starch (Fig. 5.5a), which was used as an internal control exhibited smooth, oval-shaped 

granules with no evidence of fissures or damage. Similar observations have been 

reported in previous studies on chickpea starch and starches from other legumes such 

as adzuki, black and kidney bean (Zhang et al. 2019, Wani, Sogi, and Gill 2015). When 

compared to starch granules from the raw samples, starch granules from the cooked 

and cooked+ HPP sample were a lot bigger (Fig 5.5a-h) in response to soaking and 

subsequent cooking. Scanning electron microscopy confirmed that high pressure 

Parameters DPPH ABTS ORAC 

TPC 0.922* 0.669* 0.727* 

DPPH  0.618* 0.703* 

ABTS   0.655* 

*Significant (p<0.001). Where, TPC = total polyphenol content; DPPH = 2-2-diphenyl-1-

picrylhydrazyl antioxidant assay; ABTS = 3-ethylbenzothiazoline-6-sulfonic acid 

diammonium salt antioxidant assay; ORAC= oxygen radical antioxidant capacity  
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processing altered the starch granule structure (Fig. 5.5 c-h). SEM pictures showed 

that, like the control (5.5b),  the majority of starch granules retain their granular shape. 

However, differences in their surface morphology were evident. HPP resulted in the 

formation of fissures and caused surface damage to the starch granules of HPP 

samples. Similar results have been reported in previous studies on high pressure 

processing of barley (Stolt, Oinonen, and Autio 2000) and potato (Błaszczak, 

Valverde, and Fornal 2005) starch.  

During high pressure treatment, the available water is forced into the chickpea grains 

causing rapid hydration driven by the applied external pressure, resulting in rapid 

swelling even at ambient temperatures (Alsalman and Ramaswamy 2020). Błaszczak, 

Valverde, and Fornal (2005) reported significant deformations to freeze-dried potato 

starch granules caused by high pressure processing (Błaszczak, Valverde, and Fornal 

2005), which can be observed in samples from this study as well. Liu et al.(2016) 

reported that high pressure contributed to a strong interaction between amylose and 

amylopectin chains leading to the formation of fractures and fissures on the surface of 

starch granules. This may also indicate significant changes in the internal structure of 

the granule. Starch undergoes a structural collapse that causes an alteration of the 

granular shape due to the simultaneous diffusion of solvents and gelatinization of 

starch (Pineda-Gómez, Rosales-Rivera, and Rodríguez-García 2012). Taken at the 

same magnification as the control, the pictures of starch granules (Fig.5.5g) depicts 

that very high pressure of 600MPa is responsible for greater destruction of the granule 

integrity leading to further damage. As differences in the morphology of the isolated 

starch granules were observed, an in vitro starch digestibility assay was performed to 

understand the effect of HPP on starch digestibility of all samples.  
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Figure 5.4 Light microscopic images (10 x magnification) of isolated native starch (a), control (b), and high pressure processed cooked 

samples (where, c= 200 MPa, 1min; d = 200 MPa, 5 min; e = 400 MPa, 1 min; f = 400 MPa, 5 min; g = 600 MPa, 1 min; and, h = 600 

MPa, 5min)   
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 Figure 5.5 Scanning electron microscopy images (scale 20 to 50 µm) of isolated native starch (scale 20 µm) (a), control (b), and high pressure 

processed cooked chickpeas (where, c= 200 MPa, 1min; d = 200 MPa, 5 min; e = 400 MPa, 1 min; f = 400 MPa, 5 min; g = 600 MPa, 1 min; and, 

h = 600 MPa, 5min)   
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5.3.8 ATR-FTIR analysis 

ATR-FTIR spectroscopy has previously been used to investigate the crystallinity, 

structure, and intermolecular interactions of starch granules (Warren, Gidley, and 

Flanagan 2016). However, in previous studies using purified starch samples specific 

structural information relating to starch was analysed (Xiong et al. 2017, Chavez-

Murillo, Orona-Padilla, and de la Rosa Millan 2019). In this study, control and HPP 

chickpeas have been analysed with ATR- FTIR, and the spectra, therefore, contain 

contributions from proteins and lipids, in addition to starch. In this study, it is therefore 

not possible to draw absolute conclusions concerning starch structure, due to the 

spectra overlap of starch absorbance bands with the absorbance bands of proteins and 

lipids. Nonetheless, ATR-FTIR is still a useful method to investigate relative changes 

in the starch bonding environment and/or structure, as a consequence of high pressure 

treatments at different times.  

The major adsorption bands arising from starch can be observed in the region 1200- 

1000cm-1 and it has been shown that bands at 1047 cm-1 and 1022cm-1 respectively, 

describe the crystalline and amorphous indices of starch (Kaptso et al. 2015). The 

ATR-FTIR results  (Fig. 5.6) reveal distinct absorbance bands attributed to starch, 

which are easily viewed as “negative peaks” in the second-derivative spectra (Fig.5.6 

a, b). Three specific bands of interest are those at 1140, 1040, and 1020 cm-1 (assigned 

to ν(C-O) modes) (Warren, Gidley, and Flanagan 2016). Interestingly, an increased 

spectra shift to lower wavenumbers was observed at the bands for HPP samples treated 

at 200, 400 and 600 MPa, indicating treatment-induced alteration to the starch 

structure and intermolecular bonding environment.  
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Figure 5.6 ATR- FTIR analysis of control and HPP kabuli chickpeas with upward 

arrows indicating shift in spectra at 1140 cm-1, 1040 cm-1 and 1020 cm-1 (where 2K1= 

200 MPa, 1min; 2K5= 200 MPa, 5 min; 4K1= 400 MPa, 1 min; 4K5= 400 MPa, 5 

min; 6k1= 600 MPa, 1 min; and, 6K5 = 600 MPa, 5min)  

  

Also, the intensity of the bands increased with an increase in treatment pressure and 

time (Fig. 5.6b), suggesting conversion of starch molecules to their ruptured form and 

disruption of the chemical bonds (Mir et al. 2016). High pressure processing has been 

(a) 

(b) 
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known to decrease the relative crystallinity of starch granules, which in turn lowers 

starch digestibility (Katopo, Song, and Jane 2002, Colussi et al. 2018). Pressurisation 

during high pressure processing partially gelatinises starch granules, whereas 

depressurisation promotes retrogradation which results in recrystallization of 

amylopectin and further reduces starch digestion (Fredriksson et al. 2000). 

5.3.9 In vitro starch digestibility 

Several factors such as the crystalline structure, source of starch, amylose-amylopectin 

ratio and granule size affect the enzymatic susceptibility of starches, with amylose 

content and crystallinity being the most important factors (Zavareze and Dias 2011). 

Starch gelatinisation occurs when starch is heated in the presence of excess water, 

resulting in a change from crystalline to a more amorphous structure (Zavareze and 

Dias 2011), thus becoming more digestible. However, starch entrapped within the cells 

of edible plant material (e.g. seeds) undergoes limited starch gelatinisation (Brummer, 

Mina, and Susan 2015), retaining its crystalline nature and resulting in a lower 

digestibility (Baldwin et al. 2015). Intracellular components such as proteins also 

impose restrictions on starch granule swelling, thus affecting starch digestibility 

(Shomer 1995).  

As shown in Fig. 5.7, with an increase in treatment pressure and time, the contents of 

rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch 

(RS) in the HPP samples also changed. Significant (P<0.05) main effects of pressure 

(P) and time (T) on RDS, SDS and RS levels were observed. It was observed that HPP 

at higher pressures and longer times (2K5, 4K5, 6K5) can significantly (P < 0.05) 

increase the SDS levels in cooked chickpeas when compared to lower pressures and 

shorter treatment durations (2K1, 4K1, 6K1), and when the pressure level reached the 

maximum value (600 MPa, 5min) of the machine, the SDS fraction was at the highest 

amount (60.92 g/ 100g starch). However, only the SDS content of the 2K5, 6K1 and 

6K5 samples and the RS content of the 2K5 and 6K5 samples were significantly 

(p<0.05) different from the control following the starch fractions determination.  
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Figure 5.7 Rapidly digestible starch  (RDS), slowly digestible starch (SDS) and 

resistant starch (RS) in the control and HPP chickpea samples. Bars bearing different 

letter for the same fraction are significantly (p<0.05) different. Bars bearing * for the 

same fraction are significantly (p<0.05) different than the control (where, 2K1= 200 

MPa, 1min; 2K5= 200 MPa, 5 min; 4K1= 400 MPa, 1 min; 4K5= 400 MPa, 5 min; 

6k1= 600 MPa, 1 min; and, 6K5 = 600 MPa, 5min)   

 

Previous research has shown that high pressure processing can completely damage 

uncooked rice starch granules as well (Hu et al. 2011), while also promoting a wider 

distribution of water molecules in the crystalline regions of the starch granules. This 

in turn disrupts the amylopectin chains (Li et al. 2012) and forms imperfect crystallites, 

which are directly linked to high SDS levels (Tian et al. 2014). Another reason for the 

increase in SDS content might be the formation of amylose-lipid complexes in starch 

granules in smaller volumes as a result of HPP (Lullien-Pellerin and Balny 2002). 

Starch digestibility of cooked, waxy wheat starch (Hu et al. 2017), buckwheat (Liu et 

al. 2016) and brown rice (Xia et al. 2017) have previously been modified by the use 

of high pressure treatment when compared to their raw counterparts. It was also 
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observed in these studies that HPP increased the amount of slowly digestible starch 

(SDS), decreasing the overall starch digestibility of these samples. Slowly digestible 

starch has been shown to provide nutritional benefits for humans (Sang and Seib 

2006), as it leads to a slow and prolonged postprandial release of glucose in the 

bloodstream, thus providing a lower glycemic response (Zhang, Ao, and Hamaker 

2006). It has been suggested that HPP has potential in producing products for glycemic 

control (Xia et al. 2017), which can help in the prevention of diseases such as diabetes, 

cardiovascular diseases and colon cancer (Jenkins et al. 2002).   

5.3.10 Starch digestion kinetics 

Disregarding the type of treatment, all samples in this study displayed a monophasic 

digestogram (Fig. 5.8). With the increase in enzyme-substrate contact time, an 

increase in starch digestion was observed. Starch digestion is affected by several 

factors such as starch granule size, crystallinity, surface channels/ pores, and 

availability and interaction of non-starch components with the starch (Noda et al. 

2008, Mahasukhonthachat, Sopade, and Gidley 2010). As shown in Fig 8, the 

digestion rate of the 6K5 sample was the highest, followed by 6K1, 2K5, 4K1, 4K5, 

control and 2K1 in the descending order. The starch digestion progress curves were 

fitted using the general first order (Al-Rabadi, Gilbert, and Gidley 2009) and the 

digestion rate coefficient (k) was determined. The extent of starch hydrolysis after 120 

min of digestion for the cooked and HPP samples were 53, 48, 71, 65, 66, 75 and 79% 

for the control, 2K1, 2K5, 4K1, 4K5, 6K1 and 6K5 respectively. Kinetic analysis using 

Al-Rabadi’s first order showed a distinct linear phase with the corresponding 

calculated first order rates (k × 10-3 value, min-1) of 5.8, 5.1, 9.5, 8.3, 7.8, 10.7 and 

11.6 respectively for the control and high pressure treated samples (Appendix 1, S Fig. 

1, Table S 7). The corresponding calculations using Al-Rabadi’s first order model 

revealed that the digestion rate coefficient (k) for the highest treatment level (6K5) 

was markedly higher than all other samples including control, and was closely 

followed by the second highest treatment level (6K1). Previous studies have reported 

that starch crystalline structural features do not affect the starch digestion coefficient 

(Xiong et al. 2018, Wang, Wang, et al. 2017), and only access or binding of digestive 

enzymes and starch dominates the digestion process in pulses (Dhital et al. 2016).  
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As HPP treatment involves very high pressure levels, it can encourage the distribution 

of water molecules in starch, leading to the formation of more imperfect crystallites, 

thus affecting starch digestibility (Zhou et al. 2015).  Cell wall porosity is considered 

another major factor that can affect starch digestibility in pulses such as chickpeas 

(Dhital et al. 2016, Xiong et al. 2018, Bhattarai et al. 2017). Instantaneous pulse 

softening (IPS) is a phenomenon, known to be responsible for softening of cell wall 

tissue during high pressure processing due to membrane disruption (Trejo Araya et al. 

2007, Basak and Ramaswamy 1998), leading to higher accessibility of starch by 

digestive enzymes, in turn, increasing the coefficient of digestibility, and is supported 

in this study. 

 

Figure 5.8 A digestogram of control and HPP samples (where, 2K1= 200 MPa, 1min; 

2K5= 200 MPa, 5 min; 4K1= 400 MPa, 1 min; 4K5= 400 MPa, 5 min; 6k1= 600 MPa, 

1 min; and, 6K5 = 600 MPa, 5min)   

 

5.3.11 In vitro protein digestibility 

The percentage in vitro protein digestibility (IVPD) values for the control and the 

highest HPP treatment (600 MPa, 5min) are reported in Table 5.3. There was no 
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significant (P<0.05) effect of pressure, time or their interaction on the IVPD values 

for the control and HPP sample. Cooking and thermal heat treatments (autoclaving) 

have been shown to improve the protein digestibility of raw legumes such as black 

grams, chickpeas, lentils, and red kidney beans due to increased accessibility of the 

protein component for enzymatic attack (Rehman and Shah 2005), and/ or inactivation 

of proteinacious anti-nutritional factors (van der Poel, Gravendeel, and Boer 1991). 

High pressure cooking of rice has been shown to reduce its protein digestibility (Liu, 

Zheng, and Chen 2019), whereas Laguna et al. (2017) reported a small reduction (8%) 

in the protein digestibility of apple puree enriched with pea protein following HPP, 

with no effect of HPP on carrot puree enriched with pea protein. However, the effect 

of high pressure processing on the protein digestibility of chickpeas is not widely 

known.  

Deol and Bains (2010) reported an increase in protein digestibility of cowpeas after 

steam pressure cooking mainly due to the eradication of antinutrients. Linsberger-

Martin et al. (2013) reported a 3.5% increase in the protein digestibility of split peas 

and a 6% increase in the protein digestibility of whole white beans after HPP at 600 

MPa for 60 min. However, a small but significant reduction in protein digestibility 

was also reported in both split peas and whole white beans after HPP at 100 MPA for 

60 min and 350 MPA for 45 min (Linsberger-Martin et al. 2013). A possible 

explanation for this reduction in protein digestibility can be due to the formation of 

intra/ intermolecular disulphide bridges or a protein network (Angioloni and Collar 

2012). While the mechanism of pressure induced protein unfolding is not completely 

understood, the underlying mechanism of pressure induced protein denaturation 

involves water penetration into cavities within the molecule resulting in varying 

populations of molecular conformations (Silva, Foguel, and Royer 2001), resulting in 

increased protein digestibility. However, as in our study, all the samples were highly 

saturated with water (12 h soaking + 30min boiling) before the HP treatment, no 

significant changes in the protein digestibility of control and HPP sample were 

observed. As there was no significant difference between the control and the highest 

treatment level (6k5), the remaining samples were not subjected to the this analysis.  
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5.4 Conclusion 

This study demonstrated that the textural and starch digestibility properties of cooked 

kabuli chickpea is significantly improved by the application of high pressure 

processing. Significant effects of treatment pressure and time on the starch, 

polyphenol and antioxidant capacity were also revealed. These combined findings 

highlight the potential of utilizing non-thermal processing technologies to increase 

consumer acceptance of plant-based protein sources with desirable textural properties. 

Our findings suggest that high pressure processing has the potential to enable the 

design of products with a low glycaemic index, compared to traditional products, 

while retaining dietary fibre percentages, minerals and digestible proteins and thus 

providing beneficial health effects to consumers. However, the shelf stability of 

cooked + high pressure processed ready-to-eat chickpea product is unknown and thus 

further research is required to understand this property while maintaining high 

consumer acceptability and maximum potential nutritional and health benefits.   
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CHAPTER 6 Final conclusion 

 

“I feel it is an obligation to help people understand the relation of food and 

agriculture and the relation of food to culture.” 

Alice Waters 

 

6.1 Introduction 

This thesis aimed to further our understanding of Australian kabuli chickpea seed 

properties and the effects of different factors (genotype, environment and processing) 

on these properties. Chickpeas are an important global pulse crop and could be a key 

source of essential proteins in the challenging circumstances of an ever-growing world 

population.  The results from this research can be included in recommended guidelines 

for chickpea growers and breeders, food manufacturers and consumers for improving 

the nutritional composition of chickpeas, location selection for growing particular 

varieties, and increasing consumption of Australian kabuli chickpeas by adding value 

through appropriate processing.  

Proteins are an essential macronutrient for human nutrition (Adenekan et al. 2018), 

and the current unsustainable trend of high global animal protein consumption results 

in significant greenhouse gas emissions when compared to consumption of plant 

proteins, contributing directly to a changing climate (Alemayehu, Bendevis, and 

Jacobsen 2015, Pojić, Mišan, and Tiwari 2018). This research has underlined the seed 

properties of Australian kabuli chickpeas for its wider use as a source of plant-based 

proteins and antioxidants for human nutrition and prevention of chronic illnesses. 

Increasing demand for plant proteins and an increase in vegetarianism or veganism, 

especially in developed countries such as Australia, New Zealand, Sweden and Israel, 

with over 10% of the total population representing this demographic, have been 

observed in the last 5-10 years (Pojić, Mišan, and Tiwari 2018). Chickpeas being a 

rich source of proteins, widely available at low cost are therefore one of the best 

alternatives to animal proteins, and the application of sustainable farming practices can 

lead to low carbon-emitting food system (Lal 2004).  
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6.2 General discussion 

The main purpose of this study was to determine the physical, nutritional and 

antioxidant properties of Australian kabuli chickpeas and to understand the effects of 

growing environment and processing on these properties.  

The first objective of this thesis was to determine the seed properties of the most widely 

grown commercial Australian kabuli chickpea varieties. The findings of this chapter 

revealed high variability between Australian kabuli chickpea physical, nutritional and 

bioactive properties. Kimberley large kabuli chickpeas, grown exclusively in the 

Kimberley region of Western Australia exhibited the highest values for physical 

properties (seed weight, volume, hydration and swelling capacity) due to its large seed 

size (9-11mm). The seed weight of this particular variety was comparatively higher 

when compared to kabuli chickpeas from India (Kaur, Singh, and Sodhi 2005, 

Sundaram et al. 2019), Pakistan (Hameed et al. 2009) and Canada (Frimpong et al. 

2009), and thus demands a premium price in the global export market (Dixit, 

Srivastava, and Singh 2019). Kimberley large also contained the highest starch content 

(48.9g/ 100g, db) and biologically relevant antioxidant capacity (ORAC) level (2808 

µmol TE/ 100 g sample, db), but lacked protein (18.2 g/ 100g, db) when compared 

even to the smallest seeded variety, Genesis 090 (20.3 g/ 100g, db) from this study. 

Genesis Kalkee had the highest protein content (24.6 g/ 100 g, db), making it the 

highest protein containing Australian kabuli chickpea variety from our study. The 

protein content of Genesis Kalkee when compared to some Mexican (Arevalo et al. 

2020), Italian (Summo, De Angelis, Rochette, et al. 2019), Canadian (Frimpong et al. 

2009), Jordanian (Ereifej, Al-Karaki, and Hammouri 2001) and Turkish (Özer et al. 

2010) kabuli chickpeas was higher, making these Australian kabuli varieties more 

attractive in the global chickpea market. The Kabuli chickpea varieties analysed in this 

first objective of the thesis were commercially grown in the environments best suited 

to them. However, as reported in multiple studies (Frimpong et al. 2009, Cobos et al. 

2017, Kaloki, Trethowan, and Tan 2019, Vandemark et al. 2020), chickpea seed 

properties are significantly affected by the growing environment as well variety.  

Thus, the second objective of this thesis was to determine the effects of genotype, 

environment and their interactions on the physical, nutritional and antioxidant 

properties of Australian kabuli chickpeas. The outcomes of this study demonstrate that 

genotype, environment and their interaction play a crucial role in variation in kabuli 
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chickpea seed properties, with the growing environment being the most important 

factor. Previous research has reported that consumption of high polyphenol containing 

foods is beneficial to human health due to their protective effects against type 2 

diabetes, neurodegenerative and cardiovascular diseases (Fraga et al. 2019, Cory et al. 

2018, Fujiki et al. 2015, Xiao and Hogger 2015). The amount of chickpea polyphenols 

and their antioxidant properties significantly increased when chickpeas were grown in 

environments, such as Kununurra and Walgett, with a high number of extreme 

temperature occurrences (both high and low temperatures) as reported in Chapter 3, 

Table 4.2, whereas, the mean seed weight, and mean protein content decreased due to 

these extreme temperature conditions (Table 4.4). Furthermore, chickpeas grown in 

the environment with the highest rainfall (Tarranyurk) contained the highest mean fat 

content (5.3 g/ 100g, db), whereas, chickpeas grown in the environment with the 

lowest rainfall, but sufficient water due to irrigation, exhibited the highest mean starch 

levels (28.7 g/ 100 g, db) (Table 4.4). Kabuli chickpeas grown in locations with 

extreme high (above 30° C) or low temperatures (below 0° C) can be an inexpensive 

source of dietary polyphenols, thus providing the beneficial effects associated with it 

to a wider consumer base. By appropriate marketing, it is suggested that farmers could 

get higher return on Chickpeas grown in regions experiencing extreme temperatures as 

these chickpeas may command a higher price due to their high antioxidant capacity.  

The third objective of this study was to determine the effects of high pressure 

processing on textural, nutritional and antioxidant properties of cooked kabuli 

chickpeas. Being a non-thermal processing method, high pressure processing has been 

utilised for production of high quality packaged dairy, fruits, vegetables, meat and 

seafood. However, its application in grain and pulse processing industry is limited. 

Consumption of whole chickpeas is beneficial due to starch confinement within 

chickpea cell walls, leading to limited release of digestion products in the human gut 

post consumption (Martinez 2021). The findings of Chapter 5 demonstrated that high 

pressure processing (HPP) alters the texture profile of cooked kabuli chickpeas, 

making them softer, less chewy (Section 5.3.1) and thus more acceptable by consumers 

(Khatoon and Prakash 2006, Ghasemlou, Gharibzahedi, and Emam-Djomeh 2013). 

The proximate composition and protein digestibility of cooked and HPP kabuli 

chickpeas were similar (Table 5.2 and 5.3), concluding that humans will receive the 

same amount of nutrients after consuming either. The attenuated total reflectance-
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Fourier transform infrared (ATR-FTIR) spectroscopy analysis showed changes in 

starch structure and isolated starch globules were damaged through the formation of 

fissures due to high pressure processing. A further starch digestibility analysis 

confirmed that the highest HPP levels modified the starch fractions (rapidly digestible, 

slowly digestible and resistant starch) significantly (p<0.05) by increasing the slowly 

digestible starch (SDS), from 38.36 to 60.92 g/ 100 g starch (db), and reducing the 

rapidly digestible starch (RDS), from 50.53- 30.35 g/ 100g starch (db), and resistant 

starch, 11.10- 8.73 g/ 100 g starch, (db) content in chickpeas. Unlike RDS, digestion 

of SDS does not begin in the oral cavity by salivary α- amylase, or in the stomach 

lining by gastric acids. SDS is mainly digested in the duodenum by the enzymes 

secreted by the pancreas, resulting in the prolonged release of glucose in the 

bloodstream (Miao et al. 2015). This in turn makes high pressure processed kabuli 

chickpeas a healthier and desirable food option, especially for people suffering from 

chronic conditions such as diabetes and cardiovascular diseases (Rizkalla et al. 2004).   

In conclusion, this study showed that new knowledge on seed properties of Australian 

kabuli chickpea varieties as well as the effects of genotype, environment and 

processing presented in this thesis are important for chickpea breeders, farmers and 

food manufacturers to enable them to make informed decisions on the chickpea 

varieties, growing locations, and design of novel food products with high nutritional 

and antioxidant properties to target a wide spectrum of consumers.    

6.3 Significance 

There is a lack of studies on the physical and compositional properties of kabuli 

chickpeas, in particular Australian kabuli chickpeas. In addition to this, limited 

research has been conducted to determine the effects of genotype, environment, and 

non-thermal processing methods on the physical, nutritional, and antioxidant 

properties of kabuli chickpeas. Therefore, this thesis can provide:  

1. Vital new knowledge on Australian kabuli chickpea seed quality assessed by 

determination of chickpea seed properties. 

2. Valuable information to chickpea farmers for selecting specific growing 

environments to get desirable nutritional properties in their produce, followed 

by appropriate marketing to encourage consumers to utilise Australian kabuli 

chickpeas to meet their nutritional requirements.  
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3. New information on the significant role of growing environment on kabuli 

chickpea physical and nutritional properties not captured by the currently 

available literature. 

4. Food manufacturers an opportunity to utilise Australian kabuli chickpeas 

grown specifically for; (a) high protein and (b) high antioxidant content to 

produce novel food products to maximise the beneficial effects of kabuli 

chickpea consumption. 

 

   These outputs lead to the following outcomes:  

1. This information can be used for the improvement of future Australian kabuli 

chickpea cultivars by enhancing their nutritional and bioactive composition.  

2. Chickpea growers may benefit by growing kabuli chickpeas in specific 

growing environments to target particular food markets e.g. high polyphenol 

containing chickpeas grown in harsh climates to target the functional foods 

market. 

3. Product developers can use this information to target specific consumer 

markets, benefitting chickpea growers due to increased demand. 

4.  Food industries can utilise the information on kabuli chickpea nutritional 

composition and high pressure processing of cooked kabuli chickpeas to design 

healthier food products for consumers focussed on plant protein sources and 

health. 

 

Despite the significance of the results, there were certain limitations to this study: (a) 

a more sensitive method for total polyphenol content estimation (Fast Blue BB) can 

now be utilised in place of Folin Ciocalteu method due to recent method development 

(Pico et al. 2020) ;(b) the individual polyphenols in different chickpea varieties 

(Chapter 3) could be identified using advanced techniques such as nuclear magnetic 

resonance imaging, high performance liquid chromatography and mass spectrometry, 

and triple quadrupole mass spectrometry to understand the role of specific polyphenols 

in chickpea antioxidant capacity as detailed by Forino et al. (2016) and Dzah et al. 

(2020);  (c) the anti-nutrients (such as α- galactosidase, phytic acid, tannins and trypsin 

inhibitors) responsible for causing discomfort, hindering digestion, reducing the 

bioavailability of macro and micronutrients in humans content were not determined in 
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chickpea varieties (Chapter 3); (d) the antioxidant activity of kabuli chickpea 

polyphenol extracts was evaluated using in vitro  chemical assays (DPPH, ABTS, and 

ORAC), and even though the ORAC assay uses a biologically relevant radical source, 

these methods cannot predict the actual effects of the chickpea polyphenol extracts in 

humans (Prior et al. 2003, Wolfe and Liu 2007); (e) The G × E study did not include 

National Variety Trial samples from 2 growing seasons (different years), which could 

help in understanding the stability in performance of kabuli chickpea varieties within 

an environment (Chapter 4);  (f) the high pressure processing time settings were 

constrained by the limitations of the equipment (Chapter 5); (g) instead of animal or 

human trials, in vitro digestion model was used to evaluate the starch and protein 

digestibility of high pressure processed kabuli chickpeas, wherein fermentation in-

colon was not included. Thus the results may not reflect actual values in humans (Hur 

et al. 2011, Bohn et al. 2018).     

6.4 Future perspectives 

The current findings of this study urge us to further explore this research area.  A 

detailed characterisation of the physical, nutritional, and antioxidant properties of 

other Australian chickpea varieties can be conducted to update nutrition composition 

databases (e.g. FSANZ) to depict the actual nutritional composition of specific kabuli 

chickpea varieties. The knowledge generated will also be helpful to growers to help 

increase the nutritional and antioxidant properties of Australian kabuli chickpeas by 

careful selection of chickpea growing environment. Researchers and food industries 

can utilise chickpea composition data to design innovative food products.  

Other recommended studies for the future include shelf-life determination of high 

pressure processed kabuli chickpeas. High pressure processing has been utilised as a 

preservation technique for fruit and dairy products, however, its preservation effects 

on legumes are still underexplored. Another area of interest is the reduction in anti-

nutrients which deter people from consuming legumes. A reduction or complete 

eradication of anti-nutrients responsible for digestive discomfort will likely increase 

chickpea consumption.   

In the words of Thomas Jefferson-“Agriculture is our wisest pursuit because it 

contributes most to real wealth”, we can conclude that findings reported in this thesis 

have a broad range of potential beneficial outcomes, one being increased demand for 
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Australian kabuli chickpeas generating higher financial returns for chickpea farmers. 

Chickpea breeders will possess new information that may assist in producing more 

adaptable varieties that perform consistently in unfavourable growing environments. 

Chickpeas with specific seed properties (e.g. high polyphenol content) can be 

packaged and marketed to target specific consumer markets and food industries may 

utilise the information to produce new chickpea-based ingredients and products with 

specific nutritional functionality for benefitting consumer health.    
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Appendix 1 Supplemental Materials 

Table S 1. ANOVA for genotype x environment interaction for protein content 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data presented as mean. Means followed by the same alphabet in the column does not differ 

significantly (p≤0.05) following Tukey’s post hoc test. 

Location/ variety Mean protein content ( g/ 100 g, db) 

Rainbow Kalkee 

Birchip Kalkee 

Birchip Genesis 090 

Rainbow PBA Monarch 

Birchip Almaz 

Rainbow Almaz 

Rainbow Genesis 090 

Birchip PBA Monarch 

Tarranyurk Genesis 090 

Tarranyurk PBA Monarch 

Tarranyurk Almaz 

Kununurra Almaz 

Tarranyurk Kalkee 

Kununurra Genesis 090 

Walgett Kalkee 

Kununurra Kalkee 

Walgett Almaz 

Walgett Genesis 090 

Kununurra PBA Monarch 

Walgett PBA Monarch 

24.34a 

24.2ab 

24.18ab 

23.64abc 

23.61abc 

23.41abcd 

23.37abcd 

22.36bcde 

21.99cdef 

21.55defg 

21.01efgh 

20.48fghi 

20.48fghi 

20.06ghij 

19.22hij 

19.05ij 

18.86ij 

18.79ij 

18.39j 

18.23j 
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Table S 2. ANOVA for genotype x environment interaction for fat content 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data presented as mean. Means followed by the same alphabet in the column does not differ 

significantly (p≤0.05) following Tukey’s post hoc test. 

 

 

Location/ variety Mean fat content ( g/ 100 g, db) 

Tarranyurk Kalkee 

Kununurra PBA Monarch 

Walgett PBA Monarch 

Birchip Almaz 

Walgett Kalkee 

Walgett Genesis 090 

Tarranyurk Genesis 090 

Tarranyurk PBA Monarch 

Kununurra Kalkee 

Birchip Genesis 090 

Birchip PBA Monarch 

Rainbow Genesis 090 

Tarranyurk Almaz 

Rainbow Almaz 

Kununurra Almaz 

Rainbow Kalkee 

Kununurra Genesis 090 

Rainbow PBA Monarch 

Birchip Kalkee 

Walgett Almaz 

5.59a 

5.577a 

5.552a 

5.493a 

5.463a 

5.405ab 

5.39ab 

5.363ab 

5.207abc 

5.123abc 

5.035abc 

4.999abc 

4.923abcd 

4.757bcde 

4.559cde 

4.266de 

4.25de 

4.192e 

4.149e 

4.093e 
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Table S 3. ANOVA for genotype x environment interaction for ash content 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data presented as mean. Means followed by the same alphabet in the column does not differ 

significantly (p≤0.05) following Tukey’s post hoc test. 

 

 

Location/ variety Mean ash content ( g/ 100 g, db) 

Kununurra Almaz 

Kununurra Genesis 090 

Kununurra Kalkee 

Kununurra PBA Monarch 

Rainbow PBA Monarch 

Rainbow Kalkee 

Rainbow Almaz 

Rainbow Genesis 090 

Walgett Almaz 

Walgett PBA Monarch 

Tarranyurk Almaz 

Tarranyurk PBA Monarch 

Tarranyurk Kalkee 

Walgett Kalkee 

Walgett Genesis 090 

Tarranyurk Genesis 090 

Birchip PBA Monarch 

Birchip Almaz 

Birchip Kalkee 

Birchip Genesis 090 

3.13a 

3.086ab 

3.038ab 

3.025bc 

2.987bc 

2.932cd 

2.863d 

2.847d 

2.695e 

2.647ef 

2.572fg 

2.555fgh 

2.55fgh 

2.511ghi 

2.465hi 

2.464hi 

2.426i 

2.284j 

2.191jk 

2.175k 
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Table S 4. ANOVA for genotype x environment interaction for starch content 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data presented as mean. Means followed by the same alphabet in the column does not differ 

significantly (p≤0.05) following Tukey’s post hoc test. 

 

 

Location/ variety Mean starch content ( g/ 100 g, db) 

Kununurra Genesis 090 

Walgett Kalkee 

Kununurra PBA Monarch 

Walgett PBA Monarch 

Kununurra Kalkee 

Kununurra Almaz 

Birchip Almaz 

Walgett Genesis 090 

Birchip PBA Monarch 

Birchip Genesis 090 

Tarranyurk PBA Monarch 

Tarranyurk Genesis 090 

Tarranyurk Almaz 

Tarranyurk Kalkee 

Walgett Almaz 

Rainbow Almaz 

Birchip Kalkee 

Rainbow PBA Monarch 

Rainbow Genesis 090 

Rainbow Kalkee 

31.69a 

28.76ab 

28.16ab 

27.78abc 

27.52abc 

27.49abc 

26.4bcd 

26.11bcd 

25.01bcde 

24.48bcde 

23.1cde 

22.54de 

22.44de 

21.14e 

20.45e 

15.54f 

15.37f 

14.51f 

13.82f 

12.43f 
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Table S 5. ANOVA for genotype x environment interaction for total polyphenol 

content 

 

Data presented as mean. Means followed by the same alphabet in the column does not differ 

significantly (p≤0.05) following Tukey’s post hoc test. 

 

Location/ variety Mean total polyphenol content ( mg GAE / 100 g sample, db) 

Walgett Genesis 090 

Walgett Almaz 

Kununurra Genesis 090 

Tarranyurk Kalkee 

Kununurra PBA Monarch 

Walgett Kalkee 

Kununurra Kalkee 

Kununurra Almaz 

Rainbow Kalkee 

Tarranyurk Genesis 090 

Rainbow Genesis 090 

Tarranyurk Almaz 

Walgett PBA Monarch 

Rainbow Almaz 

Tarranyurk PBA Monarch 

Rainbow PBA Monarch 

Birchip Almaz 

Birchip PBA Monarch 

Birchip Genesis 090 

Birchip Kalkee 

73.95a 

71.95ab 

71.11abc 

70.03abcd 

66.14abcde 

65.68bcde 

64.95bcde 

64.45bcde 

64.14bcdef 

63.64cdef 

62.44defg 

61.01efg 

56.41fgh 

54.77ghi 

52.45hij 

51.98hij 

46.8ijk 

45.95jkl 

43.26kl 

38.48l 
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Table S 6. ANOVA for genotype x environment interaction for oxygen radical 

antioxidant capacity (ORAC) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data presented as mean. Means followed by the same alphabet in the column does not differ 

significantly (p≤0.05) following Tukey’s post hoc test. 

Location/ variety Mean ORAC (µmol TE/ 100 g sample, db) 

Walgett Kalkee 

Walgett Genesis 090 

Kununurra Kalkee 

Kununurra Genesis 090 

Kununurra PBA Monarch 

Walgett Almaz 

Kununurra Almaz 

Tarranyurk Kalkee 

Tarranyurk Genesis 090 

Walgett PBA Monarch 

Rainbow Kalkee 

Rainbow Genesis 090 

Rainbow Almaz 

Tarranyurk Almaz 

Tarranyurk PBA Monarch 

Rainbow PBA Monarch 

Birchip Kalkee 

Birchip Almaz 

Birchip Genesis 090 

Birchip PBA Monarch 

644.7a 

622.8ab 

611.9abc 

584.7abcd 

561bcde 

557.9cdef 

523.1defg 

510.3efg 

509.4efg 

506.6efg 

495.4fg 

491.1g 

422.3h 

405.5h 

376hi 

329.1ij 

321.7ij 

307.4jk 

285.2jk 

246.4k 
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Fig S 1. Al Rabadi’s First order fittings of data for starch hydrolysis in cooked and 

high pressure processed chickpeas.  

Note: The treated chickpea samples follow the first order kinetics, as seen in good 

fitting (R2 >0 .9) in the first order model. 
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Table S 7. Calculated digestion coefficient rate (k) values for control and HPP 

chickpea samples (Al-Rabadi, Gilbert, and Gidley 2009) 

Sample k*10-3 R2  

Control 5.8 0.997  

2k1 5.1 0.980  

2k5 9.5 0.974  

4k1 8.3 0.983  

4k5 7.8 0.935  

6k1 10.7 0.955  

6k5 11.6 0.947  

(Where 2K1= 200 MPa, 1min; 2K5= 200 MPa, 5 min; 4K1= 400 MPa, 1 min; 4K5= 

400 MPa, 5 min; 6k1= 600 MPa, 1 min; and, 6K5 = 600 MPa, 5min)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


