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Abstract 

The structure (granular, supramolecular, molecular) and physicochemical properties of 

starches isolated from newly introduced Canadian cultivars of faba bean (FB), black bean 

(BB) and pinto bean (PB) were examined. The structure and physicochemical properties 

were determined by microscopy, High performance anion exchange chromatography with 

pulsed amperometric detection (HPAEC-PAD), Attenuated total reflectance Fourier 

transform infra-red spectroscopy (A TR-FTIR), Wide angle X-ray diffraction (W AXS), 

13C cross polarization magic angle spinning nuclear magnetic resonance (13C CP/MAS 

NMR), Differential scanning calorimetry (DSC), Rapid visco analyzer (RVA), 

susceptibility towards enzyme and acid hydrolysis and turbidity. FB starches exhibited 

cracked granules, whereas the surface of PB and BB starches showed no evidence of 

cracks or indentations. All starches exhibited a ' C' type X-ray pattern. Molecular order 

near the granule surface followed the order: BB~PB>FB. Differences in amylopectin 

chain length distribution among FB, BB and PB starches and among cultivars were 

marginal. FB starches significantly (P<0.05) differed from BB and PB starches with 

respect to amylose leaching, swelling factor, gelatinization temperatures, enthalpy of 

gelatinization, susceptibility towards acid hydrolysis and nutritional fractions . 

Retrogradation characteristics of FB, BB and PB starches monitored by turbidity, FTIR, 

DSC, 13C CP/MAS NMR and X-ray followed the order: FB>BB~PB, PB>BB>FB, 

PB~BB~FB, PB~BB~FB and PB~BB~FB, respectively. Retrograded FB starches were 

hydrolyzed by a-amylase to a greater extent than BB and PB (BB>PB) starches. 
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FB, BB and PB starches were heat-moisture treated (HMT) at 80°, 100° and 120°C for 

12h at a moisture content of ~23%. Structural changes with HMT were monitored by 

microscopy, HPAEC-PAD, ATR-FTIR, WAXS, DSC, RVA, susceptibility towards acid 

hydrolysis and in-vitro digestibility. Amylopectin chain length distribution and 

gelatinization enthalpy remained unchanged in all starches with HMT. In all starches, 

HMT increased crystallinity (FB>BB>PB), gelatinization temperatures (FB~PB~BB), 

gelatinization temperature range (FB>BB>PB), SDS (FB~BB>PB) and RS (PB>BB>FB) 

contents, and decreased birefringence, set-back (FB>BB>PB), peak viscosity 

(FB>BB~PB) and the amount of B-type crystallites (FB~BB~PB). The results of this 

study showed that the structural reorganization of starch chains during HMT at different 

temperatures was influenced by changes to starch chain flexibility, amylose-amylopectin 

interactions and crystalline stability of the native granules. 
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Chapter 1 

Introduction and Overview 

Pulses are the dicotyledonous seed of plants that belong to the Leguminosae family, 

which are the dry edible seeds (peas, lentils, chickpea and dry bean) of legumes. Global 

production of pulses reached 40.5 million tonnes in 2006-2007. Pulses have become the 

fifth largest crop produced in Canada in terms of volume after wheat, barley, canola and 

corn (FAO, 2007). Canada is the second largest producer of pulses and the world 's 

largest exporter of peas and lentils and a world leader in chickpea and bean exports (F AO, 

2007). The top pulse export markets include India, China, Turkey, Pakistan, Spain and 

Mexico (Saskatchewan Pulse Growers, 2013). Canada is the greatest producer of peas, 

second largest producer of lentils and ninth largest global producer of chickpeas. Canada 

produces many types of beans including black bean, pinto bean, faba bean, navy bean, 

kidney bean and great northern bean (Pulse Canada, 201 0). The greatest proportion of 

bean production is in Southern Ontario and Manitoba, with lesser amounts grown in 

Alberta and Quebec (Pulse Canada, 201 0). About 70% of Canadian pulses are exported 

each year (Pulse Canada, 2010). World production of dry faba bean ranged from 4.9 to 

5.1 million tonnes from 2003-2006. The majority offaba bean production in Canada is in 

Manitoba (80%), Alberta and Saskatchewan. Pinto bean production in Canada accounts 

for 40 percent of annual production in North America along with 65 percent of the annual 

production being in Alberta (Saskatchewan Pulse Growers, 20 13). Black bean is an 

important cash crop for bean growers in south western Ontario. In 2002, Ontario colored 

dry bean growers produced approximately 8,400 tonnes of black beans. 



Pulses play an important role in human diet. Pulses are rich in protein and fiber, and are 

low in fat and have high levels of minerals such as iron, zinc, and phosphorus as well as 

folate and other B-vitamins (Hoover et al., 201 0). In addition, pulses are inherently 

gluten-free, and can boost the nutritional profile of gluten-free baked foods. Starch is the 

most abundant carbohydrate in the pulse seed (22 - 45% [Hoover and Sosulski, 1985]). 

Pulse starches provide unique properties to food systems, such as high gelation 

temperature, resistance to shear thinning, fast retrogradation, high resistant starch and 

high elasticity of gel, owing to their higher amylose content compared to cereal starches 

(Sandhu and Lim, 2008). Thus, the utilization of their components as new ingredients in 

the food industry has drawn the attention of researchers. However, native starches from 

various plant species have poor functionality and are thus not directly suitable for food 

applications. For example, amylose-rich starches form rigid opaque gels on cooling (due 

to retrogradation), which on storage lose water (syneresis). Whereas, amylopectin-rich 

starches (waxy-type) form soft gels (Tharanathan, 2005). Consequently, native starches 

are physically and/or chemically modified by a variety of modification methods to meet 

the desired functional properties. 

A review of the literature revealed that there is a dearth of information on the structure of 

pulse starches at the different levels of structural organization (granular, supramolecular 

and molecular). Consequently, it is difficult in many instances, to interpret the variation 

in properties among pulse starches reported in the literature. Furthermore, there is very 

little information on pulse starches with respect to susceptibility towards acid and enzyme 

hydrolysis, polymorphic composition, rate and extent of retrogradation and on the levels 
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of rapidly digestible starch, slowly digestible starch and resistant starch. Retrogradation 

characteristics of pulse starches (contain both A and B-type unit cells in different 

proportions) have been determined mainly by syneresis (exudation of water when a 

frozen gelatinized starch gel is thawed at room temperature), differential scanning 

calorimetry (DSC), wide angle X-ray diffraction (WAXS) and turbidity measurements 

have been used only to a limited extent. Syneresis data on pulse starches is difficult to 

compare, since starch to water ratios, storage temperatures, number of freeze-thaw cycles 

and centrifugal speed and time have been different. Many of the studies on pulse starches 

have been on single cultivars. Consequently, it is difficult to ascertain whether the 

structure-property relationships reported for a particular cultivar is truly representative of 

the biotype. Thus, the first objective of this study was to determine the morphology, 

composition, structure (at different levels of granule organization) and 

physicochemical properties of starches isolated by wet milling from 4 newly 

introduced cultivars of faba bean (Vicia faba), black bean (Phaseolus vulgaris L.) 

and pinto bean (Phaseolus vulgaris L.) starches. Recognition of variation 

in starch properties among cultivars could be useful for plant breeders, who may wish to 

develop or select potentially useful cultivars with certain functional properties of their 

starches. The results of the first phase would form the basis for further investigation on 

the influence of heat-moisture treatment to improve the physicochemical properties of the 

above starches. 

Heat-moisture treatment (HMT) is a physical modification technique where starch 

granules at low moisture levels(< 35% H20 , w/w) are heated at a temperature above the 
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glass transition (Tg) but below the gelatinization temperature for a fixed period of time 

varying from 15 min to 16 h. HMT facilitates starch chain interactions within the 

amorphous and crystalline region without destroying its granular structure. Several 

studies have shown that HMT influences granule morphology, X-ray diffraction pattern, 

gelatinization parameters, crystallinity, granule swelling, amylose leaching, gelatinization 

parameters, viscosity, retrogradation and susceptibility towards acid and a-amylase 

hydrolysis (Hoover and Vasanthan, 1994; Chung, Liu and Hoover, 2009; Varatharajan et 

a!., 201 0; Zavareze and Dias, 2011 ). The type and extent of change has been shown to 

vary with botanical origin, starch composition and HMT conditions (Hoover, 201 0). 

Published data on HMT starches have involved studies on a single starch source or 

comparative studies on starches differing widely in amylopectin chain length distribution 

(APCLD) and amylose content. Consequently, it is difficult to ascertain the extent to 

which APCLD and amylose content influence structural changes with HMT. The 

influence of HMT on the structure and properties of cereal and tuber starches that contain 

pure A- and B- type crystallites, respectively is well documented. However, similar 

studies on C-type pulse starches that contain varying proportions of both A- and B-type 

crystallites are fragmentary. Furthermore, the impact of HMT on starch nutritional 

fractions (slowly digestible starch [SDS] and resistant starch [RS] contents), acid and 

enzyme hydrolysis, crystallinity, granule morphology, short range molecular order is not 

well documented. HMT of pulse starches has been mainly studied only at one 

temperature [~ 1 00°C] (Hoover and Manuel, 1996a; Lawai and Adebowale; 2005a, b; 

Chung, Liu and Hoover, 2009, 2010; Guzel and Sayar, 2010). In addition, changes to the 

granular surface and the degradation pathway into the granular interior of RDS and RS 
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have not been studied for pulse starches. Furthermore, the extent to which amylose [AM] 

chains influence structural changes with HMT is still dispute. Thus, the second objective 

of this study was to unravel the structural changes (at molecular [HPAEC-PAD, 

ATR-FTIR, 13C CP/MAS NMR] and supramolecular levels [WAXS]) that occur in 

FB, BB and PB starches with HMT (~23% moisture) at 80°, 100° and l20°C, and 

their impact on physicochemical properties. Therefore, it is hypothesized that 

structural changes with HMT may reflect the interplay among the following factors: 1) 

packing density (loose or compact) of AM and AP chains within native granules, 2) 

extent of association between AM and AP within the native granules and 3) differences in 

polymorphic composition. This study will not only widen the knowledge base on HMT, 

but also provides a less costly and more efficient means of increasing starch nutritional 

fractions (SDS and RS contents) and thermal and freeze-thaw stability. It is anticipated, 

that this study will add value to pulse starch production in Canada that primarily relies on 

the sale of the raw material. 
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2.1 Starch 

Chapter 2 

Literature Review 

Starch is the predominant food reserve substance in plants. It is an essential component 

of food providing a large proportion of the daily calorific intake and is important in 

non-food uses such as in adhesives (Burrell, 2003). It provides 70-80 % of the calories 

consumed by humans worldwide (Whistler and BeMiller, 1997). Starch granules are 

mainly found in seeds, roots and tubers, as well as in stems, leaves, fruits and pollen. 

Food starches are mainly derived from cereal grains (rice, wheat, maize, barley, sorghum 

etc.), tubers (potato, sweet potato, yam), roots (cassava, taro) and seeds of beans (pulses). 

Worldwide, the main sources of starch are maize (82%), wheat (8%), potatoes (5%), and 

cassava (5%) from which tapioca starch is derived (Angellier et al., 2004). In the food 

industry, starch is a valuable ingredient contributing to nutrition, texture, appearance, 

sensory characteristics and functional properties. It is also a key ingredient in animal feed 

and has many industrial applications outside the food industry, such as in paper 

manufacture, packaging and the production of biofuels. The above characteristics are 

primarily governed by gelation, gelatinization, pasting, solubility, swelling and 

digestibility of starch. Food and non-food application of starches are shown in Fig. 2.1 . 
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Figure 2.1 Food and non-food applications of starches (Davis et al., 2003 ; Ellis et al. , 

1998) 
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2.2 Starch biosynthesis 

Biosynthesis of starch granules is initiated at the hilum, and the granules grow by 

apposition (Perez and Bertoft, 20 I 0). The biosynthesis of starch involves not only the 

production of the composite glucans but also their arrangement into an organized form 

within the starch granule (Martin and Smith, I995). Transitory starch synthesis in higher 

plants occurs in chloroplasts during photosynthesis, which is degraded and transported as 

sucrose to amyloplasts of storage organs, where it is incorporated into storage starch 

(Zeeman, Smith and Smith, 2007). Sucrose is the starting point for alpha-glucan 

deposition. Major amyloplast-based enzymes responsible for biosynthetic process are 

ADP-glucose pyrophosphorylase (AGPase ), starch synthase [SS], starch branching 

enzymes [SBE] and starch debranching enzyme [DBE] (Jeon et al. , 20IO; Tetlow, 20II). 

The generalized pathway of sucrose-to-starch conversion in a typical non-photosynthetic 

cell (e.g. from potato tuber) (A) and in a cereal endosperm cell (B) is shown in Fig 2.2. In 

all plant tissues, AGPase is responsible for the synthesis of the ADP-glucose, the primary 

sugar nucleotide donor of glucose residues for starch biosynthesis (Smith, Denyer and 

Martin, 1997). Starch synthases catalyze the transfer of the glucosyl moiety of the soluble 

precursor ADP-glucose to the non-reducing end of a pre-existing a-(1 - 4)-0 -linked 

glucan primer to synthesize glucan polymers (Tetlow, 20 II). Amylose is synthesized by 

granular-bound starch synthase (GBSS), which differs from amylopectin synthesized by 

soluble starch synthase (Jane, 2006). Plants possess multiple isoforms of starch synthases, 

containing at least five isoforms including GBBSI, GBSSII, SSI, SSII, SSIII and SSIV 

(Tetlow, 20 II). GBSSI, encoded by the waxy (Wx) gene, is responsible for the amylose 
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biosynthesis (Tetlow, Morell and Emes, 2004). SSI is primarily responsible for the 

synthesis of the shortest glucan chains (DP < 1 0) whereas SSII and SSIII are responsible 

for extension of longer glucan chains (Tetlow, Morell and Emes, 2004). The SS III and 

SS IV have recently been discovered to be responsible for starch granule initiation 

(Szydlowski et al., 2009) 

Amylopectin (AP) is synthesized from linear chains by SBE's which hydrolyzes an a

(1 ~4)-linkage within a chain and joins the reducing ends created to an a-(1 ~4)-linked 

chain by an a-(1 ~6)-linkage (Tetlow, Morell and Emes, 2004; Jeon et al. , 2010). Starch 

synthases can extend branched chains, which may then be further branched by branching 

enzymes (Burton et al. , 1995). Branching of AP is the result of the balanced activities of 

SBE. SBE are present in multiple isoforms in all plants examined (Preiss and Sivak, 

1996). The isoforms SBEI and SBEII are distinguished by their deduced amino acid 

sequences (Burton et al. , 1995). Tetlow, Morell and Emes (2004) reported that they differ 

in terms of the length of the glucan chains transferred and their substrate specificities. 

Each isoform exhibits a unique developmental time of peak activity and a different length 

of amylose chain transferred (Smith, Denyer and Martin, 1995). Variation in levels of 

branching enzymes may result in starch with novel branching patterns (McCue et al., 

2002). Burton et al. (1995) reported that the absence of SBEI can limit the rate of 

synthesis of starch in developing pea embryos in a way that cannot be compensated for by 

SBEII. It also indicates that SBEI may be responsible for the synthesis of about 75% of 

the AP found in the starch granules of mature embryos. The genes encoding the two 
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isoforms are also differentially expressed during embryo development and this can be 

correlated to qualitative differences in the AP formed during embryo development 

(Burton eta!., 1995). 

Pea SBEI is most similar to maize SBEII (77% identity) and pea SBEII is 72% identical 

to SBEI from maize (Burton et a!. 1995). Burton et al. (1995) suggested that SBEI from 

pea, SBEIII from rice and SBEII from maize belong to one starch branching enzyme 

family (family A) and the other family (family B) contains all but one of the other SBE 

reported, including SBEII from pea and SBEI from maize. SBEI is significantly more 

active than SBEII in pea embryo development, and that SBEII activity increases later in 

embryo development (Smith, 1988; Burton et al., 1995). The basis for these 

developmental changes is reported due to the changing gene expression (Burton et a!., 

1995). No differential expression of rice branching enzyme isoforms has been reported 

(Mizuno eta!. , 1992). This could be taken to mean that branching of starch in endosperm 

(unlike pea embryo) does not undergo changes in the nature of its branching enzyme 

activity through development (Burton et al., 1995). SBE of potato has been identified as 

similar to SBEI from maize and rice (Poulson and Kreiberg, 1993). In maize, SBEI has 

higher activity on amylose and SBEII has higher activity on AP (Guan and Preiss, 1993). 

The change from SBEI activity to a mixture of SBEI and II activity during pea embryo 

development is accompanied by a change in the structure of amylopectin molecules, 

suggesting that the two isoforms transfer chains of different lengths in vivo. Takeda, 

Guan and Preiss (1993) showed that the latter transfers shorter branches than the former 

during branching of maize amylose in vivo. Burton et al. (1995) showed that AP of 
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young pea embryos gave a shorter average branch length than AP of older embryos. SBE 

of families A and B play different roles in determining the structure of AP in storage 

organs. Differences in the balance of the two isoforms, both in overall activity and 

contributions during development, could also determine qualitative differences in starch 

between different plant species (Burton et a!. , 1995). Crystalline polymorphism is 

determined by the length of AP side chains. In peas SBEI is active during the early stages 

of embryo development which produces short side chains and high number of branches. 

Therefore it produces A-type polymorphs at early stages. The activity of SBEI decreases 

eventually and SBEII activity increases at latter stage of embryo development. SBEII 

produces long side chains and forms B-type polymorphs. Therefore, the centers of pea 

starch granules are rich in B-type whilst peripheral regions are rich in A-type polymorphs 

(Wang eta!., 2012). Potato starch has only SBEII, produces B-type polymorphs. SBEI is 

responsible for AP synthesis in maize, which produces A-type polymorphs. 

Two groups of DBE (isoamylase and the pullulanase) exist m plant, which are 

responsible for the removal of inappropriately positioned branches (pre-amylopectin) 

generated at the surface of the growing starch granules, which would otherwise prevent 

crystallization (Tetlow, 2011 ). a-glucan-water dikinase (phosphorylates glucose residues 

at the C6 position in amylopectin) and phospho-a-glucan-water dikinase (involved in 

phosphorylating amylopectin at the C3 position of glucose residues pre-phosphorylated) 

probably preparing the polymer for degradation by hydrolytic enzymes (Ritte eta!., 2004; 

Zeeman, Kossmann and Smith, 201 0). 
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Figure 2.2 A proposed pathway of starch biosynthesis in seed storage tissue (A) and in a 

cereal endosperm cell (B) (Tetlow, 2011, Copyright Cambridge University 

Press, reproduced with permission) 

(A) In storage tissues of dicots AGPase is responsible for the synthesis of ADP-glucose, 

is exclusively localized in the plastid stroma. Hexose-phosphates and ATP for this 

reaction are imported into the plastid from the cytosol via, respectively, the Glc 6-P/Pi 

antiporter (1) and the ATP/ADP transporter (2) located in the inner envelope membrane 

of the plastid. Cytosolic and plastidial isoforms of phosphoglucomutase (PGM) 

interconvert Glc 6-P and Glc 1-P. The antiport substrates for these transporters are 

generated from plastidial reactions involved in starch synthesis; Pi is generated from 

pyrophosphate produced by AGPase, and ADP is a by-product of the starch synthase (SS) 

reaction. ADP-glucose is utilized by the SSs, and the glucan chain branched and 

debranched by starch branching enzymes (SBE) and debranching enzymes, respectively, 

to form amylopectin. Granule-bound starch synthase also uses ADP-glucose, and is 

exclusively involved in amylose synthesis. 

(B) The pathway of starch synthesis operating in the endosperms of monocots such as 

cereals. These plants possess a cytosolic form of AGPase and import ADP-glucose from 

the cytosol via an ADP-glucose/ ADP transporter termed Btl. Monocots also possess a 

plastidial form of AGPase (as seen in A), but much of the AGPase in these tissues is 

extra-plastidial . 
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2.3 Granule morphology and size 

The shape and size of the starch granules differ according to the botanical source and the 

environmental conditions under which a crop is grown (Jackson, 2003). Every variety of 

starch has its own characteristic shape ranging from spherical to ellipsoidal, lenticular to 

polyhedral, and average size (Bergthaller and Hollmann, 2007). Diameters of starch 

granules vary from submicrons (amaranth) to 100 11m (canna starch) (Jane, 2006; Perez 

and Bertoft, 2010). Granule morphology is characterized using light microscopy, 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic 

force microscopy (AFM) and confocal laser scanning microscopy (CLSM) (Jane et al. , 

1994; Gallant, Bouchet and Baldwin, 1997; Glaring, Koch and Blennow, 2006). Cereal 

starches are generally small and polyhedric with a concentric hilum. Whereas, tuber 

starches are generally large, ellipsoid or spherical where, apparent shells are around an 

eccentric hilum (Tester, Karkalas and Qi, 2004). 

Pulse starches have been shown to vary in shape (oval, round, spherical, elliptical, 

irregular), width (5 to 55 11m) and length (5 to 70 11m) (Hoover et al. , 2010). Most pulse 

starches are composed of simple granules (Hoover et al., 201 0). However, there are cases 

where more than one granule is produced simultaneously in a single amyloplast. 

Consequently, they are more difficult to separate (Perez and Bertoft, 2010). These 

compound granules have been reported in smooth pea (Bertoft and Qin, 1993) and 

wrinkled pea (Colonna and Mercier, 1984; Zhou, Hoover and Liu, 2004). Internal cracks 

have been shown in mung bean starch (van de Velde, van Riel and Tromp, 2002). 
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Cracking in maize is primarily radial, suggesting less stability in the interactions between 

the radially arranged amylopectin molecules. In general , many larger granules exhibit 

internal cracks regardless of the botanical origin, suggesting an increasing strain on 

amylopectin structure during granule growth (Glaring, Koch and Blennow, 2006). 

Variation in shape and size of starch granules from different botanical origins are 

presented in Table 2.1. 
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Table 2.1 Shape and size of starch granules from different botanical origins 
Starch Shape Size (J..lm) Reference 

Cereal 

Maize (waxy & 

normal) Spherical/polyhedral 2 - 30 Tester and Karkalas (2002) 

Amylomaize Irregular 2-30 Tester and Karkalas (2002) 

Rice Polyhedral 3 - 8 (single) Tester and Karkalas (2002) 

150 

(compound) Tester and Karkalas (2002) 

Wheat Lenticular (A-type) I 5 - 35 Tester and Karkalas (2002) 

Spherical (B-type) 2- 10 Tester and Karkalas (2002) 

Barley Lenticular (A-type) 15-25 Tester and Karkalas (2002) 

Spherical (B-type) 2-5 Tester and Karkalas (2002) 

Root and Tuber 

Potato Lenticular 5-100 Tester and Karkalas (2002) 

Tapioca Spherical/lenticular 5-45 Tester and Karkalas (2002) 

Pulse 

Adzuki bean Oval/kidney 20-70 Tjahjadi and Breene ( 1984) 

Black bean Oval/round/spherical 7-55 Hoover and Ratnayake (2002) 

Black gram Oval/elliptical 14-23 Sandhu and Lim (2008) 

Chickpea Oval/spherical 9-30 Hoover and Ratnayake (2002) 

Cowpea Oval/spherical 3-64 Okechukwu and Rao ( 1996a) 

Fababean Oval/spherical 9-48 Haase and Shi ( 1991) 

Grass pea Ova 1/round/e ll i ptical/ irregu lar 26-34 Jayakody et al. (2007) 

Jack bean Oval/round 12-34 Lawai and Adebowale (2005a) 

Kidney bean Oval/round/elliptical 5-3 5 Yoshida et al. (2003) 

Lentil Oval/round/e lliptical 6-37 Hoover and Manuel ( 1995) 

Mung bean Oval/round 7-32 Hoover et al. ( 1997) 

Moth bean Oval/round 6-28 Wankhede and Ramtehe ( 1982) 

Navy bean Oval/round/e lliptical 14-32 Hoover and Ratnayake (2002) 

Northern bean Oval/round/irregular 12-62 Hoover and Sosu I ski ( 1985) 

Smooth pea Oval/round/irregular 2-50 Ratnayake et a l. (200 I) 

Wrinkled pea Round 5-37 Zhou, Hoover and Liu (2004) 

Pinto bean Oval/round/irregular 6-42 Zhou, Hoover and Liu (2004) 

Yam bean Oval/round/ irregular 5-35 Forsyth et a l. (2002) 

Source: Hoover et a l. (20 I 0); Tester and Karkalas (2002) 
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2.4 Molecular architecture of starch 

Starch is considered to be structured on five different length scales (Fig. 2.3): 1) whole 

granule architecture (1-1 00 )lm), 2) growth rings (120--400 nm), 3) blocklets (20-500 

nm), 4) amorphous and crystalline lamellae (9 nm) and 5) amylopectin and amylose 

chains (0.1- 1.0 nm) (Tester, Karkalas and Qi, 2004; Perez and Bertoft, 2010). Amylose 

and amylopectin are organized into a complex, alternating semi-crystalline (hard) and 

amorphous (soft) shells (Fig. 2.3a). The growth ring consists of alternating amorphous 

and semi-crystalline shells. Blocklet structures (Fig. 2.3b) are present in both hard and 

soft shells. These blocklets are described to have alternative crystalline and amorphous 

lamellae (Fig. 2.3c ). The crystalline regions of the lamellae are formed mainly by double 

helices of amylopectin side chains packed laterally into a crystalline lattice, whereas the 

amorphous regions of the granule contain the branch points of amylopectin molecules 

(Dona et al. , 201 0). Dang and Copeland (2003) proposed an arrangement of blocklets 

within starch granule using atomic force microscopy (Fig 2.4). The blocklets have been 

shown to have an average size of 100 nm, and comprise approximately 280 amylopectin 

side chain clusters. 
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Figure 2.3 Schematic representation of the several levels of ultrastructure of starch: (a) 

starch granule showing growth rings; (b) blocklets in semi-crystalline and 

amorphous rings; (c) blocklet; (d) amorphous and crystalline lamellae in a 

stack and part of an amorphous growth ring; (e) aligned double helices (from 

amylopectin side chains) within a crystalline lamella and amylopectin branch 

points within an amorphous lamella (adapted from Perez and Bertoft, 201 0). 
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Figure 2.4 Schematic representations of the arrangement of blocklets in starch granules 

and the proposed arrangement of amylopectin side chain clusters within each 

blocklet using atomic force microscopy. Dashed lines indicate extension of 

the diagrammatic representation (Dang and Copeland, 2003, Copyright 

Elsevier, reproduced with permission). 
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2.5 Molecular composition of starch granules 

Starch is made up of polymerized glucose molecules organized into two types of a-(1 ~4) 

glucans, amylose and amylopectin (Fig 2.5). Amylose is mainly linear with very few 

branches whereas amylopectin chains are branched every 20-30 glucose residues by a

(1 ~4) linkages. The ratio of the two polysaccharides varies according to the botanical 

origin of the starch (Tester, Karkalas and Qi, 2004; Jane, 2006). Normal starches, such as 

corn and rice consist of about 70-80% amylopectin and 20-30% amylose (Jane et a!. 

2006). The 'waxy' starches (lacking GBSS activity) contain less than 15% amylose and 

'high' amylose starches (ae mutant) greater than 40% (Tester, Karkalas and Qi, 2004). 

The approximate composition of starches of different botanical origin is presented in 

Table 2.2. 

Intermediate materials having structures and properties between the linear amylose 

molecules and the large amylopectin are also found in starch granules (Perez and Bertoft, 

201 0). Intermediate materials have been reported in high amylose maize cultivars 

(Buleon et al., 1998; Yuan, Thompson and Boyer, 1993) and wrinkled pea (Bertoft and 

Qin, 1993). Phytoglycogen, a water soluble polysaccharide, is found in sugary-1 maize 

(su mutant) endosperms (Boyer, Simpson and Damewood, 1982; Perez and Bertoft, 

2010). In addition to the major polysaccharide components, starch granules also contain 

very small amounts of proteins, lipids and phosphorus (Tester, Karkalas and Qi, 2004). 
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Figure 2.5 Schematic diagram of amylose (a) and amylopectin (b) (Adapted from Robyt, 

2009) 
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Table 2.2 Proximate composition of starches 

Amylose Lipid Nitrogen Phosphorus 

Starch (%) (%) (%) (%) Reference 

Cereal 

Normal maize 29.9 0.75 0.02 - Hoover and Manuel ( 1996b) 

Waxy maize 1.20 0.22 0.02 - Hoover and Manuel (1996b) 

Amylomaize 65.5 0.95 0.03 - Hoover and Manuel ( 1996b) 

Rice 

Wheat 27.30 0.7 0.04 - Hoover and Vasanthan ( 1994a) 

Barley 23 .6-29.0 0.91 0.30 0.02-0.06 Tester ( 1997); Li et al. (200 I) 

Root and Tuber 

Potato 28. 10 0.20 0.09 0.10 Gunaratne and Hoover (2002) 

Tapioca 33.4 - - 0.02 Atichokudomchai and Varavinit (2003) 

Pulse 

Adzuki bean 17.6-34.9 0.03-0.60 0.01-0.07 - Tjahjad i and Breene ( 1984) 

Black bean 27.2-39.3 0.20-0.50 0.04-0.07 - Zhou, Hoover and Liu (2004) 

Black gram 30.7-34.6 0.08-0.14 0.10-0.15 - Singh et al. (2004) 

Chickpea 30.4-35 .0 0.10-0.50 0.08-0. 10 - Hughes et al. (2009) 

Cowpea 25 .8-33.0 0.20-1.33 0.06-0.09 - Huang et al. (2007) 

Fababean 17.0-42.0 0.08-1.40 0.33-0.43 - Haase and Shi (1991) 

Grass pea 35 .2-38.3 0.12 0.04-0.09 - Jayakody et al. (2007) 

Jack bean 37.5 0.12-0.14 0.09-0. 16 - Lawai and Adebowale (2005a) 

Kidney bean 34.0-4 1.5 0.18 0.02-0.05 - Yosh ida et al. (2003) 

Lentil 23 .5-32.3 0.01-0.08 0.03-0.09 - Hoover and Ratnayake (2002) 

Mung bean 33-45.3 0.04-0.32 0.02-0.05 - Hoover et al. ( 1997) 

Moth bean 27.0 0.16 0.06 - Kevate et a l. (2007) 
Navy bean 28.6-4 1.4 0.09-0.60 0.02-0.05 - Hoover and Ratnayake (2002) 

Northern bean 3 1.6-4 1.0 0.2-0.5 0.06-0. 16 -
Sathe and Salunke (1981 ) 

Smooth pea 24.0-49.0 0.02-0.08 0.02-0.07 - Chung et al. (2008) 

Wrinkled pea 60.5-88.0 0.80-0.84 0.05-0.08 - Ratnayake et a l. (200 I) 

Pinto bean 3 1.3-37.4 0. 12 0.05-0.07 - Hoover et al. (20 I 0) 

Yam bean 11.6-23.6 - - - Melo et a l. (2003) 
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2.5.1 Amylose 

2.5.1.1 Fine structure of amylose 

Amylose is defined as a linear molecule of (1-4) linked a-D -glucopyranosyl units, but it 

is now well established that some molecules (potato, maize) are slightly branched (- 1%) 

by (1-6)-a -linkages (Buleon et al. 1998). Most starches contain a mixture of linear and 

branched amy loses (Hizukuri et al. , 1981 ; Takeda, Maruta and Hizukuri , 1992). The 

molecular weight of amylose varies from 1 x 105 to 1 x 106 g/mol (Biliaderis, 1998; 

Buleon et al. , 1998; You et al. , 2002) and a number degree of polymerization (DP n, 324-

4920) with around 9- 20 branch points equivalent to 3-11 chains per molecule (Hizukuri 

et al. , 1981 ; Takeda et al. , 1987; Yoshimoto et al., 2000; Tester, Karkalas and Qi, 2004). 

Each chain contains approximately 200- 700 glucose residues equivalent to a molecular 

weight of 32,400- 113,400 (Morrison and Karkalas, 1990; Tester and Karkalas, 2002). 

Linearity of amylose is defined by susceptibility of the molecule to hydrolysis towards ~

amylase. This enzyme splits the (1 - 4) bonds from the non-reducing end of a chain 

releasing ,8-maltosyl units, but cannot cleave the (1-6) bonds (Buleon et al., 1998). 

When degraded by pure ,8-amylase, linear macromolecules are completely converted 

into maltose, whereas branched chains yield maltose and one ,8-limit dextrin consisting of 

the remaining inner core polysaccharide structure (Bank and Greenwood, 1975; Buleon et 

al. , 1998). The ~-amylolysis limit of amylose varies from 72-95% compared to 55-61% 

for amylopectin (Jane, 2009). 

23 



2.5.1.2 Conformation of amylose 

Amylose conformations are generally denoted as double helical A and B, and single 

helical V -amylose types, with different configurations of water molecules and crystal 

orientations (Schnupf et a!., 2009). The most recent models for A and B amylose 

structures are based upon 6-fold left-handed double helices with a pitch height of 2.08-

2.38 nm (Buleon et a!., 1998). A minimum CL of DP 10 is required for double helix 

formation in a pure oligosaccharide solution (Greenwell et al., 1985; Gidley and Bulpin, 

1987; Pfannemuller, 1987). V -amylose is a generic term for amy loses obtained as left

handed helices with an internal cavity where the complexed ligand such as iodine, 

dimethyl sulfoxide (DMSO), alcohols or fatty acids can reside (Saenger, 1984; Buleon et 

a!., 1998). The conformation of amylose in solution has been shown to vary from helical 

to an interrupted helix to a random coil (Banks and Greenwood, 1971 ; Yamamoto et al. , 

1982). Proposed models for amylose structure in aqueous solution are shown in Fig. 2.6. 

In a freshly prepared aqueous solution, the amylose chain adopts an unstable random coil 

structure (Hayashi, Kinoshita and Miyake, 1981) whereas the helical conformation is 

attained in neutral or alkaline solutions in the presence of complexing agents (lipids, 

iodine) (Banks and Greenwood, 1971). Interrupted helix conformation consists of 

regions of loose and extended helices, which alternate with shorter random coil segments 

(Senior and Hamori, 1973). The helical portions are thought to be stabilized by 

intramolecular hydrogen bonds (Cheetham and Tao, 1998). With the addition of water, 

the intramolecular hydrogen bonding in amylose is gradually replaced by amylose-water 

intermolecular hydrogen bonds, leading to conformational changes (Cheetham and Tao, 
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1998). The helix formation is induced by the lower energy of the ligand in the helix 

cavity and the driving force for the creation of these complex structures has been 

attributed to the tendency of amylose to minimize its interaction with water (Heinemann 

et al., 2001; Putseys et al. , 2010). 
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Figure 2.6 Models proposed for amylose conformation in aqueous solution (adapted from 

Banks and Greenwood, 1975; Yamamoto eta!., 1982) 

(a) Random coil 

(b) Interrupted he! ix 

(c) Tightly wound helix 
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2.5.1.3 Location of amylose 

The location of amylose in the starch granule is not well understood. Earlier studies 

postulated that amylose is located in bundles between amylopectin clusters (Nikuni, 1978; 

Blanshard, 1986; Zobel 1992) and randomly interspersed among amylopectin clusters in 

both the amorphous and crystalline regions (Jane, Radosavljevic and Seib, 1992). 

Jane and Shen (1993) proposed (based on cold gelatinization in the presence of CaCh), 

that amylose is more concentrated in the periphery of the potato starch granule. In 

contrast, Tatge et al. (1999) (based on amylose synthesis in transgenic potato starch 

granules) suggested that amylose is largely confined to a central region of the granule. 

Jenkins and Donald (1995) (based on small angle X-ray scattering studies) hypothesized 

that amylose in maize, barley and pea starches is predominantly located in the amorphous 

growth rings, and that the interaction between amylose and amylopectin in these 

amorphous regions may be the cause of decreased crystallinity. Enzyme-gold labeling 

studies combined with iodine staining of hydrated maize and potato granules indicated 

that amylose is localized in distinct amorphous regions around the hilum (Atkin et al. , 

1999). The above finding was supported (Blennow et al. , 2003; Gray and BeMiller, 

2004; Glaring, Koch and Blennow, 2006) APTS (8-aminopyrene-1 ,3,6-trisulfonic acid) 

staining. APTS forms a covalent link with the reducing end of starch molecules. Perez 

and Bertoft (20 1 0) reported that amylose chains in A-type starches (maize) are believed 

to be in a single helical state, although a small proportion may be involved in lipid 
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complexes. Some of the larger (non-leachable) amylose chains may be involved m 

double-helical interactions with amylopectin. 

Zobel (1988a) postulated that amylose chains are probably co-crystallized (Fig 2.7b) with 

amylopectin chains in potato starches (based on water leaching, iodine reaction, complex 

formation with lipid, enzyme attack, set-back character and DMSO solubility studies). 

Later, Jane (2007) showed that amylopectin clusters may contain amylose tie chains, 

which are portions of macromolecules that connect with the crystalline lamella and have 

elongated (straightened) conformations inside the crystalline lamellae and an unordered 

conformation after extending from crystalline to amorphous lamellae (Fig 2. 7c ). Co

crystallization between amylose and amylopectin chains and penetration of amylose tie 

chains into amorphous regions has been suggested to disrupt the packing arrangement of 

crystalline lamellae based on small angle X-ray scattering studies of maize and barley 

starches (Jenkins and Donalds, 1995). However, amylose helices may contribute to the 

crystallinity in high amylose starches (Buleon et a!., 1998; Hoover, 2001). Recently, 

Wang et a!. (20 12) postulated that in pea starches (C-type polymorph), the majority of 

amylose is localized at the center of the granules (Fig. 2.8), whereas the outer part of the 

granules is predominantly composed of amylopectin interspersed with some amylose 

molecules. 
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Figure 2.7 (a) Amylopectin structure with no amylose present- small packing by amylose 

(Jenkins and Donald, 1995, Copyright Elsevier, reproduced with permission) 

(b) co-crystallinity between amylose and amylopectin moves a number of 

amylopectin chains out of register- increase crystalline lamellar size (Jenkins 

and Donald, 1995, Copyright Elsevier, reproduced with permission) 

(c) A model for amylose tie chains localization m amylopectin cluster 

(adapted from Yuryev et al. , 2007) 
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Figure 2.8 A proposed model of starch granule organization in pea starch (Wang 

et al., 2012, Copyright Elsevier, reproduced with permission). 

a- SEM image of a pea starch granule after 2 days of acid (2.2N HCl) hydrolysis 

b - Starch granule according to the growth ring model 

c - Chain distribution model 
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2.5.1.4 Amylose-inclusion complex 

Amylose has a helical structure where the interior of the helix contains hydrogen atoms, 

while the hydroxyl groups remain on the outside (Buleon et a!. , 1998). The hydrophobic 

helical cavity which provides a high affinity site for the apolar (part of the) ligand 

(Rutschmann and Solms, 1990; Whittam eta!. , 1989). Complex between amylose and an 

inclusion compound is a reversible process (Biliaderis, 1998). Depending on the size of 

these complexing agents, the amylose chain can take up a helical structure having either 

six, seven or eight glucose units per turn (Perez and Bertoft, 201 0). Amylose 

complexation occurs with iodine (Rundle and French, 1943), potassium hydroxide (Sarko 

and Biloski , 1980), DMSO (Simpson, Dintzis and Taylor, 1972) and monoacyl glycerols 

(Ghiasi, Varriano-Marston and Hoseney, 1982). 

The amylose- lipid complexes (Fig. 2.9a) can be crystalline or amorphous depending on 

the temperature at which they form (Biliaderis, 1992; Godet, Bizot and Buleon , 1995). 

In the native starch granule, the starch- lipid complex is in an amorphous state and it can 

be annealed into a more ordered semi-crystalline forn1, which displays a V -type X-ray 

diffraction pattern (Perez and Bertoft, 201 0). Generally 18- 24 glucose units are required 

for the complexation of one lipid molecule (i.e. fatty acid or monoacyl glycerol with 14, 

16, 18, . .. carbon atoms in its tail), organized in three turns, each containing six or eight 

glucose residues per pitch (Carlson eta!., 1979). However, Godet eta!. (1996) stated that 

amylose chains of DP 20 are too short to complex with a lipid. 13C-cross 

polarization/magic angle spinning NMR showed that up to 43 % of amylose in non-waxy 
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rice starch, 33% in oat starch, and 22% in normal maize and wheat starch granules are 

complexed with lipids with a single helical conformation (Morrison, Law and Snape, 

1993). 

The starch-iodine complex (Fig. 2.9b) has been shown to consist of a linear array 

of iodine atoms occupying the cavity of a helical polysaccharide molecule (Hanes, 193 7). 

This was later confirmed by X-ray diffraction analysis by Rundle and French (1943). The 

complex produces a deep blue color, which is used to identify amylose-containing 

starches and to measure quantitatively the level of amylose in starch either by color 

intensity or potentiometrically (Schoch, 1964). The primary structures of the polyiodide 

chains are composed of h- and 15- subunits, combined to form four dominant polyiodide 

chains (19
3
- , 111

3
- , I 1l -and 115

3
- ) which give different absorbance spectra when 

complexing with amylose (Yu, Houtman and Atalla, 1996). Absorbance maxima of 

those spectra are 480- 510, 610- 640, 690- 720 and 730- 760 nm, respectively. The length 

of the 1--+4 a-glucan chains available for complex formation and molecular size of 

amylose influences the relative proportions of the individual spectra (Knutson, 2000). 

The color of the amylose- iodine complex has been reported as brown (DP 21- 24), red 

(DP 25- 29), red- violet (DP 30- 38), blue- violet (DP 39-46), and blue (DP > 47) (John, 

Schmidt and Kneifel, 1983). 
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Figure 2.9 Schematic representations of amylose inclusion complexes (Adapted from 

Carlson et al. , 1979; Calabrese and Khan, 1999) 

(a) Amylose - lipid complex 

(b) Amylose- iodine complex 
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2.5.1.5 Determination of amylose content 

The amylose content of pulse starches has been shown to range from 24-88 % (Hoover et 

al. , 201 0). The amylose content and the amylose-amylopectin ratio in starches have 

traditionally been measured by iodine-binding procedures, whether 

amperometric (Larson, Gilles and Jenness, 1953), potentiometric (Banks and Greenwood, 

1975), or spectrophotometric (Morrison and Laignelet, 1983). These procedures are 

based on the amylose-iodine complex, which exhibit a blue color characterized by a 

maximum absorption wavelength (Amax) above 620 run (Herrero-Martinez, Schoerunakers 

and Kok, 2004). However, amylopectin also forms complexes with iodine which absorb 

at similar wavelengths (A.max :::::: 540 run) and have been shown to interfere with amylose

iodine absorption in colorimetric methods (Banks and Greenwood, 1975; Takeda, 

Hizukuri and Juliano, 1987). Knutson (2000) reported that only linear branches 

of amylopectin that are long enough to form a helix can develop a complex with iodine in 

the same manner of amylose; but the short length of these branches originates unstable 

purple to red color complexes (Rundle and French, 1944). The iodine-binding capacity of 

pure amylose is reported to be 19- 22% of its weight (Banks, Greenwood and Khan, 

1971 ), whereas for amylopectin it is about 1% (Gerardet al. , 2001 a). Other techniques for 

measuring amylose content include concanavalin A binding (Matheson and Welsh, 1988), 

differential scanning calorimetry (DSC) which measures the energy that evolves from 

melting of the amylose-lipid complexes (Mestres et al. , 1996), size exclusion 

chromatography (SEC) (Yamada and Taki, 1976; Hanashiro, Shinohara and Takeda, 

2003) and more recently, asymmetric flow field flow fractionation (Kim et al. , 2007). 
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However, recently Fitzgerald eta!. (2009) compared various techniques used for amylose 

measurement of rice and suggested the need to revisit and standardize of amylose 

determination methods. 

2.5.2 Amylopectin 

2.5.2.1 Fine structure of amylopectin 

Amylopectin is the highly branched component of starch: it is formed through chains 

of a-D -glucopyranosyl residues linked together mainly by (1---+4) linkages but with 5-

6% of (1---+6) bonds at the branch points (Buleon et al., 1998). Amylopectin is a much 

larger macromolecule than amylose with a molecular weight of 1 x 1 0 7- 1 x 109 (Banks, 

Greenwood and Walker, 1970; Morrison and Karkalas, 1990; Mua and Jackson, 

1997; Buleon et al. , 1998; Biliaderis, 1998). The DPn ranges between 9600-15,900 and 

comprises three major species with DPn 13,400- 26,500, 4400- 8400 and 700-2 100 

(Takeda, Shibahara and Hanashiro, 2003). 

2.5.2.2 Unit chain distribution of amylopectin 

Peat eta!. (1952) defined the basic organization of the chains as A, B and C chains. The 

individual chains can be specifically classified in terms of their chain lengths (CL) and 

position within starch granules (Hizukuri, 1985; 1986). A chains are unbranched and 

linked to the macromolecule by their reducing end. In contrast, B chains are highly 

branched. Depending on the CL and correspondingly the number of (radial) clusters 
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traversed within the native granule, B-chains are referred to as B1-B4 (one to four 

clusters) (Hizukuri, 1986; Tester, Karkalas and Qi, 2004). The A and B 1 chains (Fig. 

2.10) are the most external (exterior) and form double helices (and crystallites) within the 

native granules (Tester, Karkalas and Qi, 2004). In addition, each macromolecule 

contains a single C-chain, which carries the sole reducing end group. 

Typical CLs for A, B1- B4 chains for different starches (after debranching with 

isoamylase) are 12-16, 20-24, 42-48, 69- 75 and 101- 119, respectively (Hizukuri , 

1986; Wang and White, 1994). Hanashiro et al. (2002) described the distribution of C

chains after labelling with a fluorescent dye and reported that the chains covered the DP 

range 10- 130, possessing a peak in size-exclusion chromatograms at DP 40 for several 

amylopectin samples (Perez and Bertoft, 201 0). The ratio of A- to B-chains depends on 

the starch source and is typically of the order of < 1:1 to > 2:1 on a molar basis or < 0.5:1 

to > 1:1 on a weight basis (Morrison and Karkalas, 1990; Tester and Karkalas, 2002). A 

type starches (most cereals) have shorter CL on average than B type starches (like potato) 

(Hizukuri, 1985; Li et al., 2001). 
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Figure 2.10 A cluster model for amylopectin with A, and B1-B3 chains. <D- reducing 

end; CL - chain length in degree of polymerization (Adapted from Hizukuri, 

1986) 
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High-performance size-exclusion chromatography (HPSEC) with a differential 

refractometer and high-performance anion-exchange chromatography with pulsed 

amperometric detection (HP AEC- P AD) have been frequently used for the examination of 

the amylopectin chain length distribution (Tomlinson, Lloyd and Smith, 1997; 

Hanashiro et a!., 2002). HPSEC provides a description of all chains in the 

debranched starch dispersion but cannot resolve peaks for any particular DP (Yuan, 

Thompson and Boyer, 1993 ; Klucinec and Thompson, 1998). Fluorophore-assisted 

carbohydrate electrophoresis (FACE) has been applied in starch structure analysis 

(O'Shea et a!., 1998). HPAEC-PAD has the capability to quantitatively describe the 

chains longer than DP 50, while FACE has no such capability (Yao, Guiltinan and 

Thompson, 2005). However, FACE has the advantage in more precisely quantifying 

short chains ranging from DP 6-12 (Yao, Guiltinan and Thompson, 2005). 

2.5.2.3 Branch structure and the polymorphism of starch granule 

Double helices are formed by winding two amylopectin branch chains together and are 

packed in the crystalline lamellae of the starch granule into two different patterns, which 

are called A- and B-type polymorphic structures. The C-type polymorphic starch is a 

mixture of A-type and B-type polymorphic structures. A-type polymorphs are found in 

cereal starches such as wheat, corn and barley, while B-type polymorphs are found in 

tuber starches such as potato and high amylose cereal starches (Singh and Ali, 2000). 

The C-type polymorph is characteristic of most pulse starches (Hoover et a!. 20 1 0). The 

double helices within the two polymorphic forms are identical with respect to helical 
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structure (Gidley, 1987; Tester, Karkalas and Qi, 2004). The A-type polymorphic 

structure is relatively compact with a low water content ( 4 H20 molecules), whilst the B

type polymorph has a more open structure containing a hydrated (36 H20 molecules) 

helical core (Fig. 2.11 ). A-polymorph chains are crystallized into a monoclinic lattice 

with maltotriose as a repeating unit whereas the B-polymorph crystallizes into a more 

open hexagonal unit cell with maltose as a repeating unit (Imberty and Perez, 1988; 

Imberty et al., 1988). In addition, in A-type starches, the a (1 ~6) branch linkages are 

located within the crystalline and amorphous areas, whereas in B-type starches the 

branches are located solely within the amorphous area, which produces an inferior 

crystalline structure (Fig. 2.12) (Tester, Karkalas and Qi, 2004). 

In B-type starches, due to their high amylose content, double helices in crystallites are 

formed to a larger extent, by the intertwining of linear amylose chains, whereas in A-type 

starches double helices in crystallites are formed mainly by the interwining of the outer 

branches of amylopectin (Jayakody and Hoover, 2002). Therefore, double helices in the 

B-type starches would be more tightly packed due to strong interactions, via hydrogen 

bonding and Van der Waals forces, between linear amylose chains than those present in 

A-type starches (Jayakody and Hoover, 2002). The inner diameter of the double helix 

cavity is 0.35 nm, while the outer diameter is 1.03 nm (Biliaderis, 1998). The average 

chain length of A-type starches has been shown to be shorter than that of C- and B-type 

polymorphic starches. A-type polymorphic starch has a greater population of short branch 

chains whereas the B-polymorphic starch has more long branch chains (Jane, 2006). 
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Recently, Xijung et al. (2012) proposed a model for the organization of blocklet in A and 

B type starches (Fig. 2.13 ). Bertoft and Wiik (2004) proposed a two directional backbone 

model (Fig. 2.14) of the clustered structure of amylopectin based on the acid treatment of 

maize and potato starches. They observed that regardless of the polymorphic type (maize 

[A type] , potato [B type]), long amylopectin chains are completely hydrolyzed by 2.2 N 

HCl after 2 days. Based on the observation, they suggested that amylose molecules and 

long chains of amylopectin (DP > 34) are probably present within the amorphous region. 

Double helices of amylopectin are built up from an amorphous backbone of long chains 

(DP > 34) onto which side chain clusters are attached (Bertoft and Wiik, 2004). 
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Figure 2.11 Double helices arrangement of A-type and B-type crystallites in starch 

granules (adapted from Wu and Sarko, 1978a; 1978b). 
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Figure 2.12 Proposed models for A-(waxy maize starch) and B- (potato starch) type 

amylopectin branching patterns (adapted from Jane, Wong and McPherson, 

1997). 
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Figure 2.13 Proposed models for blocklet arrangement of A and B -type starches (Xijun 

et a!. , 2012, Copyright Elsevier, reproduced with permission). 
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Figure 2.14 Schematic representation of a two-directional backbone model of 

amylopectin. Double helices (cylinders) of the clusters are found in the 

crystalline lamella (above thin dotted line). The left handed arrow 

represents how the macromolecule could be turned into a left-handed super 

helix (adapted from Bertoft and Wiik, 2004). 
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2.5.2.4 Starch crystallinity 

The crystalline nature of starch depends on both genetic control and climatic conditions 

during the plant growth (Buleon et al., 1998). The crystalline structure of starch is 

attributed to structural elements of amylopectin. Hence, the short chains with 

polymerization degrees ranging between 15 and 18 probably have a double helical 

conformation (Buleon et al., 1998). According to the Imberty and Perez (1988) model, in 

the 9 nm repeat distance (crystalline and amorphous lamellae), the crystalline region 

represents 5 - 6 nm. Native starch crystallinity ranges between 15 - 45 % (Jane, 2006). 

Hizukuri et al. (1997) suggested that the chain length involved in the crystalline phase 

and the branching pattern in amylopectin molecules influence the crystallinity and the 

crystalline type. However, temperature and hydration conditions during the plant growth 

have also been shown to induce some important changes in the A:B composition (Buleon 

et al. , 1998). Dry and warm condition favors formation of A type crystallite whereas B 

type crystallite formation is favored in wet and cold conditions (Buleon et al., 1982). 

Double helical content (Table 2.3) in starch has been determined by 13C cross polarization 

magic angle spinning nuclear magnetic resonance (13C CP/MAS NMR) (Bogracheva, 

Wang and Hedley, 2001 ; Paris et al. , 2001 ; Tan et al. , 2007; Lopez-Rubio et al. , 2008). 

NMR is considered a short distance range probe, measuring order at the level of 

individual helices (Fig. 2.15), i.e., it distinguishes helices either in or out of crystalline 

registry (Tan et al. , 2007). Wide angle X-ray scattering (W AXS) provides distinctive X-
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ray scattering patterns for different starch polymorphs (Fig. 2.16). The X -ray diffraction 

pattern of starch granules is due to the regular crystalline arrangement of ordered, tightly 

packed parallel glucan helices of amylopectin molecules (Bergthaller and Hollmann, 

2007). The crystalline V -form characteristic of amylose complexed with fatty acids and 

monoacylglycerols arise from single helices of amylose (Lopez-Rubio et al., 2008; 

Saibene et al., 2008). 

Table 2.3 

Double helical content of starches determined by 13C CP/MAS NMR 

Starch 

Waxy maize 

Normal maize 

Gelose 50 

Gelose 80 

Rice 

Barley 

Wheat 

Potato 

Waxy potato 

Pea 

Low amylose pea 

Double helical content 

(%) 

46-47 

33-37 

18 

18-26 

38 

21 

22-31 

44-48 

50.9 

39.7 

48.6 

Sources: Bogracheva, Wang and Hedley (2001), Tan et al. (2007), Lopez-Rubio et al. 

(2008) 

46 



Figure 2.15 13C CP/MAS NMR spectrum of a native starch 
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Figure 2.16 X-ray diffraction patterns of A-, B-, C- and V- type starches with their 

characteristic d-spacings (adapted from Zobel, 1988a, b) 
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2.5.3 Protein 

The protein content of native starch granules varies from 0.1-0. 7% by weight (Biliaderis, 

Grant and Vose, 1981 ). Granule-bound proteins are found on the granule surface and 

within the interior [integral proteins] (Perez and Bertoft, 201 0). Baldwin (200 1) reported 

that starch granule associated proteins may be associated with lipids on granule surfaces. 

Integral proteins (include residues of enzymes involved in starch biosynthesis, 

especially starch synthase) have a higher molecular weight (50- 150 kDa) than surface 

proteins (15-30 kDa) and (Baldwin, 2001). The amount of protein associated with starch 

granules depends on both the botanical origin of the starch and its degree of purification 

during extraction (Baldwin, 2001). However, a typical well-washed cereal starch sample 

contains ~ 0.25 % protein (Skerritt et a!., 1990), whilst a typical protein content of pulse 

starches has been reported to be generally in the range of 0.06-0.43 % (Hoover et a!., 

201 0). In wheat, the starch surface protein, friabi lin, has received much attention because 

of its proposed association with grain hardness (Greenwell and Schofield, 1986; Oda and 

Schofield, 1997; Baldwin, 2001; Tester, Karkalas and Qi, 2004). 

2.5.4 Lipid 

Generally, cereal starches (com, wheat, rice) contain relatively high levels of lipid (0.2-

0.8%) while, tuber (potato) and root (tapioca) starches have lower levels of lipids (0.1-

0.2%) (Table 2.2). Lipids associated with isolated cereal starch granules have been found 

to occur on the surface as well as inside the granule (Morrison, 1981 ). Integral lipids of 
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cereal starches are found in the form of lysophospholipids (LPL) and free fatty acids 

(FF A) whereas, the surface contaminants comprise triacylglycerols, glycolipids, 

phospholipids and free fatty acids derived from the amyloplast membrane and non-starch 

sources (Morrison, 1981 ). Surface and internal lipids differ in extractability from 

granules with common lipid solvents. Surface lipids are extractable with cold solvents 

(chloroform and ether), whereas internal lipids can be extracted with hot aqueous alcohol 

(propanol-water 3:1 [v/v]) (Vasanthan and Hoover, 1992). LPL and FFA are positively 

correlated with the amylose fraction (section 2.5.1.4) and the LPL may account for up 

to-2% of starch weight (in high amylose cereal starches) (Tester, Karkalas and Qi, 2004). 

Linoleic (18:2) and palmitic (16:0) acids are the major components of cereal starches 

(Morrison, 1988). Stearic (18:0), oleic (18: 1) and linolenic (18 :3) acids could be present 

in trace amounts (Morrison, 1988). 

2.5.5 Phosphorus 

Phosphorus is present as phosphate monoesters and phospholipids in various starches, 

which varies considerably with the botanical origin of starch. Tuber starches (potato) 

have been shown to have a higher phosphate monoester content (- 0.09%) than cereal 

starches (Hizukuri, Tabata and Nikuni, 1970; Lim, Kasemsuwan and Jane, 1994; 

Blennow et al., 1998; McPherson and Jane, 1999), and one in 200- 500 glucose residues 

on average being phosphorylated in potato starch. Takeda and Hizukuri (1982) have 

studied the location of phosphate groups in potato amylopectin and showed that one 
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phosphate monoester group per 317 glucose residues, equivalent to one phosphate group 

per 13 branch chains. Studies have shown that most of the phosphate groups in the tuber 

starches are covalently bound to amylopectin but not to amylose (Blennow et al. 2002). 

The enzyme a-glucan water dikinase (GWD) is responsible for the starch 

phosphorylation. GWD catalyzes the formation of starch phosphate esters from ~

phosphate group of A TP to the C-6 or C-3 positions of the glucose residues (Blennow et 

al., 2002). Blennow et al. (2002) reported that the C-6 position aligns well in one of the 

double-helix surface interior and will not severely affect double-helix formation or the 

crystal packing. Whereas, C-3 hydroxyl groups protrude from the double-helical surface, 

which will probably have greater effects on starch double-helix packing (Fig. 2.17). 

Consequently, this will have an influence on the crystallinity of starch and hence starch 

properties. Studies have shown that phosphate monoesters and phospholipids have 

different effects on starch pasting properties. For instance, phosphate monoester increase 

paste clarity and paste viscosity in potato starch whereas phospholipids found in normal 

cereal starches (e.g. wheat, rice and maize) decrease paste clarity and viscosity (Morrison, 

1988; Jane, 2009). 
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Figure 2.17 A molecular model of phosphorylated starch (crystalline domain). The 

helices are phosphorylated on the same glucose residue, at the C-3 (a) and 

C-6 (b) positions (Adapted from Blennow et al., 2002). 
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2.6 Starch properties 

2.6.1 Granular swelling and amylose leaching 

Native starches are insoluble in cold water, but they can absorb up to 30% of moisture by 

weight into the amorphous region of the starch granule (Jane, 2004). However, when 

starch granules are heated in presence of water granular swelling occurs. This process 

requires the prior loss of at least some of the ordered structures within the native granule 

(Debet and Gidley, 2006). Crystalline structures of starch molecules are disrupted by 

increased hydrogen bonding between water molecules and hydroxyl groups (Srichuwong 

et a!., 2005b ). Granular swelling is also accompanied by leaching of starch molecules 

from the granules. This material is mainly amylose, while amylopectin may also 

solubilize depending on the nature of the starch and the severity of heat-shear conditions 

employed (Eliasson, 1986; Biliaderis, 2009). Leaching of amylose molecules out of the 

swollen starch granules is referred to as amylose leaching (Whistler and BeMiller, 1997). 

Thus, granular swelling and amylose leaching reflects the extent of starch chain 

interactions (amylose-amylose and/or amylose/amylopectin) within a starch granule. 

Granular swelling and solubilization of macromolecules have an influence on the 

rheological behavior of the starch gel (Lopez, Rolee and Meste, 2004). Tester and 

Morrison (1990) reported that swelling is a property of amylopectin. Granular swelling 

has been shown to increase with higher proportions of long amylopectin chains (DP > 35) 

and to decrease linearly with an increase in amylose content (Sasaki and Matsuki, 1998). 

However, Gomand et al. (201 0) have shown that longer amylopectin chains (DP > 18) 
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inhibit swelling while short chains (DP < 14) favour swelling in potato and cassava 

starches. The extent of granular swelling and amylose leaching has been shown to be 

influenced by: 1) the extent of interaction between starch chains (amylose - amylose 

and/or between amylose and outer branches of amylopectin) (Gomand et al., 2010; 

Hoover et al., 2010; Jayakody et a!., 2007; Karim et a!., 2007; Zhou, Hoover and Liu, 

2004), 2) the amount of lipid complexed with amylose chains (Morrison et al., 1993b; 

Ratnayake et al., 2001; Gunaratne and Hoover, 2002; Nakazawa and Wang, 2004), 3) 

phosphate content (Gunaratne and Hoover, 2002), 4) protein content (Wang and Seib, 

1996), and 4) granular size (Lindeboom, Chang and Tylera, 2004). 

Pulse starches have been shown to exhibit a single stage restricted swelling and low 

extent of amylose leaching (Hoover and Sosulski, 1985 and Schoch and Maywald, 1968), 

whereas normal cereal starches exhibit a two-stage swelling (Langton and Hermansson, 

1989; Doublier, Llamas and LeMeur, 1987; Leach, McCowen and Schoch, 1959). Tuber 

starches (potato) have a higher swelling power than other starches due to the presence of 

higher amount of phosphate ester groups on potato amylopectin (Swinkels, 1985; 

Vandeputte et al., 2003a). 

Granular swelling has been studied by different methods. The classical swelling power 

(SP) technique proposed by Leach et al. (1959) cannot distinguish intragranular water 

from intergranular water. However that blue dextran dye exclusion method proposed by 

Tester and Morrison (1990) to determine granule swelling (known as swelling factor) 

measures only intragranular water. In the blue dextran method, the volume of the starch 
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particles is determined from changes in the concentration of blue dextran dye, which by 

virtue of its high molecular weight (2 x 1 06
) is excluded from the swollen starch granules. 

2.6.2 Gelatinization 

When starch granules are heated in excess water, a point IS reached where the 

birefringence pattern (radial orientation of starch crystallites) starts to disappear and the 

granules begin to swell irreversibly. These phenomena, associated with the disruption of 

granular structure, are called gelatinization (Biliaderis, 2009). Jenkins and Donald (1998) 

proposed that the first stage of gelatinization in excess water is the uptake of water by the 

amorphous background region of the starch granules followed by their subsequent rapid 

expansion, which exerts a strong destabilizing effect on the crystallites contained within 

the crystalline lamellae. Thus, gelatinization of starch is disruption of molecular order 

revealed in irreversible changes in swelling, crystallite melting, loss of birefringence, 

unravelling and dissociation of the double helices and solubility (Stevens and Elton, 

1971 ; Cooke and Gidley, 1992; Jenkins and Donald, 1998). Colonna and Buleon, (2009) 

postulated that gelatinization appears as the result of four processes: ( 1) cleavage of 

existing starch-starch-OH bonds (endothermic), (2) formation of starch-solvent-OH bonds 

(exothermic), (3) the unwinding helix-coil transition of amylopectin helices 

(endothermic) and (4) the formation of amylose lipid complexes. 

Waigh et a!. (2000) proposed a liquid-crystalline model for gelatinization (Fig 2.18). In 

this model, depending on the heating rate and water content, gelatinization results from 
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helix-coil transitions and transformations from a glassy nematic phase to a plasticized 

smectic phase of amylopectin helices. In the nematic state, helices are not aligned into 

lamellae, whereas in the smectic state (as in the granules at native conditions), the 

mesogens (rigid units corresponding to double helices) are aligned which leads to a 9 run 

repeat between the lamellar lengths (Waigh eta!., 2000). At low water content (< 5%, 

w/w), the amylopectin helices are in a glassy nematic state (mesogens are somewhat 

disordered) and the single peak corresponds to a helix-coil transition, whereas at 

intermediate water content (5 - 40%, w/w), biphasic peak corresponds to dislocations 

between double helices (leading to a smectic-nematic transition) and helix-coil transition 

with irreversible disentanglement of double helices, respectively. Since free disassociated 

helices are unstable at excess water content (>40%), lamellar break-up and 

disentanglement of double helices occur simultaneously (Waigh eta!., 2000). 

Starch gelatinization has been studied using wide variety of techniques (Swinkles, 1985; 

Galliard and Bowler, 1987). These include light microscopy (Biliaderis, 1982; Liu and 

Zhoa, 1990), electron microscopy (Leach, McCowen and Schoch, 1959; Ziegler, 

Thompson and Casasnovas, 1993; Valetudie et a!., 1995), light transmission (Hill and 

Dronzek, 1973 ), viscometry (Okechukwu and Rao, 1996b ), swelling and solubility 

determinations (Lansky, Kooi and Schoch, 1949), particle size analysis with laser light 

scattering (Whistler and Doane, 1961), 1H-NMR (Jaska, 1971), 13C CP/MAS NMR 

(Biliaderis, 1992), FTIR (Jane et a!., 1992), W AXS (Biliaderis, 1982; Morrison, Law and 

Snape, 1993), SAXS (Carlson et al. , 1979; Morrison et a!. , 1993) and DSC (LeMeste et 

al. , 1992). 
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The most common and reliable method used for analysis of starch gelatinization 

temperatures (To, onset; Tp, peak; Tc, conclusion) and enthalpy of gelatinization (6H) is 

by a differential scanning calorimetry (Jane, 2004). To and Tc represent the melting of 

the weakest crystallites and melting of highly stable crystallites, respectively (Jacobs et 

al., 1998; Nakazawa and Wang, 2004). Tester and Morrison (1990) postulated that 6H 

reflects the overall crystallinity (quality and amount of starch crystallites) of amylopectin. 

However, Cooke and Gidley (1992) suggested that the 6H primarily reflects loss of 

double helical order (melting of double helices) rather than loss of crystalline order. 

Recently, Lopez-Rubio et al. (2008) have shown that 6H reflects melting of imperfect 

amylopectin-based crystals with potential contribution from both crystal packing and 

helix melting. Gelatinization properties of starches have been shown to vary 

substantially. To varies from 47.8 (sugary-2 maize starch) to 71.5°C (ae-waxy maize 

starch), Tc-To varies from 6.6 (barley starch) to 58.8°C (high amylose maize VII starch) 

and 6H varies between I 0 (barley starch) to 22 Jig (ae-waxy maize starch) (Jane et al. , 

1999). 
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Figure 2.18 Liquid-crystalline model of starch gelatinization 

a) The single stage process in the gelatinization of starch at low water 

contents. 

b) The two stage process involved in the gelatinization of starch in limiting 

water. 

c) The two stage process involved in the gelatinization of starch in excess 

water. The first stage involves a slow dissociation of the helices side by

side. Immediately a helix-coil transition occurs as a secondary effect 

(Waigh eta!. , 2000, Copyright Elsevier, reproduced with permission). 
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Starch gelatinization has been shown to be influenced by starch source, amylose to 

amylopectin ratio, amylopectin structure, water content, lipid content, starch damage and 

presence of salts (Donovan, 1979; Tester, Morrison and Schulman, 1993; Eliasson and 

Gudmundsson, 1996; Hoover and Ratnayake, 2002). Starch gelatinization is an 

endothermic reaction and requires the presence of water or other plasticizers such as 

glycerol (Jane, 2004). Donovan (1979) reported that under insufficient water content, 

starch gelatinization temperature increased and the range of gelatinization temperature 

also broadened and observed a biphasic endotherm. It has been suggested that in the 

presence of less water, the endothermic transition is characterized as a solvent-aided 

melting of crystallites in the starch granules (Donovan, 1979). The gelatinization 

temperature of starch is highly correlated to the branch chain length of amylopectin (Shi 

and Seib, 1992; Yuan, Thompson and Boyer, 1993; Franco et al., 2002). Noda et al. 

(1996) reported that gelatinization transition parameters are influenced by molecular 

architecture of the crystalline region, which is related to the distribution of amylopectin 

short chains (DP 6-11) and not by the proportion of crystalline region (corresponds to 

amylose to amylopectin ratio). They also observed a negative correlation between the 

amount of amylopectin short chains and transition temperatures. Short chains are known 

to be located on the external part of the crystalline structure and form a less stable double 

helical structure and consequently get disrupted by heat at lower temperatures (Hizukuri, 

1986; Jane, 2004). Studies have shown that the melting temperature of B-type crystallite 

is about 20°C lower than that of A-type crystallite at constant water content (Gidley, 

1987; Gidley and Bulphin, 1987). This suggests that the A-type polymorphic structure is 

the more stable of the two polymorphs. 
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Gelatinization of starch also has been studied usmg aqueous alkaline solutions (e.g. 

NaOH, KOH), (CH3) 2SO and various neutral salt solutions such as CaCh, LiCl, KI and 

KSCN (Evans and Haisman, 1982; Jane, 1993). Donavan and Mapes (1980) and 

Kugimiya and Dona von (1981) have observed an additional thermal transition peak at 

high temperature in DSC thermograms (Fig. 2.19) of normal cereal starches (e.g. maize 

and wheat). This peak has been attributed to the melting of the amylose lipid complex 

(Donavan and Mapes, 1980; Hoover and Hadziyev, 1981; Kugimiya and Donavan, 1981 ; 

Bulpin, Welsh and Morris, 1982; Biliaderis et al. , 1985; Eliasson and Krog, 1985). The 

melting temperature of the amylose-lipid complexes have been shown to increase with the 

chain length of the fatty acid (Karkalas et al. , 1995; Raphaelides and Karkalas, 1988). 
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Figure 2.19 A typical DSC thermal curve (50%) solid of a cereal starch showing the 

different melting transitions and the corresponding structural domains 

undergoing a phase change. 

M 1, M2: melting of amylopectin crystallites at intermediate moisture content 

M3 : melting of type 1 amylose-lipid complex 

M4 : melting of type II amylose-lipid complex (adapted from Billiaderis, 1998; 

Biliaderis and Galloway, 1989). 
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2.6.3 Pasting 

Pasting is an important function for many applications of starch, such as thickening and 

sizing agent (Jane, 2004). It is the phenomenon following gelatinization in the 

dissolution of starch (Atwell et a!., 1988), involves granular swelling, leaching of 

molecular components from the granule and eventually, total disruption of the granules. 

The paste is a viscous mass consisting of a continuous phase (a molecular dispersion) of 

solubilized amylose and/or amylopectin and a discontinuous phase of granule remnants 

(granule ghosts and fragments) (Whistler and BeMiller, 1997). 

The Brabender Visco Amylograph was traditionally used worldwide in the 

characterization of the pasting behavior of starches (Okechukwu and Rao, 1996a). Later, 

the Brabender Visco Amy1ograph was largely replaced by the Rapid Visco Analyzer 

(RV A) for routine analyses (Doublier, Llamas and LeMeur, 1987). In both techniques, 

changes in viscosity (consistency) of starch - water dispersions are monitored 

continuously under constant stirring and following a programmed heating and cooling 

cycle. Pasting property of a starch is determined based on parameters including pasting 

temperature (initiation of paste formation); peak viscosity (the highest apparent viscosity 

obtained); breakdown viscosity (the degree of breakdown in viscosity during holding 

period) and setback viscosity (the viscosity after cooling at 50°C). 
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Normal cereal starches display a higher pasting temperature and less peak viscosity and 

less shear thinning than their waxy counterparts due to the presence of amylose and lipid 

(Jane et al., 1999). Yoo and Jane (2002) showed that normal wheat starch with 0.06% of 

phospholipid content showed an extremely high pasting temperature and low peak 

viscosity. Phospholipids form a helical complex with amylose and long branch chains of 

amylopectin, which entangles with amylopectin molecules and prohibits swelling of 

starch granules (Yoo and Jane, 2002). Root and tuber starches (e.g. Potato, tapioca) 

consist of little lipid display lower pasting temperatures and greater peak viscosities 

(McPherson and Jane, 1999). Exceptional low pasting temperature and high peak 

viscosity of potato has been attributed to its large content of phosphate monoesters (-

0.08 %) and large granule size. Pasting properties have been shown to be influenced by 

several factors such as botanical source, granule rigidity and granule size, extent of 

granular swelling and amylose leaching, heat, shear and stirring rate, heating temperature, 

starch concentration, the presence of solutes, friction between swollen granules, 

phosphate monoester content and the proportion of long amylopectin branch chains 

(Evans and Haisman, 1979; Ziegler, Thompson and Casasnovas, 1993; Hoover and 

Vasanthan, 1994b; Eerlingen et al., 1996; Jane et al., 1999; Hagenimana and Ding, 2005). 

2.6.4 Retrogradation 

The formation of an elastic gel when a heated starch suspensiOn is cooled is called 

retrogradation. Retrogradation profoundly influences quality, acceptability and shelf life 
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of starch containing foods. Retrogradation of amylose and amylopectin involve chain 

entanglements, short range molecular order and crystallization of double helical 

aggregates. Short term development of gel structure and crystallinity in starch gels during 

retrogradation is dominated by irreversible (T < 100 °C) gelation and crystallization 

(within gelatinized granules) involving amylopectin (Hoover et a!., 2010). Starch 

retrogradation is a non-equilibrium thermo reversible recrystallization process, which 

takes place in three consecutive steps: nucleation, propagation, and maturation (Silverio 

eta!., 2000). Studies (Perera and Hoover, 1999) have shown that storage of starch pastes 

at 4°C for 1 day followed by 25°C would facilitate nucleation (formation of crystal 

nuclei) and propagation (growth crystallites from the nuclei formed), respectively. 

Retrogradation is accompanied by increase in crystallinity, gel firmness, exudation of 

water (syneresis), gel network formation and in the appearance of a "B" type X-ray 

pattern (Hoover, 1995). 

Starch retrogradation has been shown to be influenced by amylopectin chain length 

distribution (Lu, Chen and Lii, 1997; Klucinec and Thompson, 1999; Vandeputte t a!., 

2003b; Chung et a!. , 2008), amylose content (Fan and Marks, 1998; Klucinec and 

Thompson, 1999; Thygesen, Blennow and Engelsen 2003; Vandeputte et a!., 2003b), 

phosphorus content (Thygesen et a!., 2003), co-crystallization of amylose with 

amylopectin (Gomand et al. , 201 0) and presence of nonstarch components such as lipids 

(Biliaderis and Tonogai, 1991), proteins (Appelqvist and Debet, 2000) and 

oligosaccharides (Biliaderis and Prokopowich, 1994), storage conditions (Mua and 
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Jackson, 1998) and sample concentration (Jouppila, Kansikas and Roos, 1998). 

Retrogradation of cereal and tuber starches has been determined by measurement of: 1) 

syneresis (Yuan and Thompson, 1998; Zheng and Sosulski, 1998), 2) turbidity (Jacobson, 

Obanni and BeMiller, 1997; Klucinec and Thompson, 1999; Perera and Hoover, 1999), 3) 

crystallinity (Bello-Perez et al., 2005; Lionetto et al., 2005), 4) conformational changes 

(van Soest et al. , 1994; Bello-Perez et al., 2005; Ottenhoff, Hill and Farhat, 2005), 5) 

molecular mobility of carbon chains (Gidley et al., 1995; Florez-Morales, Jimenez

Estrada and Mora-Escobedo, 2012), 6) enthalpy (Fisher and Thompson, 1997; 

Vandeputte et al. , 2003 b; Gomand et al., 201 0), 7) and polymer network formation 

(Biliaderis and Zawistowski, 1990; Klucinec and Thompson, 1999; Matalanis, 

Campanella and Hamaker, 2009). Measurements 1, 2, 3, 4, 5, 6 and 7 have been 

determined by centrifugation, spectrophotometery, wide angle X-ray diffraction (W AXS), 

fourier transform infra-red spectrophotometry (FTIR), 13C cross polarization magic angle 

spinning NMR (13C CP/MAS NMR), differential scanning calorimetry (DSC) and 

oscillatory rheometry, respectively. Each of these techniques not only measures a 

different property of a retrograded starch gel at different levels of order (short and long 

range), but also reflect the contribution made by amylose and/or amylopectin to the 

observed property of the retrograded gel. However, the extent of the contribution will 

depend on the storage time, chain length of amylose and amylopectin, amylose content, 

extent of amylose leaching during gelatinization, amount of lipid complexed amylose 

chains and on the technique used. 
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2.6.5 Acid hydrolysis of starch 

Acid hydrolysis is a chemical modification that alters the starch structure without 

disrupting the starch granule, depending on the parameters (temperature, time, type of 

acid and concentration) used in the modification (Palma-Rodriguez et al., 2012). Starch 

granules treated with dilute acids (HCl, H2S04, or H3P04) either at room temperature (for 

a period of several days) or at elevated temperature below the gelatinization point (for 

several hours) and has been used to modify starch granule structure (Singh and Ali, 

2000). In the presence of acid and heat, the glycosidic bond between monosaccharide 

units in a polysaccharide is cleaved (Hoover, 2000). Initially, the hydronium ion (H30 +) 

carries out an electrophilic attack on the oxygen atom of the a(l ~4) glycosidic bond 

(Fig. 2.20a) and then the electrons in one of the carbon-oxygen bonds move onto the 

oxygen atom (Fig. 2.20b) to create an carbocation intermediate (Fig. 2.20c ). The high 

energy, unstable carbocation susequently reacts with water (Fig. 2.20d) and leading to 

regeneration of a hydroxyl group (Fig. 2.20e ). 
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Figure 2.20 Mechanism of acid hydrolysis (Adapted from Hoover, 2000) 

a. Electrophilic attack of H+ on the oxygen atom of the a (1--44) glycosidic linkage 

b. Electrons in one of the C=O bonds moves to the oxygen atom 

c. Unstable, high-energy carbocation intermediate 

d. Reaction with water 

e. Regeneration of OH group 

67 



I 
0 

--0 

I 
0 

~ 
I 
0 

- - 0 

\ 
0 

I 
0 

"'0 I I 

""--/ ®0 

~ 

--0 

\ 
0 

I 
0 

I 
0 

0 
I 

.5 

.2 

"' ~ .e 
;..; 

1 \ 
0 

I 
0 



The most traditional acid hydrolysis procedures used for modification of starch include 

those reported by Nageli and Lintner (Robin et al., 1974). Treatment of starch with 

sulfuric acid (15%) at room temperature produces Nageli amylodextrins (a low molecular 

weight acid-resistant fraction), whereas with hydrochloric acid (2.2N) at elevated 

temperatures (30-40°C) lintnerized starch is formed (a higher molecular weight acid 

resistant fraction) (Hoover, 2000). Nageli amylodextrin has been shown to be a mixture 

of low molecular, linear and branched dextrins, with an average degree of polymerization 

(DP) of 25-30 (Ratnayake et al., 2001). Several researchers have shown that lintnerized 

starches consist of linear AM chains with a DP between 13-15, singly branched AM 

chains (DP 25), multiple branched chains, and retrograded AM and AM-lipid complexes 

(Robin et al., 1974; Biliaderis, Grant and Vose, 1981; Morrison et al., 1993a). The 

molecular weight and viscosity of acid-modified starches vary with the conditions (acid 

concentration, temperature and time) used during modification, however, their yield 

decreases consistently with increasing acid concentration and hydrolysis time (Xia et al., 

201 0). Singh and Ali (2000) have studied the influence of various acids (HCl, HN03, 

H2S04 and H3P0 4) on acid degradation of many starches and found variations in 

molecular weight distribution (HCl > HN03 > H2S04 > H3P04). 

Acid preferentially attacks the amorphous regions first and then the crystalline regions of 

starch granules, giving a two-stage hydrolysis pattern (Robin et al. , 1974; Biliaderis, 

Grant and Vose, 1998). The slower hydrolysis rate of the crystalline region is attributed 

to the dense packing of starch chains within the crystallites which hinders rapid 

penetration of H30 + and also restricts the conformational change (chair to half chair) 
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required for the electrophilic attack of H30 + on the glycosidic oxygen (Jayakody and 

Hoover, 2002). AM has been shown to retard the rate of lintnerization and decrease the 

amount of acid resistant double helices (Bertoft, 2004). Jane et al. (Jane, Wong and 

McPherson, 1997) found that high AM maize starch was solubilized slowly in 

comparison with normal and waxy maize starches. Bertoft and Wiik (2004) reported that 

the presence of AM (at least in B-type starch) could affect the organization of the starch 

granules, making both the amorphous and crystalline parts more acid stable. Jenkins and 

Donald (1995) have shown that the AM disrupts the packing of AP double helices within 

the crystalline lamella, thereby increasing the relative length of the crystalline lamella and 

decreasing the size of amorphous lamella. Morrison et al. (1993) reported that the lipid

complexed segments of single V 6- AM helices in barley starches are resistant to acid 

hydrolysis. A study on maize starches with varying AM contents revealed that 

susceptibility towards acid hydrolysis is influenced by the extent of interaction between 

starch chains within the amorphous domains of the granule (Hoover and Manuel, 1996b ). 

Biliaderis et al. (1981) hypothesized that AM is hydrolyzed more rapidly than AP due to 

the presence of AM in amorphous regions. However, direct evidence for the mode of 

degradation of AM and AP is limited (Wang et al. , 2012). 

Acid hydrolysis has been shown to increase the gelatinization temperatures, the breadth 

of gelatinization endotherms, retrogradation rate, water solubility, gel strength and 

decrease the viscosity of starches (Hoover, 2000). Many studies have shown that acid 

hydrolysis increases gelatinization enthalpy (~H). However, recently Gao et al. (2012) 

observed a decrease in ~H on acid treatment of high AM and waxy starches. They 
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postulated that hydrolysis of a ( 1 ~6) branch points in amorphous lamella would increase 

helical mobility, resulting in better alignment and perfection between adjacent double 

helices. Consequently, the number of double helices that unravel and melt (indicated by 

6H) would decrease (due to stronger interaction between adjacent double helices) after 

acid treatment. 

2.6.6 Enzyme hydrolysis of starch 

Native starches differ in their susceptibility to enzyme hydrolysis, depending on starch 

source and the type of amylase (Hoover and Sosulski, 1985). a -amylases hydrolyze a 

(1 ----+4) linkages, but are able to bypass the (1 ----+6) branch points without hydrolyzing them 

(Hoover and Zhou, 2003). However, P-amylase is an inverting exo-amylase which 

hydrolyze the a (1----+4) linkages from the non-reducing ends of starch molecules. The 

hydrolysis mechanism of a-amylase and P-amylase is illustrated in Fig. 2.21. a-amylases 

work according to the double displacement mechanism (Fig. 2.21 a) (Robyt and French, 

1970; MacGregor, Janecek and Svensson, 2001 ). Carboxylate base initiates cleavage of 

the bond via nucleophilic attack at C-1 of the glucopyranosyl unit. Simultaneously, the 

glycosidic oxygen is displaced and protonated by the carboxylic acid group. The 

attacking carboxylate group forms a covalent P-linked acetal ester, giving a 

glucopyranosyl-enzyme intermediate. This high energy intermediate subsequently reacts 

with water giving retention of the configuration of the product at its reducing end (Robyt, 

2009). In contrast, P-amylases work through the single displacement mechanism (Fig. 

2.21 b) (Robyt and French, 1970). The hydrolysis reaction proceeds through an 
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oxocarbenium ion-like transition state (0-anomeric C bond has partial double bond 

character) (Withers and Aebersold, 1995). 

a-amylases from different sources (pig pancreas, Bacillus sp and Aspergillus fumigatus) 

have been shown to have different profiles of hydrolysis (Fig 2.22) (Planchot et al. 1995). 

Porcine pancreatic a-amylase (PPA) hydrolytic products are mainly maltose, maltotriose 

and maltotetrose while a-amylase from Bacillus amyloliquefaciens produces mainly 

maltotriose, maltohexaose and maltohepaose (Robyt and French, 1970; Yook and Robyt, 

2002). Maltose acts as an inhibitor, which can bind to the active sites of a-amylase 

(Whitaker, 1994). Franco and Ciacco (1987) reported that elimination of soluble 

hydrolysis products by dialysis increased the degree of hydrolysis. When 

amyloglucosidase is used in combination with a-amylase, the amyloglucosidase 

hydrolyses the maltose into glucose and increased the rate of a-amylolysis (Colonna, 

Leloup and Buleon , 1992). 

a-amylase hydrolyzes starch by a multiple attack mechanism from the reducing end 

towards the non-reducing end and form maltodextrins (Robyt and French, 1970). 

However, the mechanism involved in the hydrolysis of the crystalline domain is not well

known. Enzyme hydrolysis has been shown to be influenced by granule size, surface 

porosity, extent of starch chain interactions within the amorphous and crystalline regions, 

AM/ AP ratio, degree of crystallinity, difference in type and proportion of polymorphic 

(A, B, C) forms, amount of a (1 ~6) linkages, extent of distribution of a (1 ~6) linkages 
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between the amorphous and crystalline domains, chemical composition (presence of 

phosphorus, granule bound proteins, lipids) and enzyme inhibitors (Hoover and Sosulski, 

1985; Colonna, Buleon and Lemarie, 1988; Jane, Wong and McPherson, 1997; Hoover 

and Zhou, 2003; Blazek and Copeland, 201 0). Controversy still exists with respect to the 

hydrolysis mechanism of enzyme hydrolysis. In some starches (wheat, barley), the 

amorphous and crystalline regions have been shown to be digested at the same rate 

(Colonna, Buleon and Lemarie, 1988). This was based on the observation there was no 

significant increase in crystallinity level, as indicated by constant diffracted intensities 

and scattering background (Hoover and Zhou, 2003). Whereas, in other starches, the 

amorphous regions are hydrolyzed first (Zhou, Hoover and Liu, 2004). No satisfactory 

explanation has been put forward to explain this difference. 

Enzyme hydrolysis of starch occurs via three success1ve phases: 1) diffusion of the 

enzyme molecule towards the surface of solid phase and then inside the granules, 2) 

adsorption of enzymes on the substrate and 3) catalytic reaction (Gallant et a!., 1992; 

Sujka and Jamroz, 2007; Bird et a!., 2009). Colonna et a!. (1992) have shown that 

smaller granules, by virtue of their higher available surface area per unit mass, facilitate 

diffusion and adsorption of enzymes, and thus are catalyzed more rapidly compared to 

larger granules. Oates (1997) postulated that the enzyme- catalyzed hydrolysis of a

(1---+4) glucosidic bonds involves the enzyme-induced ring distortion of one of the D

glucosyl residues from the 4C 1-chair conformation to a ' half chair' conformation. Ring 

distortion decreases the enthalpy of activation and increase the susceptibility of the 
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glycosyl residues. Consequently, chains with restricted mobility, either complexed or 

crystallized will be hydrolyzed less readily (Oates, 1997). 

Crystalline material is considered to be an important factor in defining the rate and extent 

of enzymatic hydrolysis. The susceptibility of different crystalline polymorphs (A-, B

and C-type) towards hydrolysis continues to be a matter of debate. Several studies have 

shown that B-type starches are usually less susceptible to enzyme hydrolysis than A-type 

starches (Robyt, 2009). Susceptibilities and hydrolytic patterns of various starches 

towards PP A, bacterial a-amylase, fungal a-amylase, amyloglucosidase and isoamylase 

and have shown that A-type starches are more susceptible to PPA than B- and C- type 

starches (Gallant et al., 1992). Tester, Qi and Karkalas (2006) have shown that the 

amount of native starch hydrolyzed by a-amylases is inversely related to the AM content 

(waxy maize > normal maize > high AM maize). Jane, Wong and McPherson (1997) 

have shown that the presence of an inferior crystalline structure containing a (1-----+6) 

linked branched points and short double helices results in weak points in A-type starches 

and makes then more susceptible to a-amylolysis. However, in B-type starches location 

of more a (1-----+6) linkages in the amorphous region and fewer short branch chains makes 

the crystalline structure superior to that of the A-type starches, and hence render B-type 

starches more resistant to a-amylolysis (Zhou, Hoover and Liu, 2004). Ratnayake et al. 

(2001) have shown by studies on starches from different cultivars of field peas (C-type 

starch) that resistance to a-amylase increases with increase in B-polymorph content. 

Jinglin et al. (2009) have shown that the B-type polymorph present in the C-type starch 

granules are preferentially degraded or degraded faster than the A-type polymorph. 
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Figure 2.21 Proposed mechanisms involved in the hydrolysis of glycosidic linkages 

(adapted from Robyt and French, 1970). 

a) Double displacement, SN2, mechanism, g1vmg retention of configuration (a

amylases) 

I. Attack on C-1 by a carboxylate group and donation of a proton to the leaving 

oxygen atom by a carboxyl group 

II. Attack on water on the covalent ~-acetal-carboxyl-ester to give product III with 

retained configuration at the anomeric end 

b) Direct displacement, SN I ' mechanism, giving inversion of configuration w
amylases) 

I. Direct attack on C-1 by water, assisted by a carboxylate group and donation of a 

proton to the leaving oxygen atom by a carboxyl group. 

II. Product with inverted configuration 

III. Regeneration of the catalytic groups at the active-site by proton exchange between 

the two carboxyl groups 
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Figure 2.22 Glucose-binding subsites at the active-site of four endo-acting a-amylases 

(adapted from Robyt, 2009) (Subsites for endo-acting amylases are 

numbered with Roman numerals for subsite beginning with the subsite that 

would bind the reducing-end glucosyl unit; Arabic numbers indicate binding 

energies (kcal/mole), with increasing negative values indicating the 

strongest binding; ._represents the location of the catalytic groups m 

relation to the glucose-binding sites). 

(a) Bacillus amyloliquefaciens a-amylase - Nine subsites (Robyt and 

French, 1970; Thoma et a!. , 1971) 

(b) Barley malt a-amylase- Nine subsites (MacGregor and MacGregor, 

1985) 

(c) Porcine pancreatic a-amylase - Five subsites (Robyt and French, 1970; 

Seigner et a!., 1987) 

(d) Aspergillus oryzae a-amylase - Seven subsites (Suganuma et a!., 1978) 
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2.6.7 Nutritional fractions 

Carbohydrates are one of the major sources of energy ( 4 kcal/g) in the human diet and 

account for 40-75% of total energy intake (F AO/WHO, 1998). Glucose released from 

carbohydrates have been shown to affect blood glucose and insulin levels, cholesterol and 

triglyceride metabolism, as well as influence satiety, and exert prebiotic effects in the 

large intestine (Holt eta!., 1995; Saltiel and Kahn, 2001; Eckel eta!., 2005; Englyst, Liu 

and Englyst, 2007; Venn and Green, 2007). Depending on the rate and extent of 

digestion, starches are generally classified into rapidly digestible starch (RDS), slowly 

digestible starch (SDS) and resistant starch (RS). RDS reflects starch that is rapidly and 

completely digested in the small intestine (associated with a rapid elevation of 

postprandial plasma glucose). SDS reflects starch that is more slowly digested in the 

small intestine (alternates post prandial plasma glucose and insulin levels) and RS reflects 

the sum of starch and the product of starch degradation not absorbed in the small intestine 

but is fermented in the large intestine. Consequently, high levels of SDS and RS levels 

have been shown to reduce the risk of cardiovascular disease (CVD), diabetes, colon 

cancer and obesity (Jenkins et a!. , 1983; Abeysekara et a!. , 2012). The term glycemic 

index (GI) was first introduced in 1981 by Jenkins et a!. (1981) as a physiological (in 

vivo) way of classifying foods rich in carbohydrates based on their blood glucose-raising 

potential (Ek, Miller and Copeland, 2012). GI is defined as the incremental post prandial 

glucose area after injection of the test product, as a percentage or the corresponding area 

after injection of an equicarbohydrate portion of the reference product (Jenkins et a!., 

1983). Foods with a GI value of above 70 are classified as high GI, foods that have a GI 
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of 55 and less as low GI, and GI between 56-69 are classified as medium GI foods (ISO 

Standard, 201 0). 

RS has been classified into four different groups, 1) physically inaccessible starch within 

(e.g. intact plant tissues or dense food matrices) (RS 1), 2) Intact granular starches that 

have slow digestion rates (raw potatoes, green bananas, some legumes, high-amylose 

starches) (RS II), 3) Starch that has been processed and partially retrograded (cooked and 

cooled potatoes, bread, cornflakes) (RS III), and 4) Chemically modified starch that slows 

a-amylase attack (RS IV) (Nugent, 2005; Bird et al., 2009). Studies have shown that in 

many foods, a small proportion of the starch present will be RS ( ~ 0-5% of starch in most 

cereal products) although for some foods such as legumes this is higher ( ~ 10- 20% of 

starch for some beans) (Englyst, Liu and Englyst, 2007). The amounts of RS in foods is 

largely dependent on the degree of food processing, which could result either an increase 

or a decrease in the RS content from those found in the raw product (Englyst, Liu and 

Englyst, 2007). RS has been shown to behave more like soluble dietary fibre . The most 

common results include increased fecal bulk and lower colonic pH and improvements in 

glycemic control, bowel health, and cardiovascular disease risk factors (Lunn 

and Buttriss, 2007). RS also shows promising physiological impact in the prevention of 

gall stone formation (Patindol et al., 2010). Fuentes-Zaragoza et al. (2011) reported that 

similar to soluble fibre, a minimum intake of RS (5-6 g) appears to be needed in order for 

beneficial reductions in insulin response to be observed (Kay et al., 2006). The 

fermentation of RS by anaerobic bacteria yields short chain fatty acids, primarily 

composed of acetic, propionic, and butyric acids, which can lower the lumen pH, creating 
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an environment less prone to the formation of cancerous tumours (Yao, Paez and White, 

2009). 

2. 7 Heat-moisture treatment 

Native pulse starches have poor functional properties such as low shear and acid 

resistance, low thermal stability and high retrogradation tendency. Therefore 

modification of pulse starches is needed to meet industrial demands. In this respect, 

chemical modifications are commonly used to produce pulse starches with desirable 

properties. However, at the present time, there is a great interest in the use of physical 

modification techniques, such as heat-moisture treatment (HMT), which changes the 

physicochemical properties of starches by facilitating starch chain interactions within the 

amorphous and crystalline domains. HMT involves treatment of starch granules at low 

moisture levels(< 35% moisture w/w) during a certain time period (15 min- 16 h) and at 

a temperature (80 - 130 °C) above the glass transition temperature (T g) but below the 

gelatinization temperature (Hoover, 2010; Jacobs and Delcour, 1998; Kulp and Lorenz, 

1981; Sair, 1967). HMT facilitates starch chain interactions within the amorphous and 

crystalline domains without disrupting its granular structure. Some possible changes of 

starch chains that could occur during HMT are presented in Fig 2.23. 
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Figure 2.23 A schematic representation of some possible changes during HMT 
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Several studies have shown that HMT influence morphology, X-ray diffraction pattern, 

gelatinization parameters, crystallinity, granule swelling, amylose leaching, viscosity, 

retrogradation and susceptibility towards acid and a-amylase hydrolysis of starch 

granules (Hoover and Vasanthan, 1994a; Gunaratne and Hoover, 2002; Chung, Liu and 

Hoover, 2009; Varatharajan eta!., 2010). However, the type and extent of change varies 

with botanical origin (cereal, tuber, root and legume), starch composition (amylose

amylopectin ratio and lipid) and treatment conditions (temperature, starch to moisture 

ratio and duration of heating). There are several studies on HMT of cereal and tuber 

starches at varying temperature and moisture conditions (Jacobs and Declour, 1998; 

Hoover, 2010; Zavareze and Dias, 2011). However, studies on HMT of pulse starches are 

limited. Previous studies on HMT of pulse starches are presented in Table 2.4. 
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Table. 2.4 HMT parameters of pulse starches 

Starch Source Temp. (0 C) T ime (h) Moisture(%) Reference 

Black bean 100 16 30 Hoover and Manue l ( 1996a) 

Borlotti bean 100 16 22 Guzel and Sayar (20 I 0) 

Green gram 120 2 14 Sekine et a t. (2000)* 

Jack bean 100 16 18-27 Lawai and Adebowale (2005a) 

Lentil 100 16 10-30 Hoover et a t. ( 1994) 

120 2 30 Chung et al. (2009) 

120 24 30 Chung, Liu and Hoover (201 0) 

Mucuna bean 100 16 18- 27 Adebowale and Lawai (2003) 

Navy bean 120 24 30 Chung, L iu and Hoover (20 I 0) 

Pea 120 2 30 Chung et a t. (2009) 

120 24 30 Chung, Liu and Hoover (20 I 0) 

Pigeon pea 100 16 30 Hoover, Swamidas and Vasanthan (1993) 

Pinto bean 100 16 30 Hoover and Manuel (1996a) 

Smooth pea 100 16 30 Hoover and Manuel ( 1996a) 

Wrinkle pea 100 16 30 Hoover and M anue l ( 1996a) 

*heating under pressure 
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2.7.1 Impact ofHMT on granule morphology 

Studies have shown that HMT does not alter the size or shape of cereal (maize, wheat, 

finger millet, rice) tuber and root (potato, sweet potato, yam, cassava, canna) and pulse 

(lentil) starch granules (Kulp and Lorenz, 1981; Stute, 1992; Hoover and Vasanthan, 

1994a; Franco et a!., 1995; Hoover and Manuel, 1996a; Gunaratne and Hoover, 2002; 

Adebowale, Afolabi and Olu-Owolabi, 2005; Tattiyakul et a!., 2006; Khunae, Tran and 

Sirivongpaisal, 2007; Watcharatewinkul et a!., 2009). However, Kawabata et a!. (1994) 

observed formation of cracks on the surface of HMT maize and potato starches, together 

with a hollow inside the granule. Recently, Zavareze et a!. (20 11) observed an irregular 

surface morphology of high (32%) and medium amylose (23%) rice starches and signs of 

loss of physical integrity with distension of the granular surface in low amylose (7%) rice 

starch after HMT at 11 ooc (25% moisture, 1 h). They postulated that this change in 

granular morphology of low-amylose rice starch by HMT is probably due to the high 

moisture content prevailing during hydrothermal treatment, which may have caused 

partial gelatinization and morphological changes (Zavareze and Dias, 2011 ). 

Vermeylen eta!. (2006) and Varatharajan eta!. (2011) observed that birefringence at the 

granular center (hilum region) disappeared with increasing HMT temperature (90-

130 oc; 17- 26% moisture) in normal and waxy potato starches. Chung eta!. (2009) have 

also observed a decrease in birefringence intensity and loss of birefringence at the 

granular centre during HMT of corn, pea and lentil starches (1 00-1 20 oc; 30% moisture). 

However, in the above studies, birefringence intensity at the granule periphery remained 
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unchanged with HMT. The disappearance of birefringence at the granular centre of 

potato starch has been attributed to the formation of voids surrounding the hilum 

(Vermeylen et al., 2006). This was confirmed by confocal laser scanning microscopy 

studies on HMT normal and waxy potato starches (Vartharajan et al. 201 0). 

2.7.2 Impact ofHMT on granule structure 

2.7.2.1 Starch polymorphism and X-ray diffraction pattern 

Change in polymorphism from B-type (tuber and high amylose) starches either to a pure 

A-type (characteristic of cereal starches) or to a mixed A + B type (characteristic of 

legumes and some tuber and root starches) pattern during HMT has been shown by many 

studies (Sair, 1967; Kulp and Lorenz, 1981; Lorenz and Kulp, 1982; Donovan, Lorenz 

and Kulp, 1983; Stute, 1992; Lim, Chang and Chung, 2001; Miyoshi, 2002; Gunaratne 

and Hoover, 2002; Vermeylen et al. , 2006; Tattiyakul et al. , 2006; Vieira and Sarmento, 

2008; Varatharajan et al., 201 0). Gidley and Bociek (1985) confirmed this polymorphic 

transformation by 13C CP/MAS NMR based on variations in C-1 multiplicity. In contrast, 

taro, cassava (Gunaratne and Hoover, 2002) and cereal starches (Jacobs and Delcour, 

1998) did not exhibit an altered X-ray diffraction pattern after HMT. Jacobs and Delcour 

(1998) suggested that not all temperature and moisture conditions induce a change from 

B- to A-type crystallinity in potato starch. 
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Transformation of the less thermodynamically stable B-polymorphic structure (with 

hexagonal packing of double helices and about 36 water molecules inside each cell) into a 

more stable monoclinic structure of A-type polymorphs (with about six water molecules 

inside the helices) is attributed to dehydration of water molecules in the central channel of 

B polymorph as well as to movement of a pair of double helices into the central channel 

(Fig. 2.24) (Hoover, 2010). Gunaratne and Hoover (2002) suggested that this movement 

during HMT could disrupt starch crystallites and/or change the crystalline orientation. 
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Figure 2.24 A proposed model of the polymorphic transformation from B-type to A-type 

unit cell in the solid state (adapted from Imberty et al., 1991 ). 

85 



Vl 
<I) 
u 
<I) 

..r: 
<I) 

..D 
::l 
0 
Cl 

Vl 
<I) 

::l u 
<I) 

0 
E 



2.7.2.2 Peak intensity and relative crystallinity 

Studies have shown that the A-type diffraction pattern and peak intensities of cereal 

starches remain unchanged with HMT (Sair, 1967; Fukui and Nikuni, 1969; Donovan, 

Lorenz and Kulp, 1983; Radosta et al., 1992; Hoover and Vasanthan, 1994a; Franco et al., 

1995; Hoover and Manuel, 1996a, b). Vieira and Sarmento (2008) observed an increase 

in peak intensity with HMT of sweet potato starch. Zavareze and Dias (20 11) postulated 

that the increase in the X-ray intensity with HMT of sweet potato and com starches is due 

to the displacement of the double helical chains within the starch crystals, resulting in a 

crystalline matrix that is more orderly than in native starch. However, triticale (Lorenz 

and Kulp, 1982), cassava (Abraham, 1993), yam (Hoover and Vasanthan, 1994a), maize 

(Franco et al. , 1995), pea (Hoover and Manuel, 1996a), mucuna bean (Adebowale and 

Lawai, 2003), barley (Singh et al. , 2005), potato (Hoover and Vasanthan, 1994a; Lim, 

Chang and Chung, 2001; Miyoshi, 2002; Vermeylen et al. , 2006) and Peruvian carrot 

(Vieira and Sarmento, 2008) starches exhibited a decrease in peak intensities on HMT. 

Reduction in X-ray intensity on HMT reflects reduced crystallinity or an increase in the 

amount of amorphous area within the semi-crystalline lamella (Zavareze and Dias, 2011). 

Changes in X-ray patterns and intensities with HMT have been shown to be influenced by 

HMT conditions such as temperature and moisture content (Hoover and Vasanthan, 

1994a; Vermeylen et al. , 2006; Tattiyakul et al. , 2006). Hoover and Vasanthan (1994a) 

suggested that in A-type starches the thermal energy and moisture during HMT causes 

double helices to realign within the crystallites resulting in an increase in the number of 

direct hydrogen- bonds linking adjacent helices than in the native starch. Whereas, in 
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native B-type starches, adjacent double helices are mainly linked by hydrate water 

bridges and to a limited extent by direct hydrogen bonding (Leach, McCowen and 

Schoch, 1959). Consequently, in B-type starches, rupture of hydrate water bridges 

(causes the adjacent double helices to move apart and assume orientations that are not in 

perfect parallel crystalline array) on HMT result in decreased X-ray intensities (Hoover 

and Vasanthan, 1994a). 

Relative crystallinity has been shown to remain unchanged with HMT of A-type tuber 

(new coco yam, cassava, taro) starches and to decrease in B-type tuber (true yam, potato), 

C-type pulse (pea, lentil, navy bean) and A-type cereal (rice starches) (Gunaratne and 

Hoover, 2002; Vermeylen et al. , 2006; Khunae et al., 2007; Vieira and Sarmento, 2008; 

Chung, Liu and Hoover, 20 I 0). The decrease in crystallinity has been attributed to 

disruption of amylopectin crystallites, which has been confirmed by HPAEC-PAD studies 

(Hoover and Vasanthan, 1994a; Gunaratne and Hoover, 2002; Vermeylen et al. , 2006). 

However, Vermeylen et al. (2006) observed an increase in crystallinity in potato starch 

subjected to HMT 130°C (17-26 %moisture content, 24 h) and suggested that disruption 

of covalent linkages at 130°C results in decoupling of double helices from the 

amylopectin backbone which renders the double helices sufficiently mobile to become 

organized in a more perfect crystalline array. 
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2.7.2.3 Molecular order at the granular surface 

Molecular order at the granular surface (1048/1016 cm-1
) has been shown to decrease 

with HMT of navy bean, corn, pea and lentil starches (Chung, Liu and Hoover, 201 0). 

They suggested that crystallite disruption on HMT would have a greater impact on 

crystallites that are highly organized at the granule surface. Varatharajan eta!. (2010) 

have shown that both the 104811016 em·' and 995/1016 em·' ratios decreased with HMT 

of normal and waxy potato starches and suggested that removal of water during HMT 

would have changed the alignment of double helices at the granular surface. They 

postulated that the 995/1016 cm-1 ratio is more sensitive than the 1048/1016 cm-1 ratio in 

determining changes to the alignment of double helices at short-range order on HMT. 

However, Watcharatewinkul et a!. (2009) reported no change in the FTIR spectrum on 

HMT of canna starch (I 00°C, moisture content of 25%, 16 h). Khunae et a!. (2007) 

reported by studies on rice starches of varying amylose content (1-20%) that short-range 

molecular order remained unchanged in Chiang rice starch (20.2% amylose) but 

decreased in glutinous (1.4%) and Jasmine (15%) rice starches. They attributed the 

decrease to an increase in amylose-lipid complex formation in the Chiang rice starch. 

2. 7 .2.4 Lamellar organization 

Vermeylen eta!. (2006) have shown by small angle X-ray scattering (SAXS) studies that 

0.6 nm- 1 scattering maximum [corresponds to the wide angle X-ray (WAXS) diffraction 

peak at 5.6° 28 (characteristic peak of B-type starches)] disappears with HMT of potato 

starch. They suggested that during the polymorphic transformation (B- A+ B), double 
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helices move laterally within the high density lamella, and also along their helical axis 

and concluded that HMT disturbs the lamellar stacked system (Vermeylen et al., 2006). 

2.7.2.5 Amylose-lipid complex formation 

Fukui and Nikuni, (1969) and Kawabata et al. (1994) observed the development of a V

type X-ray diffraction pattern [Fig. 2.16] (attributed to crystalline amylose-lipid 

complexes) on HMT of cereal starches. Shih et al. (2007) and Khunae et al. (2007) also 

observed a V-amylose lipid peak (20° 28) in rice starches with HMT (100-110°C, 18-40% 

moisture content). The intensity of the V -amylose lipid peak (20° 28) was shown to 

increase with increase in moisture content. This was attributed to increased mobility of 

V -amylose-lipid complex chains in cereal starches due to the presence of lipids. 

However, starches with trace quantities of lipid (potato) have been shown to exhibit a 

decrease in apparent amylose content with HMT (Hoover and Vasanthan, 1994a; Hoover 

and Manuel, 1996b) due to interaction of amylose chains among and between 

amylopectin chains. 

2. 7.3 Impact of HMT on starch properties 

2.7.3.1 Granular swelling 

Several researchers have observed that granular swelling decreases with HMT of many 

cereals (Kulp and Lorenz, 1981 ; Hoover and Vasanthan, 1994a; Hoover et al. , 1994; 

Hoover and Manuel, 1996a, b; Hormdok and Noomhorm, 2007; Olayinka et al. , 2008; 
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Sun et al., 2013), tuber (Sair, 1967; Hoover and Vasanthan, 1994a; Hoover et al., 

1994; Gunaratne and Hoover, 2002; Lawai, 2005 ; Tattiyakul et al. , 2006; Varatharajan et 

al., 2010) and pulse (Hoover and Vasanthan, 1994a; Hoover, Swamidas and Vasanthan, 

1993; Hoover et al. , 1994; Chung, Liu and Hoover, 2009) starches. This reduction in 

granular swelling has been attributed to increased crystallinity, reduction of available 

hydroxyl groups for hydration, increased interactions between amylose and amylopectin 

molecules, strengthened intramolecular hydrogen bonds, the formation of amylose- lipid 

complexes and changes in the arrangements of the crystalline regions of starch (Hoover 

and Vasanthan, 1994a; Hoover and Manuel, 1996a; Jacobs et al. , 1995; Waduge et al. , 

2006). 

2.7.3.2 Amylose leaching 

Several studies have shown that amylose leaching decreases with HMT of cereal, tuber 

and pulse starches (Sair, 1967; Kulp and Lorenz, 1981; Hoover and Vasanthan, 

1994a; Lawai, 2005; Tattiyakul et al., 2006; Hormdok and Noomhorrn, 2007; Olayinka 

et al. , 2008; Chung, Liu and Hoover, 2009; Varatharajan et al. , 20 10; Sun et al. , 2013). 

However, in some cereal starches, (rye, barley, triticale, finger millet, wheat) amylose 

leaching, has been shown to increase with HMT, in spite of reduced granular swelling 

(Kulp and Lorenz, 1981 ; Radosta et al., 1992; Adebowale et al. , 2005). Hormdok and 

Noomhorm (2007) observed no significant difference in the amylose leaching of 

hydrothermally treated rice and native rice starch. The effect of HMT on amylose 

leaching has been attributed to crystallite disruption (mainly in tuber starches), increase in 
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crystallinity, amylose-lipid interactions, interaction between amylose-amylose and/or 

amylopectin-amylopectin chains, and change in polymorphic form (B - A+B) (Hoover 

and Vasanthan, 1994a; Hoover and Manuel, 1996a, b; Shin et al., 2005, Hoover, 201 0). 

2.7.3.3 Gelatinization 

HMT has been shown to influence onset temperature (To), peak temperature (Tp), 

conclusion temperature (Tc), and gelatinization enthalpy (~H) of starch. Studies have 

shown that HMT increases the gelatinization temperatures, and broadens the temperature 

range (Tc-To) (Sair, 1967; Kulp and Lorenz, 1981; Donovan et al. , 1983 ; Radosta et al., 

1992; Stute, 1992; Hoover et al., 1993, 1994; Hoover and Vasanthan, 1994a; Eerlingen et 

al., 1996; Hoover and Manuel, 1996; Chung et al., 2009; Watcharatewinkul et al. , 2009) 

or remains unchanged (Eerlingen et al., 1996; Hoover and Manuel, 1996) after HMT. 

Increase in gelatinization temperatures on HMT have been attributed to the newly formed 

starch chain interactions (amylose-amylose, amylose-amylopectin and/or amylose-lipid), 

which would suppress the mobility of starch chains in the amorphous regions. 

Consequently, the amorphous regions would require a higher thermal energy to incur 

swelling that could contribute to the disruption of the crystalline regions (Kulp and 

Lorenz, 1981 ; Hoover et al. , 1993; Hoover and Vasanthan, 1994a; Hoover and Manuel, 

1996a,b; Eerlingen et al., 1996; Gunaratne and Hoover, 2002; Hoover, 201 0). The extent 

of starch chain interactions has been shown to be mainly influenced by starch source, 

amylose chain length, and the moisture content and temperature during heat-moisture 

treatment (Hoover and Vasanthan, 1994a). 
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However, the enthalpy of gelatinization (llH) has been shown to either decrease (Kulp 

and Lorenz, 1981; Donovan eta!., 1983; Radosta eta!., 1992; Hoover and Vasanthan, 

1994a; Eerlingen eta!., 1996; Kweon et a!., 2000; Adebowale eta!., 2005; Pukkahut and 

Varavinit, 2007; Pukkahuta et a!., 2008; Chung et al., 2009) or remain unchanged 

(Hoover and Vasanthan, 1994a; Eerlingen et al., 1996; Collado and Corke, 1999) on 

HMT. Recently, Puncha-amon and Uttapap (2013) observed an increase in the 

gelatinization enthalpy after HMT of rice starch. In some studies researchers have 

observed a biphasic endotherm (in excess water) during HMT of wheat, potato and rye 

starches (Donovan eta!., 1983; Radosta eta!., 1992; Puncha-amon and Uttapap, 2013). 

The decrease in llH due to HMT has been suggested as a result of the disruption of 

double helices present in the crystalline and non-crystalline regions of the granules 

(Gunaratne and Hoover, 2002). Hormdok and Noomhorm (2007) argued that the 

reduction in llH after hydrothermal treatment may be due to the partial gelatinization of 

amylose and amylopectin molecules that are less stable during heating. Studies have 

shown that the decrease in llH on HMT was more pronounced in tuber starches than in 

cereal starches due to the greater susceptibility of double helices for disruption in tuber 

starches. This was attributed to: 1) difference in the packing arrangement of double 

helices [in B-type starches helical packing is less compact than in A-type starches] , and 

higher phosphate monoester content in tuber starches (Hizukuri, Tabata and Nikuni, 

1970; Wu and Sarko, 1978a,b; Gunaratne and Hoover, 2002). The higher water content, 

less compact arrangement of starch chains and higher phosphate content in B-type 

starches would facilitate greater chain flexibility during HMT resulting in crystalline 

disruption which is manifested by a decrease in llH (Hoover, 201 0). However, studies on 
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amylomaize starch (Hylon V) (B-type) showed that ~H remains same before and after 

HMT (Hoover and Manuel, 1996a, b). This suggests that the disruptive effect of HMT on 

amylopectin double helices is mainly influenced by phosphate monoester content [Hylon 

V (11 0 ppm), potato (840 ppm) (Takeda eta!., 1993)] rather than by the unit cell structure 

(Hoover, 201 0). 

2. 7 .3.4 Pasting 

Several studies have shown that HMT increases thermal stability of starch paste (Kulp 

and Lorenz, 1981; Stute, 1992; Hoover and Vasanthan, 1994a). HMT has been shown to 

increase pasting temperature, decrease peak viscosity, increase thermal stability, and 

increase or decrease set -back of potato (Kulp and Lorenz, 1981; Stute, 1992; Hoover and 

Vasanthan, 1994a; Svegmark et a!. , 2002; Purwani et a!. , 2006; Gunaratne and Corke, 

2007; Varatharajan eta!. , 2010), cassava (Lorenz and Kulp, 1981; Abraham, 1993), yam 

(Hoover and Vasanthan, 1994a; Moorthy, 1999; Lawai, 2005), sweet potato (Collado 

and Corke, 1999; Singh eta!., 2005), lentil (Hoover and Vasanthan, 1994a), mucuna bean 

(Adebowale and Lawai, 2003), pigeon pea (Hoover et a!., 1993), wheat (Lorenz and 

Kulp, 1983; Kulp and Lorenz, 1981 ; Hoover and Vas an than, 1994a), amaranth 

(Gunaratne and Corke, 2007), rice (Anderson and Guraya, 2006; Hormdok and 

Noomhorm, 2007; Shih eta!., 2007; Zavareze et a!., 2010; Puncha-amon and Uttapap, 

2013), sorghum (Olayinka eta!. , 2008), maize (Schierbaum and Kettlitz, 1994; Franco et 

a!. , 1995; Hoover and Manuel, 1996b; Loisel et a!. , 2006) and oat (Hoover and 

Vasanthan, 1994a) starches. The extent of these changes have been shown to be 
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influenced by starch source, HMT condition and the instrument (RVA, BVA) used for 

determination of pasting properties (Hoover, 201 0). Hoover and Vasanthan (1994a) 

reported that the above changes in pasting properties on HMT is due to decreased 

granular swelling and amylose leaching, increased interaction between starch chains and 

to an increase in granule rigidity. 

2.7.3.5 Acid hydrolysis 

Susceptibility of HMT starches towards acid hydrolysis has been shown to vary widely 

among starch sources. HMT was shown to decrease acid hydrolysis in wheat (Hoover 

and Vasanthan, 1994a), maize (Hoover and Manuel, 1996b ), pea (Hoover et al. , 1993), 

potato (Hoover and Vasanthan, 1994a; Varatharajan et a!., 201 0), oat, and yam (Hoover 

and Vasanthan, 1994a) starches, and to increase hydrolysis in cassava and taro starches 

(Gunaratne and Hoover, 2002 and Hoover and Vasanthan, 1994). Hoover and Manuel 

(1996a) showed that pulse starches (field pea, wrinkled pea, lentil pinto bean, black bean) 

were hydrolyzed to a greater extent (11 to 17%) than their native counterparts with HMT. 

Gunaratne and Hoover (2002) postulated that the changes in acid hydrolysis with HMT 

may be due to the interplay of structural changes that occur during HMT including 

amylose-amylose, and/or amylose-amylopectin interactions, crystallite disruption, 

crystallite reorientation, changes in polymorphic composition, formation of new 

crystallites and development of cracks on the granule surface. 
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2.7.3.6 Enzyme hydrolysis 

Susceptibility of starches towards a-amylase on HMT has been shown to be influenced by 

starch botanical origin and HMT condition (moisture content, temperature and duration of 

heating) (Hoover, 201 0). HMT has been shown to increase susceptibility towards porcine 

pancreatic a-amylase (PPA) in pulse starches (field pea, wrinkle pea, pigeon pea, black 

bean, lentil) (Hoover and Manuel, 1996a), and in tuber and root starches (potato, taro, 

new cocoyam, cassava, yam) (Kawabata et al., 1994; Hoover and Vasanthan, 1994a; 

Perera and Hoover, 1998; Gunaratne and Hoover, 2002). Lorenz and Kulp (1983) have 

shown that HMT (100°C, 16 h) at 18% and 27% moisture content increased potato starch 

digestibility (after 24 h) by 0.05 and 0.3%, respectively. In cereal starches, the 

digestibility of normal and waxy maize starches by a mixture of PP A and 

amyloglucosidase was shown to decrease with HMT (1 00°C, 16 h) at 18% moisture 

content but increase with HMT at 27% moisture (1 00°C, 16 h) (Franco et al. , 1995). 

Thus, digestibility has been shown to be influenced by moisture content prevai ling 

during HMT. K weon et al. (2000) also showed that the extent of hydrolysis of HMT 

(100°C, 16 h) Hylon V (57% amylose) and Hylon VII (71% amylose) maize starches at 

1 00°C by heat-stable a-amylase progressively decreased with increasing moisture levels 

(15 to 27%). However, starch digestibility increased with HMT (ll0°C, 16 h) at moisture 

contents in the range 24- 27% in normal and Hylon V starches, and at 27% moisture in 

waxy and Hylon VII starches. A similar trend has been shown by Zavareze et al. (20 1 0) 

on HMT (110°C, 1h, at 15, 20, and 25% moisture content) of high, medium and low 

amylose rice starches hydrolyzed by bacterial a-amylase. All of the above studies 
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suggested that rearrangement of starch molecules strengthens the bonds within the 

granules, while HMT at a moisture level of 27% led to the disruption and subsequent 

rearrangement of bonds within the granules, causing starch degradation and thus 

increasing the number of regions accessible to enzymatic hydrolysis (Zavareze and Dias, 

2011 ). Thus, HMT on PP A hydrolysis is influenced by starch moisture content, and by 

structural (crystallite disruption, change in polymorphic form, crystallite reorientation, 

amylose-lipid interaction, starch chain interaction), and morphological (formation of 

fissures and cracks on the granule surface) changes with HMT (Hoover, 2010). 

2.7.3.7 Nutritional fractions 

There are very few studies on the impact of HMT on starch nutritional fractions such as 

RDS, SDS, RS and GI. Some researchers have used HMT to modify the amount of RDS, 

SDS, and RS in various native starches (Brumovsky and Thompson, 2001; Shin et al., 

2005; Sang and Seib, 2006). A comparison ofthe effect ofHMT (30% moisture at 100-

1400C, 80 min) on RS formation in normal and high amylose (ae-VII) maize starches has 

shown that HMT of ae-VII maize starch increases the amount of boiling-stable RS 

( 43.9%) compared to native counterparts (18.4%) (Brumovsky and Thompson, 2001; 

Jacobasch et al., 2006). Brumovsky and Thompson (2001) also showed that partial acid 

hydrolysis (78 h) followed by HMT at l20°C, increased the yield ( ~63 .2%) of boiling

stable granular RS. The authors suggested that preferential attack of the amorphous 

portions of the granule by acid would provide potential freedom for chain ends to form 
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double helices, and for double helices to associate. Consequently, the HMT would then 

allow the potential mobility of the chains to be realized and form highly ordered 

structures that hinder the action of a-amylase (Hoover, 20 12). 

Niba (2003) investigated the effect of HMT on digestibility of maize, potato, cocoyam, 

yam, plantain, and rice flours and reported that the SDS content for all flours were 

increased compared to the native flours. Shin et al. (2005) investigated the formation and 

structural characteristics of RDS, SDS and RS in sweet potato starch under various 

hydrothermal treatments (40, 55 and 100°C at 20, 50, and 90% moisture for 12 h) and 

reported that depending on the temperature and the moisture content of the hydrothermal 

treatment, the SDS content could be doubled compared to the native starch. The above 

authors (Shin et a!., 2005) attributed changes in the extent and rate of enzymatic 

hydrolysis with HMT to structural alteration within the amorphous and crystalline 

regions. Chung et a!. (2009b) observed that HMT of corn, pea and lentil starches at 

120°C (30% moisture), decreased RDS levels and increased SDS and RS levels. The 

increase was attributed to the interactions formed during hydrothermal treatments, which 

may have partly restricted the accessibility of starch chains towards the hydrolyzing 

enzymes. 
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2. 7.4 Applications of HMT starch 

HMT starches are used in infant foods, processing of potato starch to replace com starch 

in times of shortage, production of starches with increased freeze-thaw stability, and to 

improve the baking quality of potato starch (Collado and Corke, 1999). Jayakody and 

Hoover (2008) reported that HMT starches could be utilized in canned food and frozen 

food industries due to increased thermal stability and decreased rate of retrogradation on 

HMT. HMT starches are widely used in noodle manufacture due to the decreased 

swelling power and amylose leaching and the elevation in heat and shear stability 

(Hormdok and Noomhorm, 2007). Hormdok and Noomhorm (2007) investigated the 

quality of noodles by substituting HMT rice flour and showed an improvement in the 

texture (adhesiveness, chewiness, and tensile strength) of the noodles. Purwani et a!. 

(2006) investigated the noodles prepared from HMT (25% moisture, 11 0°C, 16 h) sago 

starch and observed higher firmness and elasticity, and lower stickiness compared to 

those prepared from native starch. They also reported less cooking loss, increased 

cooking time, and lower rehydration weight. 

Several researchers have investigated the bread making potential of HMT starches. 

Lorenz and Kulp (1981) evaluated the bread and cake baking potential and the thickening 

power of wheat and potato starches subjected to HMT at varying moisture contents (18-

27% moisture, 1 00°C, 16 h) and reported that the bread baking quality and bread volume 

of wheat starch decreased with HMT. In contrast, baking potential, grain texture, and 

bread volume of potato starch increased with HMT. Decrease in bread and cake making 
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potential of wheat starch on HMT was attributed to starch damage, while the 

improvement in the baking and cake making potential of potato starch on HMT was 

attributed to changes in swelling power, solubility and paste stability on HMT (Lorenz 

and Kulp, 1981 ). Furthermore, Miyazaki and Morita (2005) have shown that replacement 

of wheat flour with HMT corn starch improved bread quality. HMT starches could be 

used as an alternative to chemical modification in retort foods, dressings, batter products, 

fillings and confections (Hoover et al., 201 0; Zavareze and Dias, 2011 ). 

99 



3.1 Materials 

Chapter 3 

Materials and Methods 

Faba bean (Vicia faba) cultivars (CDC Fatima, FB 9-4, F 18-20, SSNS-1) and 

Black bean (Phaseolus vulgaris) cultivars (BYT 03 Expresso, BRT CDC Jet, BRT 1519-

1 0, BYT 01 1681 a-b) were obtained from the Crop Development Centre, University of 

Saskatchewan, Canada. Pinto bean (Phaseolus vulgaris) cultivars (AC Pintoba, AC Ole, 

Pecos, HR 119) were obtained from the Greenhouse and Processing Crops Research 

Center, Agriculture and Agri-Food, Canada. Porcine pancreatic a -amylase (EC 3 .2.1.1 , 

type 1A) and pancreatin from porcine pancreas (cat. no. P-1625, activity 3x USP/g) was 

purchased from Sigma Chemical (St. Louis, MO). Amyloglucosidase (EC 3.2.1 .3., 3,300 

U/mL), isoamylase from pseudomonas sp and glucose oxidase-peroxidase assay kit (cat. 

no. K-GLUC) were purchased from Megazyme International Ireland Ltd. (Bray, Ireland). 

APTS (8-aminopyrene-1, 3, 6-trisulfonic acid, trisodium salt), sodium cyanoborohydride 

was purchased from Molecular Probes, Eugene, OR. All chemicals and solvents were of 

ACS certified grade. 
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3.2 Methods 

3.2.1 Starch isolation 

Three lots of faba bean, black bean and pinto bean seeds were taken, representing whole 

samples from the experimental plots of each cultivar. Each lot was further subdivided 

into three parts and starch was extracted by the procedure of Hoover and Sosulski ( 1985) 

with some modifications. 50 g of beans were steeped in 250 mL of deionized water 

containing 0.01% (w/v) sodium metabisulfite for 36 hat 40°C. The swollen seeds were 

dehulled by pressing the endosperm out of the soften hull and thoroughly rinsed with 

water. The softened seeds were wet milled (1 :3) with sufficient water using waring 

commercial blender (Dynamics corporation of America, USA) for 3 min and screened 

through cheese cloth. This step was repeated three times and pooled the filtrates. The 

filtrate was passed through 210 !J.m polypropylene sieve followed by 70 !J.m nylon sieve 

and allowed to sediment at room temperature for 18 h. The supernatant was decanted and 

the sediment was suspended in excess 0.2% sodium hydroxide solution at room 

temperature. This step was repeated several times until a white starch was obtained. The 

resulting starch was washed with deionized water, passed through 70 !J.m nylon sieve, 

neutralized to pH 7.0 with 0.2% hydrochloric acid, filtered on a Buchner funnel using 

Whatman No. 4 filter paper and thoroughly washed on the filter with distilled water. The 

fi lter cake was oven dried overnight at 40°C. The dried starch cake was ground and 

passed through a 60-mesh screen. 
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3.2.2 Heat moisture treatment 

Starch samples were equilibrated at room temperature in a desiccator using a saturated 

salt solution of K2S04 (water activity 0.97) for up to two months. Following 

equilibration, the moisture content (~23%) of the samples was determined by the standard 

AACC (2000) method (Section 3.2.4.1). The starch samples were sealed and then heated 

at 80°, 100° and 120°C for 12 h in a forced air oven (Fisher scientific, model Fisher 

Isotemp® 6150, Pittsburgh, PA, USA). The HMT starches were subsequently air dried 

to uniform moisture content ( ~ 10% ). 

3.2.3 Starch damage 

Starch damage was determined by enzyme digestion procedure according to the AACC 

(2000) method. The starch sample (1 g, db) was weighed into a 125 mL Erlenmeyer flask 

and 50 mg fungal amylase from Aspergillus orizae (157 units/mg protein) was added. 

Acetate buffer (45 mL) was brought down to 30°C in a water bath and added into the 

Erlenmeyer flask. The contents were mixed using glass rod to obtain a uniform 

suspension before incubating into the water bath at 30°C. At the end of 15 min of 

incubation the enzyme action was terminated by the addition of 3 mL H2S04 and 2 mL 

sodium tungstate solution. Contents were mixed thoroughly and allowed to stand for 2 

min. Solution was filtered through Whatman No 4 filter paper and first 8-10 drops of 

filtrate were discarded. Reducing sugar determination was conducted according to the 
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procedure described in Bruner's method (1964) (section 3.2.6.6.1 ). Reagent blank also 

was prepared by the same procedure, omitting only flour sample. 

3.2.4 Chemical composition 

3.2.4.1 Moisture content 

The moisture content of the starch samples were quantitatively analyzed according to the 

AACC (2000) method. Empty moisture pans and lids were dried in an oven for 1 h at 

130°C, and cooled in a desiccator before the analysis. 5 g of starch samples were 

weighed into the pre-weighed moisture pans and dried in an air forced oven (Fisher 

scientific, model Fisher Isotemp® 6150, Pittsburgh, PA, USA) at 130°C for 1 h. 

Moisture pans were placed in oven without covering and the lids were placed under the 

pans. The samples were then removed and covered rapidly with lids and transferred to a 

desiccator. Samples were weighed after they reached room temperature. Three replicates 

were used in each determination and the moisture content was determined as the 

percentage weight loss of sample using following equation, 

. Wl - W2 
Mozsture (%) = X 100 

Wl - WO 

Where, 

W o - Weight of the moisture pan and lid (g) 

W 1 - Weight of sample, moisture pan and lid before drying (g) 

W2 - Weight of sample, moisture pan and lid after drying (g) 
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3.2.4.2 Ash content 

The ash content of native starches was determined according to AACC (2000) method. 

Pre-weighed (5 g) samples were transferred into clean, dry porcelain crucibles, charred 

using a flame and then placed in a pre-heated (550°C) muffle furnace (Lab Heat, Blue 

Island, IL, USA) and left overnight until a grey ash was obtained. The samples were then 

cooled to room temperature in a desiccator and weighed. The ash content was calculated 

as percentage weight of the remaining material using following formula, 

Where, 

Ash(%) = Wz-W1 x 100 
wl-Wo 

Wo - Weight of empty crucible and lid (g) 

W 1 - Weight of sample, crucible and lid (g) 

W2 - Weight of ash, crucible and lid (g) 

3.2.4.3 Nitrogen content 

The nitrogen content of native starches was determined by the Micro Kjeldahl method 

(AACC, 2000). The samples (0.3 g, db) were weighed on nitrogen-free papers and placed 

in the digestion tubes of Btichi 430 (Btichi Laboratoriums-Technik AG, Flawill/Schweiz) 

digester. The catalyst (2 Kjeltabs M pellets [Fisher Scientific, Fair Lawn, NJ, USA]) and 

20 mL of concentrated H2S04 acid were added and the samples were digested until a 
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clear yellow solution was obtained. The digested samples were then cooled, diluted with 

50 mL of distilled water, 100 mL of 40% (w/w) NaOH were added, and the released 

ammonia was steam distilled into 50 mL of 4% H3B03 containing 12 drops of end point 

indicator (N-point indicator, Sigma Chemical Co., St. Louis, MO, USA) using a Btichi 

321 distillation unit until 150 mL of distillate was collected. The amount of ammonia in 

the distillate was determined by titrating it against 0.05 N H2S04. The nitrogen content 

was determined using following equation, 

N . I<%: I (V1 -Vz)XN Xl4.0067 lQO ztrogen 1. o1 = X w 

Where; 

V 1 - Volume (mL) ofH2S04 to titrate sample 

V2- Volume (mL) of H2S04 to titrate blank 

W- Sample weight (g/db) 

3.2.4.4 Phosphorus content 

The phosphorus content of native starches was determined according to the procedure 

described by Morrison (1964 ). Starch ( 5 mg, db) was placed in a hard glass test tube (15-

20 mL capacity) accurately calibrated at the 5 mL level. Concentrated sulphuric acid (0.3 

mL, 98%) was added and the contents were gently heated over a small micro burner 
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flame until charring was completed, and the climbing film of acid on the walls of the 

tubes was no longer viscous with partially charred organic matter. One drop of hydrogen 

peroxide (30%, w/v) was then added to hit the walls of the tubes, just above the acid and 

the tubes were well shaken. Clarity of the acid was checked and the process was repeated 

using one drop of peroxide at a time till a clear solution is obtained. When clear, the 

tubes were gently boiled for 1 min, and allowed to cool. The contents were diluted to 

about 4 mL with deionized water and the walls of the tubes were washed. Sulphite 

(Na2S03.1H20, 33% w/v) solution (0.1 mL) was then added and the tubes shaken to 

acidify the lower walls of the tube. Molybdate [(NH4)6Mo70 24.4H20, 2%, w/v] solution 

(1 mL) was added directly into the acid, (taking care not to touch the walls of the tube) 

followed by the addition of ascorbic acid (0.001 g). The tubes were then heated at 100°C 

for 10 min and cooled. The final volume of the solution was adjusted to 5 mL, the tube 

stoppered, shaken and the absorbance at 822 nm measured against water. Absorbance of 

the blank reading was taken at 822 nm for corrections. A standard curve (Appendix I) 

was developed using standard phosphorus solution (1.0068 g NaH2P04.2H20 /litre 

contains 200 j..lg/mL) to calculate the phosphorus content of the samples. 
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3.2.4.5 Apparent amylose content 

Amylose content was determined by high performance size exclusion chromatography 

(HPSEC) and by a colorimetric method. 

3.2.4.5.1 High performance size exclusion chromatography (HPSEC) 

Apparent amylose content was determined usmg high performance s1ze exclusion 

chromatography (HPSEC) (Demeke et al., 1999). Starch (5 mg) was suspended m 

distilled water (5 mL) in a glass tube and incubated at 130°C for 30 min. To 1 mL of 

vortex mixed starch solution, 55 ~-tL of 1 M sodium acetate (pH 4) was added. The 

solution was vigorously mixed and 4 units of isoamylase (200 units/ml of stock solution) 

were added to debranch the starch. After 4 h of incubation at 40°C, the reaction mixture 

was boiled for 20 min to inactivate the enzyme, and the starch solution was freeze-dried. 

The freeze-dried sample was dissolved in 200 ~-tL of 99% dimethyl sulfoxide (DMSO) 

and centrifuged in a microfuge at 15,000 x g for 10 min. A 40 ~-tL of the supernatant was 

injected into a PLgel 5 ~-tM MiniMix-C guard column attached to a PLgel Minimix 4.6 

mm i.d. column (Polymer Laboratories, Inc., Amherst, MA, USA) to separate amylose 

and amylopectin using a high-performance liquid chromatography (HPLC) system 

comprising a Waters 600 controller, Waters 610 fluid unit, Waters 717 Plus auto sampler 

and Waters 410 differential refractometer (Waters Corporation, Milford, MA, USA). The 

data were collected and analyzed using Empower software (Waters Corporation). Starch 

samples, column, and detector were maintained at 40, 100 and 45°C respectively. DMSO 

(99%) was used as an eluent at a flow rate of 0.2 mL/min. The amylose content was 
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calculated by integration of the peak area corresponding to both amylose and 

amylopectin. 

3.2.4.5.2 Colorimetry 

Amylose content (section 3.2.5.1) of starches was also determined by the colorimetric 

method of Hoover and Ratnayake (2004). Starch (20 mg/db) was weighed into a round 

bottom screw cap tube and solubilized by adding dimethylsulfoxide (90% DMSO, 8 mL). 

The contents were vigorously vortexed for 2 min and heated for 15 min in a water bath at 

85°C with intermittent mixing. The tubes were then allowed to cool to room temperature 

and diluted to 25 mL in volumetric flask. 1 mL of the diluted solution was mixed with 

water (40 mL) and h /KI solution (5 mL, [0.0025 M hand 0.0065 M KI mixture]) and 

vortexed. The final volume was adjusted to 50 mL in a volumetric flask and the contents 

were allowed to stand in the dark for 15 min at room temperature. The absorbance 

measurements were taken at 600 nm using a UV -visible spectrophotometer and the 

amylose content of the tested samples was calculated from the standard curve obtained 

with the pure amylose and amylopectin mixtures, over the range 0 to 100% (Appendix II). 

3.2.4.6 Lipid content 

3.2.4.6.1 Surface lipid 

Surface lipids of the native starch samples were determined according to the procedure 

described by Vasanthan and Hoover (1992). The surface lipids were extracted at ambient 

temperature (25-27°C) by mixing a starch sample (5 g, db) with 100 mL of 
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chloroform/methanol (2:1, v/v). The contents were mixed thoroughly for 1 hand the 

solution was filtered carefully using Whatman No 4 filter paper into a 250 mL round 

bottom flask. The residue was thoroughly washed out with chloroform/methanol 

solution. The lipid solvent mixture was evaporated to dryness using a rotary evaporator 

(Rotovapor-R11 0, Biichi Laboratorimus-Technik AG, Flawill/Schweiz, Switzerland). 

The crude lipid extracts were purified by the method of Bligh and Dyer ( 1959) before 

quantification (section 3.2.4.6.3). 

3.2.4.6.2 Bound lipid 

Bound lipid content of starch samples was determined according to the method of 

Vasanthan and Hoover (1992b). The residues from the chloroform/methanol extractions 

were refluxed with n-propanol water (3: 1, v/v) in a Soxhlet apparatus at 85°C for 7 h. 

The solvent was evaporated to dryness using a rotary evaporator and the crude lipid 

residue was purified by the method of Bligh and Dyer (1959) before quantification 

(section 3.2.4.6.3). 

3.2.4.6.3 Crude lipid purification 

The crude lipid extracts were purified according to the method of Bligh and Dyer (1959) 

using a separatory funnel with chloroform /methanol/water. The round bottom flask with 

crude lipid extract was washed by with a chloroform/methanol/water mixture in the ratio 

of 1 :2:0.8 (v/v/v) respectively. After mixing the contents were transferred to separatory 
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funnel and chloroform and water were added further to form the biphasic layer. The 

heavy chloroform layer in the bottom of the separatory funnel which contained the 

purified lipid was withdrawn into the pre-weighted round bottom flask and evaporated to 

dryness in the rotary evaporator. The round bottom flask with purified lipid was then 

removed and dried at 60°C in an air forced oven. The dried lipids were cooled to room 

temperature in a desiccator and weighed. Lipid content was calculated using following 

formula, 

d 
Wz - w 1 Lipi (%) = -- X 100 

Wo 

Where; 

W o - Sample weight (g/db) 

W 1 - Weight ofround bottom flask (g) 

W2- Weight of round bottom flask and lipid after drying (g) 

3.2.5 Granule morphology and particle size distribution 

3.2.5.1 Starch granule size distribution 

Starch granule size distribution was determined by a Malvern Mastersizer-2000 laser-

diffraction analyzer (Malvern Instruments Ltd, Malvern, UK). Refractive indices of 1.31 

for water and 1.52 for starch were used as standard. Starch ( 40 mg) was suspended in 1 

mL water and dispersed (1 ,700 rpm) in a sample holder attached to the instrument. Each 
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sample (volume%) was analyzed three times. Laser obscuration was maintained between 

12-14% during sample addition as recommended by the manufacturers. 

3.2.5.2 Polarized light microscopy 

Starch suspensions (water-glycerol 50:50, v/v) were observed under bright field light and 

crossed polarized light (magnification 200x) using a binocular microscope (Nikon 

Microscope, Eclipse 80i, Nikon INC, Melville, NY, USA) equipped with real time viewing 

(Q-capture Pro™, Surrey, BC, Canada). A Qlmaging digital camera (QICAM fast 1394, 

Surrey, BC, Canada) was used for image capture. 

3.2.5.3 Scanning electron microscopy 

Granule morphologies of pulse starches were analyzed using a Hitachi (S570, Nissei 

Sangyo Inc., Rexdale, ON, Canada) scanning electron microscope at an accelerating 

potential of 10 k V. Dry starch samples were brushed onto the surface of double-sided 

carbon adhesive tape mounted on an aluminum stub and then coated with a thin fi lm (20 

nm) of gold in an argon atmosphere. 

3.2.5.4 Confocal laser scanning microscopy 

Distribution of AM and AP were visualized by staining with APTS according to the 

method described by Blennow et al. (2003). Starch samples (1 0-15 mg) were stained in 

I 0 J.!L of freshly made APTS solution (20 mM APTS in 15% acetic acid) and I 0 ~-tL of 
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1M sodium cyanoborohydride at 30°C for 15 h (Appendix III). After thoroughly washing 

five times with deionized water, the stained starch granules were then suspended in 0.5 

mL of 50% glycerol and then visualized by a confocal laser scanning microscope 

(NIKON microscope, ECLIPSE 80i, Nikon INC, Melville, NY, USA) equipped with a 

40x/1.3 oil objective lens. The excitation wavelength achieved with a diode laser was 

488 nm. Laser power capacity and master gain were adjusted to maximum saturation. 

Images of starch granules were recorded with EZ-Cl 3.8 software (Nikon Corporation, 

Nikon INC, Melville, NY, USA). For each starch sample, a population of granules was 

examined with 15-20 images and about 10-15 granules in each image. 

3.2.6 Starch structure 

3.2.6.1 Determination of amylopectin chain length distribution by high-performance 

anion-exchange chromatography with pulsed amperometric detection (HPAEC

PAD) 

Isoamylase debranching of whole starch accompanied by high performance amon 

exchange chromatography with pulsed amperometric detection (HP AEC-P AD) was used 

to determine the amylopectin branch chain length distribution of the starches (Liu et al., 

2007). Starch was dispersed in 2 mL of 90% DMSO (5 mg/mL) by stirring in a boiling 

water bath for 20 min. After cooling, 6 mL of methanol was added with vortexing, and 

the tube was placed in an ice bath for 30 min. The pellet, which was recovered by 

centrifugation (1000 xg for 12 min), was dispersed in 2 mL of 50 mM sodium acetate 

buffer (pH 3.5) by stirring in a boiling water bath for 20 min. Following equilibration of 
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the tube at 3 7°C, isoamylase ( 5 J..LL) was added (EN 102, 68,000 U/mg protein, 

Hayashibara Biochemicals Laboratories Inc. , Okayama, Japan). The sample was 

incubated at 37°C with slow stirring for 22 h. The enzyme was inactivated by boiling for 

10 min. An aliquot (200 J..LL) of the cooled de branched sample was diluted with 2 mL of 

150 mM NaOH. The sample was filtered in a 0.45 J..Lm nylon syringe filter and injected 

into the HPAEC-PAD system using 50 J..LL loop. The HPAEC-PAD system consisted of a 

Dionex DX 600 equipped with an ED50 electrochemical detector with a gold working 

electrode, GP50 gradient pump, LC30 chromatography oven and AS40 automated 

sampler (Dionex Corporation, Sunnyvale, CA). The standard triple potential waveform 

was employed, with the following periods and pulse potentials: T1 = 0.40 s, with 0.20 s 

sampling time, E l = 0.05 V; T2 = 0.20 s, E2 = 0.75 V; T3 = 0.40 s, E3 = -0.15 V. Data 

were collected using Chromeleon software, version 6.50 (Dionex corporation, Sunnyvale, 

CA). The weight fraction of DP 6-12, 13-24, 25-36 and 37-58 was measured based on 

the area of peaks. The average chain length was also calculated. Eluents were prepared 

in distilled deionized water with helium sparging; eluent A was 500 mM sodium acetate 

in 150 mM NaOH, and eluent B was 150 mM NaOH. Linear components were separated 

on a Dionex CarboPac™ PAl column (4-mm i.d. x 25 em) with gradient elution 0 min, 

40% eluent A; 5 min, 60% eluent A; 45 min, 80% eluent A) at a column temperature of 

26°C and a flow rate of 1 mL/min. A CaboPac™ PAl guard column (4-mm i.d. x 5 em) 

was installed in front of the analytical column. 
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3.2.6.2 Determination of short range molecular order by attenuated total reflectance 

fourier transform infrared spectroscopy (ATR-FTIR) 

ATR-FTIR spectra were recorded on a Digilab FTS 7000 spectrometer (Digilab USA, 

Randolph, MA, USA) equipped with a thermoelectrically cooled deuterated triglycine 

sulphate (DIGS) detector using an attenuated total reflectance (ATR) accessory at a 

resolution of 4 em - I by 128 scans. Starch samples were placed on the crystal in the 

sample compartment, which had a hinged cover to seal it from the environment. A 

spectrum of the empty cell was used as the background. Spectra were base line-corrected 

and then deconvoluted by drawing a straight line between 1200 and 800 em - I using Win

IR Pro software (Bio-Rad, Mississauga, ON, Canada). A half-band width of 15 cm- 1 and 

a resolution enhancement factor of 1.5 with Bessel apodization were employed. Intensity 

measurements were performed on the deconvoluted spectra by recording the peak heights 

ofthe absorbance bands from the base line. 

3.2.6.3 Wide angle X-ray diffraction (W AXS) 

3. 2. 5. 6.1 X-ray pattern and relative crystallinity 

WAXS were obtained with a Rigaku Ultima IV X-ray diffractometer (Rigaku Americas, 

TX, USA) with operating conditions of target voltage 40 kV; current 44 rnA; scanning 

range 3- 35°; scan speed 1.00°/min; step time 0.95; divergence slit width 0.5°; scatter slit 

width 0.5°; sampling width 0.03° and receiving slit width 0.3 mm. Relative crystallinity 

of the starches was quantitatively estimated following the method of Lopez-Rubio et al. 

(2008) using a software package IGOR pro 6.1 software (Wave Metrics Inc. OR, USA). 
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A Gaussian function was used for curve fitting (Appendix IV). The moisture content of 

all starch samples for X-ray diffraction was adjusted to ~23% by being kept in a 

desiccator over saturated K2S04 solution (25 °C, aw = 0.98) for 14 days. 

3. 2. 5. 6. 2 Determination of 'A ' and 'B ' polymorphic composition by X-ray diffraction 

The proportion of ' A' and 'B' polymorphic compositions of the starches were calculated 

using the method outlined by Zhou, Hoover and Liu (2004). The 'B' polymorph content 

was calculated by determining the ratio of the area under the diffraction peak at 5.6° 28 to 

the total crystalline area (as described in 2.3 .3 .1) together with a calibration curve 

(Appendix V) derived from mixtures of pure 'B ' type (0-100% potato starch) and pure 

'A' type (100- 0% waxy corn starch). 

3.2.6.3 Determination of double helical content by 13C cross polarization magic angle 

spinning nuclear magnetic resonance spectroscopy e3c CP/MAS NMR) 

13CCP/MAS NMR) spectroscopy was performed usmg a Bruker AVANCE II 600 

operating at frequencies of 600.33 MHz for 1H and 150.96 MHz for 13C. All 

experiments were carried out using a Bruker 3.2 mm MAS triple-tuned probe (H/C/N/D). 

The moisture content of all starch samples was adj usted to ~ 23% by being kept in a 

desiccator over saturated K2S04 solution (25 °C, aw = 0.98) for 14 days. The samples 

were spun at 20 kHz and the temperature was maintained constant at 298 K. The contact 

time was 2 ms for all experiments and the Hartmann-Hahn condition was set at 62.5 kHz. 

11 5 



1024 scans were collected with a 3 s recycling delay. 13C chemical shifts were referenced 

to TMS with adamantane as an external secondary reference. The 13C CP/MAS NMR 

spectra were peak fitted by using DMfit #20110512 software (Dominique Massiot). The 

spectra were interpreted in terms of a combination of amorphous (single chain) and the 

ordered double helical components. The ordered sub spectrum was obtained by 

subtracting the sub spectrum due to the amorphous content from the native starch 

spectrum (Appendix VI). The percentage of double helix content was calculated by the 

equation shown below (Tan et al. 2007). 

Area for the Cl signals in the ordered subspectrum 
Double helix% = * 100 

Area for the Cl signals in the native spectrum 

3.2.6 Starch properties 

3.2.5.1 Amylose leaching (AML) 

Starches (20 mg/db) in water (10 mL) were heated at 60- 95°C in volume calibrated 

sealed tubes for 30 min (tubes were shaken by hand every 5 min to suspend 

the starch slurry). The tubes were then cooled to room temperature and centrifuged at 

2000 x g for 10 min. The supernatant liquid (1 mL) was withdrawn and amylose content 

determined as described by Hoover and Ratnayake (2004) (section 3.2.3.5. 1). AML was 

expressed as percentage of amylose leached per 100 g of dry starch. Three replicate 

samples were used in the determination. 
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3.2.6.2 Swelling factor (SF) 

The SF of the starches when heated to 60-95°C in an excess of water was measured 

according to the method of Tester and Morrison (1990). This method measures only 

intragranular water and hence the true SF at a given temperature. Starch samples (50 

mg, db) were weighed into screw cap tubes; 5 mL water was added and heated in a 

shaking water bath at appropriate temperature for 30 min. The tubes were then cooled 

rapidly to 20°C in an ice water bath and 0.5 mL of Blue Dextran (Pharmacia MW 2x 106
, 

5 mg/mL) was added and the contents mixed by inverting the closed tubes several times. 

The tubes were centrifuged at 1500 x g for 10 min and the absorbance of the supernatant 

was measured at 620 run. The absorbance of the reference tube that contained no starch 

was also measured. Three replicate samples were used in this determination. The SF is 

reported as the ratio of the volume of swollen starch granules to the volume of the 

dry starch using following equation, 

Calculation of SF was based on starch weight corrected to moisture content, assuming a 

density of 1.4 g/mL. 

Free or interstitial-plus-supernatant water (FW) is given by: 

FW (mL) = 5.5(AR/ As)- 0.5 

The initial volume ofthe starch (Yo) ofweight W (mg) is 

V0 (mL) = W/1400 2 
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And the volume of absorbed intragranular water (V 1) is thus 

V 1 =5.0-FW 3 

Hence the volume of the swollen starch granules (V 2) is 

4 

SF= V2/Vo 5 

This can be expressed by the single equation 

SF = 1 + ((7700/w) x [(A5 - Ar)/A5 ]} 

3.2.6.3 Differential scanning calorimetry (DSC) 

Gelatinization parameters of native and HMT starches were measured using a Mettler 

Toledo differential scanning calorimeter (DSC1/700/630/GC200) equipped with a 

thermal analysis data station and data recording software (STAR@ SW 9.20). Water (11 

11L) was added with a micro syringe to starch (3.0 mg, db) in the DSC pans, which were 

then sealed, reweighed and allowed to stand overnight at room temperature before DSC 

analysis. The scanning temperature range and the heating rates were 30- ll0°C and 

10°C/min, respectively. In all measurements, the thermogram was recorded with an 

empty aluminum pan as a reference. During the scans, the space surrounding the sample 

chamber was flushed with dry nitrogen to avoid condensation. The transition 

temperatures reported are the onset (To), peak (Tp) and conclusion (Tc ). The enthalpy of 
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gelatinization (~H) was estimated by integrating the area between the thermogram and a 

base line under the peak and was expressed in terms of Joules per gram of dry starch. 

3.2.6.4 Rapid Visco Analyzer (RVA) 

A Rapid Visco Analyzer RVA-4 (Newport Scientific Pty. Ltd. , Warriewood, NSW, 

Australia) was employed to measure the pasting properties of native and HMT starches 

(5% db, 25 g total weight). The samples were equilibrated at 50°C for I min, heated at 

6°C/min at 95°C, held at 95°C for 5 min, cooled at 6°C/min at 50°C, and held at 50°C for 

2 min. The speed was 960 rpm for the first I 0 s, then I60 rpm for the remainder of the 

experiment. 

3.2.6.5 a-amylase hydrolysis 

a -amylase hydrolysis of starches was conducted using a crystalline suspension of porcine 

pancreatic a-amylase (PPA) in 2.9 M NaCl containing 3 mM CaCb (Sigma Chemical Co; 

St. Louis, MO, USA) in which the concentration of a-amylase was 26 mg protein/mL and 

the specific activity was 1333 units/mg protein. The procedure was essentially that of 

Knutson et al. (1982) with a slight modification. Starch (20 mg) was added with 5 mL 

distilled water and 4 mL of O.I M phosphate buffer (pH 6.9), containing 0.006 M NaCl. 

The slurry was pre-warmed for 30 min at 37°C and gently stirred before adding PPA 

suspension (12 units/mg starch). The samples were analyzed after 3, 24 and 72 h of 

incubation at 37°C in a constant temperature water bath (New Brunswick Scientific, 
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G76D, Edison, NJ, USA). Samples were taken at specific time intervals and enzyme 

reaction was terminated by adding 2 mL of 95% ethanol. The mixture was centrifuged 

(1500 x g, for 5 min) and aliquots of the supernatant were analyzed for soluble 

carbohydrate (Bruner, 1964) (section 3.2.5.6). The degree of hydrolysis was defined as 

the reducing sugars generated in the supernatant, expressed as mg maltose equivalents 

released per 100 mg dry starch. 

3.2.6.6 Acid hydrolysis 

Starches were hydrolyzed in triplicate with 2.2 M HCl (1 g, db, starch/40 mL) at 35°C in 

a water bath (New Brunswick Scientific, G76D, Edison, NJ, USA) for periods ranging 

from 0 to 15 days. Starch slurries were vortexed daily to re-suspend the 

deposited starch granules. Aliquots taken at specific time intervals were neutralized with 

2.2 M NaOH and centrifuged (2000 x g/1 0 min). The extent of hydrolysis was 

determined by expressing the solubilized carbohydrates (Jane and Robyt, 1984) as a 

percentage of the initial starch using the method of Bruner ( 1964 ). 

3. 2. 6. 6.1 Determination of reducing value 

Soluble carbohydrates were determined according to the method of Bruner (1963). 2 mL 

of 3,5-dinitrosalicylic acid (DNS) were taken into a glass tube and placed in an ice-water 

bath to chill for 5 min. An aliquot of the sample (1 mL) was pipetted into 2 mL of the 

chilled 3, 5-DNS and the reaction mixture was then diluted to 4 mL with distilled water. 
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The contents were mixed by rapid swirling and returned to an ice-water bath until 

thoroughly chilled and then the contents were heated in a boiling water bath for exactly 5 

min for color development. After that, contents were returned in an ice-water bath prior 

to the color measurement. After chilling, the final volume was adjusted to 8 mL with 

distilled water at room temperature. Contents were mixed by rapid swirling before taking 

the absorbance measurement at 540 nm. If the sample relative absorbance exceeds 1.5 at 

540 nm, the spectrophotometer was reset to 590 nm without delay, and the relative 

absorbance was measured at that wave length. The apparent sugar content of the sample 

was determined by calculation from the appropriate regression equation of the standard 

curves (Appendix VII). 

E d l 
. 

0 
: l Reducing sugar (as maltose)x 0 .95 x100 nzyme Hy ro yszs (%
1 

= ---~__::. _ _.:_ ___ ___:_ ___ _ 
Initial starch weight (g I db) 

3.2.6. 7 In-vitro starch digestibility and expected glycemic index ( eGI) 

In-vitro starch digestibility was determined by the AACC approved method 32-40 

(AACC International, 2000). Pulse starches (1 00 mg) were incubated with pancreatin (1 0 

mg) and amyloglucosidase (12 U) in 4 mL of 0.1 M sodium maleate buffer (pH 6.0) at 

37°C with continuous shaking (200 strokes/min) for 0.5-16 h. After incubation, 4 mL of 

ethanol (95%) were added to inactivate the enzyme and the sample was centrifuged at 

2000 x g for 10 min. Glucose content of the supernatant was measured by a glucose 

oxidase-peroxidase assay (section 3.2.5.7.1) kit (Megazyme International Ireland Ltd., 

Bray, Ireland). Starch classification (Chung, et al. , 2008) based on the rate of hydrolysis 
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were: rapidly digestible starch (digested within 0.5 h; RDS), slowly digestible starch 

(digested between 0.5 and 16 h; SDS) and resistant starch (undigested after 16 h; RS), 

which was starch not hydrolyzed even after 16 h. The hydrolysis index (HI) was 

calculated by dividing the area under the hydrolysis curve of each starch sample by the 

corresponding area obtained from a standard material (white bread). The eGI was 

calculated using the equation (Granfeldt et al., 1992) shown below: 

eGI = 8.198 + 0.862 HI 

3. 2. 6. 7. 1 Determination of glucose content by Megazyme Glucose method 

Glucose oxidase/peroxidase (GOPD) reagent buffer [1 M, pH 7.4, p-hydroxybenzoic acid 

and sodium azide (0.4% w/v)] was diluted to 1: 1 with distilled water. Then the GO POD 

reagent enzyme (> 12000 U) was dissolved in 20 mL of freshly prepared GOPOD buffer 

(this glucose determination reagent is only stable for 3 months at 2-5°C or > 12 months at 

-20°C). GOPOD reagent (3 mL) was added to 0.1 mL of sample solution containing 

glucose and incubated at 50°C for 20 min. Finally, the absorbance (~A) of sample was 

measured at 510 nm against reagent blank. Glucose content was determined using 

following formula, 

Glucose 0 10.1 mL) = M sample X 100 
jlg M g lucose standard (100 119) 
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3.2. 7 Retrogradation 

3.2.7.1 Turbidity 

A 2% aqueous suspension (200 mL) of starch was heated in a boiling water bath for 1 h 

under continuous gentle stirring, and then cooled for 20 min at 25°C. Triplicate paste 

samples were placed in cuvettes and turbidity was determined by measuring transmittance 

at 640 nm against water blank with a Milton Roy UV -visible spectrophotometer 

(Spectronic 601, Milton Roy Company, USA). The development of turbidity was 

followed by storing the remaining starch pastes for 1 day at 4°C followed by 2-25 days at 

25°C. 

3.2.7.2 Gel preparation 

Gels were prepared by heating native starch suspensions (50% (w/v)) at 95°C in a shaking 

water bath for 1 h (Roulet et a!. 1988). The samples were then cooled rapidly to room 

temperature (25°C). After cooling, the gels formed were stored at 4 °C for 1 day followed 

by 25 days at 25°C. The procedure (with minor modifications) of Roulet eta!. (1988) was 

used to convert freshly gelatinized and stored gels to a powder prior to examination by X

ray diffraction. The gels were rinsed with water, cut into small pieces and mixed with 

100 mL acetone. After homogenization using a polytron, the mixture was left to decant 

for 5 min. The liquid was discarded and the rest was transferred to screw cap tubes. 

Acetone was again added, the mixture centrifuged (3000 xg) and the supernatant 
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discarded. The procedure was repeated three times and the remaining mass was then 

freeze dried. 

3.2.8 Statistical analysis 

Statistical analysis was performed among species and among cultivars of each species. 

All determinations were replicated three times and mean values and standard deviations 

reported. Analysis of variance (one-way ANOVA) was performed and the mean 

separations were compared using Tukey's HSD test (P < 0.05) using SPSS 16.0 for 

Windows (SPSS Inc., Chicago, IL, USA). 
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Chapter 4 

Results and Discussion 

4.1 STRUCTURE OF FABA BEAN, BLACK BEAN AND PINTO BEAN 

STARCHES AT DIFFERENT LEVELS OF GRANULE ORGANIZATION AND 

THEIR PHYSICOCHEMICAL PROPERTIES 

4.1.1 Composition 

Data on the yield and composition of faba bean (FB), black bean (BB) and pinto bean 

(PB) starches are presented in Table 4.1. The yield (on a total seed basis) of starch from 

the pulse seeds ranged from 27.4 to 36.3% (FB > BB ~ PB). Apparent amylose content 

ranged from 25.85 to 33.62%. There was no significant difference (P < 0.05) in apparent 

amylose content among FB cultivars. However, cultivars of BB and PB exhibited 

significant differences (P < 0.05) in apparent amylose content (PB > BB). The ash 

content ranged from 0.03 - 0.08%. The low ash content indicates that the starches were 

relatively free of hydrating fine fibers, which are derived from the cell wall enclosing the 

starch granule. The nitrogen content (0.02 - 0.09%) was low in all starches indicating the 

absence of non-starch lipids (lipids associated with endosperm proteins [Morrison, 

1981 ]). In all starches, the free lipid (obtained by extraction with chloroform-methanol 

2: I v/v at 25°C), bound lipid (obtained by extraction of the chloroform-methanol residue 

with 1-propanol-water 3:1 v/v for 7 h) and phosphorus (in the form of phosphate 

monoesters) contents ranged from 0.04 - 0.05%, 0.13 - 0.15% and 0.04 - 0.09%, 
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respectively. Differences in phosphate content were significant (P < 0.05) among 

cultivars of FB, BB and PB (Table 4.1) starches. The above values for nitrogen, ash, and 

lipids were in the range reported for other pulse starches (Hoover et al. , 201 0). There are 

no data available in the literature for the phosphorus content of other pulse starches. The 

purity of the starches was judged on the basis of composition (low nitrogen and ash 

contents) and by microscopic observation of a large number of granules which 

demonstrated the absence of any adhering protein (Fig. 4.1 g, h, i) on the granule surface 

(due to the high magnification needed to clearly visualize the granule surface only a few 

granules are shown in the above figures). None of the starches exhibited granule damage 

during isolation and purification. 
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Table 4.1 

Chemical composition(%) offaba, black and pinto bean starches* 1 

Lipid 

Starch source Yield Moisture Ash Nitrogen Phosphorus 
Apparent amylose Surface Bound 

content4 lipid2 lipid2 

Faba bean 

Fatima 32.94±0.23" 9.26±0.06"b 0.03±0.02" 0.05±0.02" 0.007±0.003 3 1.86± 1.84" 0.05±0.03" 0.13±0.0 13 

FB 9-4 34.56± 1.223 8.95±0.063 0.08±0.05b 0.06±0.03" 0.006±0.00b 32.23±0.563 0.05±0.023 0.14±0. 13" 

F 18-20 36.34± 1.183 9.52±0.11 3b 0.10±0.01b 0.04±0.0 I 3 0.005±0.00c 3 1.3 8±0.53" 0.04±0.003 0. 13±0.0 1" 

SSNS 1 34.44±0.24" 9.71 ±0.25b 0.14±0.06c 0.07±0.01" 0.005±0.00c 3 1.63±0.34" 0.05±0.023 0.14±0.01" 

Mean 34.57±1.44a 9.36±0.33a o.09±0.05"b 0.06±0.02a 0.006±0.001 a 31. 78±0.92a 0.05±0.02a 0.13±0.01a 

Black bean 

BYT 03 Expresso 27.53± 1.14b 9. 15±0.14c 0.15±0.00d 0.02±0.01 b 0.008±0.00d 30.74±0.95b 0.04±0.0 1b 0.13±0.00b 

CDC Jet 28.6 1±0.36b 8.15±0.21d 0.07±0.00e 0.05±0.02b 0.007±0.00e 32.7 1±0.95c 0.05±0.0 1 b 0.13±0.0 1b 

BRT1519-10 29.89±0.02b 11.00±0.04e 0.18±0.00f 0.07±0.03b 0.006±0.00f 33.62±0.18d 0.04±0.00b 0.1 3±0.0 1b 

BYT 01 1681a-b 29.55±0.57b 11.57±0.11 f 0.14±0.00d 0.09±0.02b 0.008±0.00d 3 1.30±0.33bc 0.05±0.00b 0.13±0.00b 

Mean 28.89± 1.1 oa 9.97±1.59a 0.14±0.04a 0.06±0.03a 0.007±0.001 a 31.95± 1.32" 0.05±0.0la 0.1 3±0.00" 

Pinto bean 

AC Pintoba 29.77±0.13c 7.76±0.13g 0.05±0.00g 0.03±0.0J c 0.004±0.00g 25.85±0.20e 0.05±0.0 I c O.J 3±0.00c 

ACOle 27.41 ±0.16d 7.99±0.00g 0.06±0.03g 0.04±0.02c 0.006±0.00h 3 1.75±0.05f 0.05±0.02c 0.15±0.00c 

Pecos 31. 16±0.37" 8.63±0.43gi 0.07±0.01 g 0.06±0.03c 0.009±0.00i 32.53±0.11 g 0.05±0.0 Jc 0.1 3±0.0 Jc 

HR 119 30.62±0.39ce 9.41±0.11 hi 0.05±0.00g 0.02±0.00c 0.005±0.0oi 29.72±0.50h 0.05±0.00c 0. 14±0.00c 

Mean 29.74±1.55a 8.48±0.743 0.06±0.02b 0.04±0.023 0.006±0.002" 29.97±2. 72" 0.05±0.01 3 0.1 4±0.01" 

*Statistica l analysis was performed among cu ltivars within each starch source and also among the means for each starch source. 
1 All data reported on dry basis and represents the mean of three determinations. Values followed by different superscript in each column are signi ficantly 

different (P < 0.05). 
2 Lipid extracted from the starch by chloroform- methanol (CM) 2: I (v/v) at 25°C (mainly free lipids). 
3 Lipid extracted by hot !-propanol- water (PW) 3: I (v/v) from the residue left over CM extraction (mainly bound lipids). 
4 Determined by high-performance size exclusion chromatography. 
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4.1.2. Granule characteristics 

The birefringence patterns of FB, BB and PB starches are presented in Figs. 1 a-c. The 

birefringence patterns (interference cross known as "maltese cross") under polarized light 

indicates that amylopectin crystallites are arranged radially within the granule at right 

angles to the surface with their single reducing end group towards the hilum (Sivak and 

Preiss, 1998). All granules of BB (Fig. 4.1 b) and PB (Fig. 4.1 c) starches exhibited 

strong birefringence patterns. However, granules of FB starches exhibited both strong 

(Fig. 4.1 a, arrow 3) and weak (Fig. 4.1 a, arrow 4) birefringence patterns. Weaker 

birefringence patterns are indicative of disorganized amylopectin double helices within 

the crystalline lamella of these granules. Bright field microscopy (BFM) [Fig. 1d], 

scanning electron microscopy (SEM) [Fig 1 g] and confocal laser scanning microscopy 

(CLSM) [Fig. 4.1 j] showed the presence of numerous cracks in granules of FB. The 

nature and extent of cracking varied among granules of FB. However, cracked granules 

were not seen in BB (Fig. 4.1 e, h, k) and PB (Fig. 4.1 f, i, l) starches. Cracks have also 

been reported in corn (normal, waxy, high amylose), sorghum, potato, kidney bean and 

mung bean starches (Hoover and Sosulski, 1985; Huber and BeMiller, 2000; van de 

Velde, van Riel and Tromp, 2002; Glaring, Koch and Blennow, 2006. Glaring et al. 

(2006) postulated based on studies on normal, high amylose and high amylopectin 

starches, that cracking may reflect low granule integrity (due to weak interaction between 

radially arranged amylopectin chains) resulting in an increase in strain as the granule 

grows. Blennow et al. (2003) have also postulated by studies on antisense SBE and 

antisense GWD potato starches, that cracks could reflect sub-optimal packing of starch 
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chains within the granules. CLSM image (Fig. 4 .1 j) of FB starch showed that the outer 

regions of the granule were stained non-uniformly with APTS. Whereas, the cracked 

region was stain free. The hilum (crossing point of the maltese cross which generally 

appears as a bright fluorescence dot or as an elongated structure in starch granules stained 

with APTS) and the growth rings layered around the hilum were not visible in the CLSM 

image of FB (Fig. 4.1 j). However, the hilum and growth rings were clearly visible in 

granules of BB (Fig. 4.1 k) and PB (Fig. 4.1 1) starches. In both BB and PB starches, the 

hilum region was elongated and more intensely stained with APTS than the growth rings. 

Bright fluorescence near the hilum region is an indication of a high concentration of 

amylose (since amylose has been shown to be more heavily labelled with APTS than 

amylopectin [since it contains a much higher molar ratio of reducing ends per glucose 

residue than amylopectin (Blennow et al., 2003)]). The above authors have also shown 

by studies on amylopectin rich starches, that bright fluorescence in the hilum region could 

also reflect the presence of a higher concentration of amylopectin reducing ends. The 

data suggest that disorganized amylopectin crystallites in FB may have lowered granule 

integrity. Consequently, FB granules may have been fragile and thus prone to cracking 

during granule development. It is likely, that during granule development, cracking may 

have resulted in redistribution of amylose and/or amylopectin reducing ends to the outer 

regions of the granule (Fig. 4.1 j). This seems plausible due to non-uniform APTS 

staining in the outer regions of the granules (Fig. 4.1 d). Distribution of different size 

granule fractions of FB, BB and PB starches are presented in Fig. 4.2. The granule size 

range of 8 - 15 11m, 16 - 30 11m, 31 - 60 11m and > 60 11m followed the order: FB ~ BB > 
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PB, FB ~ PB > BB, BB ~ PB > FB, respectively. Granule size > 60 ~m were present 

only in two cultivars of BB (Fig. 4.2). SEM images showed that the shape of all three 

starches varied from oval to round to irregular (Figs. 4.1 g, h, i). 
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Figure 4.1 a, b and c represent polarized light microscopy ( x200) of faba bean (Fatima), black 

bean (BYT 03 Expresso) and pinto bean (AC Pintoba) starches, respectively. Arrows 

I (weak birefringence pattern) and 2 (strong birefringence pattern) indicates maltese 

cross pattern of faba bean (Fig. I a). Arrow 3 represents the well-defined maltese cross 

pattern in black bean (Fig. 4.1 b) and pinto bean (Fig. 4. 1 c) starches. 

d, e and f represent bright fi eld microscopy (x200) of faba bean (Fatima), black bean 

(BYT 03 Expresso) and pinto bean (AC Pintoba) starches, respectively. Arrow 4 

(Fig. 4.1 d) indicates different types of cracked granules in faba bean starch. 

g, h and i represent the scanning electron microscopy ( x5400) of faba bean (Fatima), 

black bean (BYT 03 Expresso) and pinto bean (AC Pintoba) starches, respectively 

(due to the high magnification needed to clearly visua lize the granule surface only a 

few granules are shown in the above figures). Arrow 4 (Fig. 4. 1 g) indicates cracked 

region on the granule surface offaba bean (scale bars: 5 f!m). 

j , k and I represent confocal laser scanning microscopy ( x600 oi l) of APTS stained 

faba bean (Fatima), black bean (BYT 03 Expresso) and pinto bean (AC Pintoba) 

starches, respectively. Arrow 4 (Fig. 4 .1 g) points to the dark central cracked region of 

faba bean granule and arrows 5 and 6 indicate that the region surrounding the dark 

region are stained di fferently with APTS. Arrows 7 and 8 indicate the elongated hilum 

region and the growth rings in black bean (Fig. 4. 1 k) and pinto bean (Fig. 4.1 I) 

starches, respective ly (scale bars: 0.5 flm) . 
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Figure 4.2 Starch granule size distribution offaba, black and pinto bean starches 
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4.1.3. Amylopectin chain length distribution 

The chain length distribution of FB, BB and PB starches are presented in Table 4.2. 

There was no significant difference (P < 0.05) in the proportion of DP 6-12, DP 13-24, 

DP 37-50 among starch sources and between cultivars of each starch source. 
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Table 4.2 

Amylopectin chain length distribution of faba, black and pinto bean starches determined 

by high performance anion exchange chromatography with pulsed amperometric 

detection.* 1 

Degree of Polymerization (DP)% 

Starch source 6-12 13-24 25-36 37-50 

Faba bean 

Fatima 2 1.69± 1.83" 53 .30±0.67" 13. 74± 1.84" 11.27±0.68" 

FB 9-4 20.07±2.58" 53. 13±2.63" 15.00±3.64" I 1.80± 1.56" 

F 18-20 19.33±2.02" 53 .06± 1.01" 15.50±2.92" 12.1 0±0.12" 

SSNS I 20.43± 1.78" 54.07±3.07" 15.1 0±3.54" 10.4 1± 1.3 1" 

Mean 20.38± 1.81 a 53.39± 1.65" 14.83±2.42" 11 .40± 1.07" 

Black bean 

BYT 03 Expresso 19.85±0.94b 53.62±0.74b 16.48±0.25b I 0.06±0.05b 

BRT CDC Jet 19.79± 1.82b 54.7 1±2.99b 14.83±3.72b I 0.68± 1.09b 

BRT 15 19-10 18.05±0.65b 51.64± 1.26b 18. 18±0.02b 12. 12±0.63b 

BYTO I 1681a-b 20.78± 1.95b 55.27±0.40b 14.57±2 .06b 9.38±0.29b 

Mean 19.62±1.42" 53.81±1.82" 16.01±2.09" 1 0.56± 1.11 a 

Pinto bean 

AC Pintoba 22.54±2.53° 54.05±0.03° 14.46±0.49° 8.95±2.0 I 0 

ACOle 21.39±2.47° 54.00± 1.24° 15.48±2.45° 9. 12± 1.26° 

Pecos 20.06±2.02° 54.40± 1.46° 15.10±3.45° I 0.44±0.03° 

HR 119 2 1.00±2.25° 55.77± 1.76° 13.76±3.49° 9.48±0.52° 

Mean 21.25±2.00" 54.56± 1.25" 14. 70±2.20" 9.49±1.10" 

*Statistical a na lysis was performed a mong cultivars within each starch source and a lso among the 

means fo r each sta rch source. 
1AII data represent the mean of trip licates. Values fo llowed by the same superscript in each column for each 

starch source are not significantly d ifferent (P < 0.05) by ANOV A and Tukey's HSD test. 
2DP11 : indicates degree of polymerization. Total relative area was used to calculate the percent distribution. 
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4.1.4. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-

FTIR) 

In ATR-FTIR spectroscopy, the vibrational modes influencing absorption bands at 1105, 

1125 and 1155 cm-1 (C- OH, C - C and C- 0 stretching), 928, 995, 1016, 1048, 1080 

cm-1 (C - OH bending and CH2 vibrational modes), and 860 cm-1 (C- 0 - C symmetrical 

stretching and C - H deformation) reflect conformational and crystalline order in starch 

(van Soest, et a!., 1995). The ATR-FTIR spectrum is sensitive to short range order, 

defined as the double helical order, as opposed to long range order related to the packing 

of double helices (detected by X-ray diffraction). TheIR beam penetrates only to a depth 

of a few micrometers (2 f.!m) of the sample (Sevnou et a!., 2002). Hence, the IR spectra 

mainly reflect short range order near the granule surface. The ATR-FTIR data of FB, BB 

and PB starches are presented in Table 4.3. The absorbance bands at 101 6 and 1048 cm-1 

are characteristic of amorphous and crystalline structures in starch, respectively (van 

Soest eta!., 1995). Thus the ratio of 1048/1016 cm-1 has been used to express the amount 

of ordered crystalline domains to amorphous domains in starches (Capron et a!., 2007; 

van Soest et a!., 1995). FB starches exhibited a lower 1048/1 016 cm-1 ratio (0.872 -

0.890) than did BB (0.9 10 - 0.971) and PB (0.895 - 0.946) starches. The mean of the 

10481101 6 cm-1 ratio for each starch source [FB (0.886±0.016), BB (0.938±0.028) and 

PB (0.922±0.023)] was significantly different (P < 0.05) only between FB and the other 

two starches. The lower 1048/1016 cm-1 ratio for FB starches suggests that although the 

amount of ordered crystalline domains are higher (based on the higher intensity of the 

1048 cm-1 peak), the crystallites of FB starch are probably smaller and/or the double 
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helices forming the crystallites are weakly associated within the crystalline lamella. This 

seems plausible, since the peak attributed to the amorphous domains (1016 cm-1
) was also 

of a higher intensity in FB starches. The 99511016 cm-1 ratio has been shown to reflect 

helical organization (alignment of helices at short range order) within the crystalline 

lamella (Capron eta!., 2007). The mean 995/1016 cm-1 ratio's for FB (1.135±0.021), BB 

(1.125±0.019) and PB (1.125±0.038) starches were not significantly (P < 0.05) different. 

However, with the exception of FB cultivars, the 99511016 cm-1 ratio was significantly 

different (P < 0.05) among cultivars of BB (BRT CDC Jet > BYT 01 1681a-b > BRT 

1519-10 > BYT 03 Expresso) and PB (Pecos ~ AC Ole ~ HR 119 > AC Pintoba). This 

suggests that among cultivars of BB and PB, differences exist with regard to helical 

organization within the crystalline lamella. 
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Table 4.3 

Short-range molecular order of faba, black and pinto bean starches measured by 

attenuated total reflectance-Fourier-transform infrared spectroscopy.* 1 

Starch source 

Faba bean 

Fatima 

FB 9-4 

F 18-20 

SSNS I 

Black bean 

Mean 

BYT 03 Expresso 

BRT CDC Jet 

BRT 1519-10 

BYTOI 168la-b 

Pinto bean 

AC Pintoba 

ACOle 

Pecos 

HR 119 

Mean 

Mean 

Intensity Ratio 

R ( 1048/10 16 cm- IP 

0.872±0.0 12" 

0 .889±0.032" 

0 .889±0.0 16" 

0 .892±0.004. 

0.886±0.0 16" 

0 .946±0.025b 

0.91 0±0.0 18b 

0 .971±0.000b 

0.924±0.02 1 b 

0.938±0.028b 

0.895±0.003c 

0 .946±0.024c 

0.925±0.000c 

0.924±0.02 1 c 

0.922±0.023b 

R (995/10 16 cm-1)3 

1.140±0.005" 

1.127±0.030" 

1. 151±0.01 2" 

1.124±0.033" 

1.135±0.021 a 

1. 1 07±0.000b 

J.J54±0.000c 

1.1 18±0.000d 

1.121±0.000e 

1.1 25±0.019" 

1.070±0.00 I r 

1.145±0.003gh 

1.162±0.0 17" 

1. 12 1±0.000g 

1.125±0.038" 

*Statistica l a nalysis was performed among cultivars within each starch source and also among the 

means for each starch source. 
1AII data represent the mean of triplicates. Values followed by the same superscript in each column for each 

starch source are not significantly different (P < 0.05) by ANOV A and Tukey' s HSD test. 
2 Amount of ordered crystall ine domain to amorphous domains in starch. 
3Refl ects helical organization within the crystalline lamella. 
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4.1.5. X-ray Diffraction 

All pulse starches exhibited the characteristic "C-type" X-ray pattern (Hoover and 

Ratnayake, 2002). Gernat et al. (1990) have shown that the "C" pattern is a mixture of 

'A' and 'B' unit cells in varying proportions. The intensity of the peak characteristic of 

the "B" polymorphic form (centered at 5.2° 28) followed the order: FB > BB > PB (Fig. 

4.3). The "B" polymorphic content in FB, BB and PB starches ranged from 20.6 -

26.3%, 15.4- 17.7%, 7.9 - 17.3%, respectively. Among cultivars of FB, BB and PB 

starches, the 'B' polymorph content followed the order: Fatima ~ SSNS1 > FB 9-4 ~ F 

18-20, BYT 03 Expresso ~ CDC Jet ~ BRT 1519-10 ~ BYT 01 1681a-b and HR 119 ~ 

AC Pintoba > AC Ole > Pecos, respectively. The B polymorphic content of FB was in 

the range reported for other pulse starches (22.1 - 38.6%) (Hoover et al. , 2010). 

However, those of BB and PB were lower. The relative crystallinity (RC) of FB, BB and 

PB starches was in the range 20.2-21.9%, 20.4-21.3% and 21.5-23.1 %, respectively. 

These values were within the range (17.0 - 34.0%) reported for other pulse starches 

(Hoover et al., 2010). The mean RC ofPB cultivars (22.3%) was significantly (P < 0.05) 

higher than those of BB (20.8%) and FB (20.8%) cultivars. Generally, differences in RC 

between starches could be attributed to differences in crystal size, amount of crystallite 

regions (influenced by amylopectin content and amylopectin chain length), orientation of 

the double helices within the crystalline domains and the extent of interaction between 

double helices. The difference in RC between PB and the other two starches cannot be 

attributed to differences in crystallite size (since the sharpness in X-ray pattern was 

identical in FB, BB and PB [Fig. 3]), amylopectin content (differences among PB, FB and 
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BB was marginal [Table 4.1]), or to amylopectin chain length distribution (no significant 

difference (P < 0.05) among FB, BB and PB [Table 4.2]). Therefore, the higher RC of 

PB starches probably reflects stronger interaction between double helices within the 

crystalline lamellae and/or better orientation of crystallites to the X-ray beam. 

As shown earlier (Fig. 4.1, Table 4.3), crystallites in BB and PB starches were better 

organized within the crystalline lamella than those of FB starches. Consequently, the 

intensity of the X-ray pattern and relative crystallinity of FB starches (Fig. 4.3) should 

have been theoretically much lower than those of BB and PB starches. This suggests that 

the higher content of B-type crystallites (Fig. 4.3) in FB starches may have negated the 

influence of crystalline packing (BB ~ PB > FB) on X-ray intensities and relative 

crystallinity. This seems plausible, since B-type crystallites have been shown (Cairns et 

al. 1997) to be larger (14.0 nm) than those of A-type crystallites (1 0.0 nm), and an 

increase in crystallite size has been shown (Rocha et al. 2011) to increase X-ray 

crystallinity. 
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Figure 4.3 X-ray diffraction patterns (y axis: Intensity, x axis: 28), relative crystallinity 

(RC) and B-polymorphic content of faba, black and pinto bean starchesa. 

(aValues followed by the same superscript for RC and B-polymorphic content 

data for each starch source are not significantly different (P < 0.05) by 

ANOVA and Tukey's HSD test). 
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4.1.6. Amylose leaching (AML) and Swelling factor (SF) 

AML and SF of FB, BB and PB starches over the temperature range 60 to 90°C are 

presented in Fig. 4.4. The extent of AML at all temperatures followed the order: FB > 

BB ~ PB (Fig. 4.4 a, b, c). There was no significant difference in AML among cultivars 

ofFB starches. However, difference in AML among cultivars ofBB and PB starches was 

significant (P < 0.05). In all cultivars of BB and PB starches, AML was detectable only 

at temperatures exceeding 80°C, whereas, AML among FB cultivars was detectable at 

70°C in Fatima and at 75°C in the other three cultivars. AML has been shown to be 

influenced by the extent of interaction between amylose - amylose (AM-AM), and/or 

amylose- amylopectin (AM-AP) chains, apparent amylose content and lipids bound to 

amylose chains (Chung, Hoover and Liu, 2009). The extent of AML cannot be attributed 

to differences in apparent amylose content since cultivars of FB, BB and PB starches that 

differed significantly (P < 0.05) in their apparent amylose content (Table 4.1) did not 

exhibit significant differences (P < 0.05) in AML (Fig. 4.4 a, b, c). Furthermore, the 

absence of any significant differences (P < 0.05) in bound lipid content among cultivars 

of FB, BB and PB starches (Table 4.1) make their influence on AML highly improbable. 

This suggests that in FB starches, the higher extent of AML and AML at temperatures 

below 80°C (Fig. 4.4 a) reflect weaker interactions between AM-AM and/or AM-AP 

chains and/or to the presence of cracked granules (Fig. 4.1 d, g, j). The SF in the 

temperature range 60 to 85°C and at 90°C followed the order: FB > BB ~ PB and BB ~ 

PB > FB (Fig. 4.4 d, e, f) , respectively. Differences in SF among cultivars ofFB and BB 

starches were significant (P < 0.05) at temperatures below 80°C, whereas in PB starches, 
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Figure 4.4 Amylose leaching (a, b, c) and swelling factor (d, e, f) of faba (a, d), black (b, 

e) and pinto ( c, f) bean starches over the temperature range 60-90°C. 
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SF differences among cultivars more significant (P < 0.05) at temperatures above 80°C 

(Fig. 4.4 d, e, f). In BB and PB starches, SF increased with increase in temperature. 

However, SF decreased in FB starches at temperatures beyond 80°C (Fig. 4.4 d). SF has 

been shown to be influenced by: 1) amylopectin structure (Tester, Morrison and 

Schulman, 1993), 2) lipids bound to amylose chains (Hoover and Manuel, 1996), 3) 

crystallinity (Chung et al., 2009) and 4) amylopectin content (Varatharajan et al. , 2010). 

As shown earlier, there were no significant differences (P < 0.05) in factors 1 to 4 among 

FB, BB and PB starches. This suggests that the higher SF of FB starches in the 

temperature range 60 - 85°C reflect the interplay of the following factors : 1) cracked 

granules, 2) poorly ordered amylopectin crystallites and 3) weaker interaction between 

AM-AM and/or AM-AP chains. Factor 1 would facilitate rapid entry of water into the 

amorphous domains of the granule, whereas factors 2 and 3 will expose hydroxyl groups 

for hydration. The decrease in SF shown by FB starches at temperatures beyond 85°C, 

reflects loss of granule integrity due to cracked granules and/or to amylopectin crystallites 

in FB starches being less well ordered than in BB and PB starches. 
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4.1.7. Pasting properties 

Pasting is the phenomenon following gelatinization in the dissolution of starch. The 

granules become increasingly susceptible to shear disintegration as they swell and release 

soluble material as they disintegrate. The paste that is obtained on gelatinization is a 

viscous mass consisting of a continuous phase of solubilized amylose and /or amylopectin 

and a discontinuous phase of granule remnants. The pasting properties of FB, BB and PB 

starches are presented in Fig. 4.5. The peak viscosity and shear stability have been shown 

to be influenced by amylose content, proportion of amylopectin chain lengths of DP 

13-24 and DP > 37 and phosphorus content (Han and Hamaker, 2001; Karim et al. , 

2009). The extent of set-back has been shown to be influenced by amylose content (Lu et 

al., 2011 ), by the absence or presence of unfragmented rigid swollen granules embedded 

in the leached amylose network (Chung et al. , 2008) and by rapid retrogradation of 

leached amylose in the starch paste. Among FB cultivars, the peak viscosity (PV), 

breakdown viscosity (BV), set-back viscosity (SB) followed the order: Fatima ~ F 18-20 

~ FB 9-4 ~ SSNS1 , Fatima > F 18-20 > FB 9-4 ~ SSNS1 and Fatima ~ F18-20 ~ FB 9-4 

> SSNS1 , respectively. Among BB cultivars, PV, BV and SB fo llowed the order: BYT 

03 Expresso ~ BYT 01 1681a-b > BRT CDC Jet > BRT 1519-10, BYT 03 Expresso ~ 

BYT 01 1681a-b > BRT CDC Jet ~ BRT 1519-10 and BYT 03 Expresso ~ BYT 01 

168 1a-b ~ BRT CDC Jet ~ BRT 1519-10, respectively. Among PB cultivars PV, BV and 

SB followed the order: Pecos > AC ole > HR 11 9 > AC pintoba, Pecos > AC ole > HR 

119 > AC pintoba and Pecos > AC ole > HR 119 > AC pintoba, respectively. As shown 

in Table 4.1 , there was no significant difference in amylopectin chain length distribution 
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among cultivars of FB, BB and PB. Therefore, differences in PV among cultivars of each 

starch are likely influenced by differences in phosphorus and amylose content. 

Nutting (1952) reported that when potato starch is pasted its phosphate groups ionize, 

leaving the starch with a negative charge. The resulting slight coulombic repulsion 

weakens the bonding forces between amylopectin clusters enabling increased solvation. 

Compared with an electrically neutral starch, this increased solvation results in larger 

pasted granules and a higher starch paste viscosity. This might explain the following 

observations: 1) among each starch source, the highest PV was seen in cultivars with the 

highest P content (Fatima [FB], BYT 01 1681a-b, BYT 03 Expresso [BB], Pecos [PB]), 

2) PV decreased with decrease in P content, and 3) PB starches with the largest variations 

in their P content exhibited more pronounced differences in PV. The BV was also 

strongly influenced by variations in P content, since among each starch source, the 

cultivars (Fatima, BYT 01 1681a-b, Pecos) with the highest P content (Table 4.1) 

exhibited the highest BV (Fig. 4.5). This could be attributed to a weakened amylopectin 

structure (due to repulsion between ionized phosphate groups), which increases granule 

susceptibility towards shear. It is highly unlikely that leached amylose contributes 

significantly to the viscosity rise during the heating cycle in FB and BB cultivars, since 

the difference in apparent amylose content and the extent of AML (Fig. 4.4) among 

cultivars of FB and BB are marginal. However, in PB cultivars, AML may have been 

partly responsible for the PV of Pecos and AC ole (Pecos > AC ole) being higher than 

those of AC pintoba and HR 11 9 (HR 11 9 > AC pintoba) due to significant differences (P 

< 0.05) in their apparent amylose content (Pecos > AC ole > HR 119 > AC pintoba). 
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Difference in the extent of SB among PB cultivars (Fig. 4.5) could be attributed to wide 

variations in extent of AML (due to significant differences [P < 0.05] in their apparent 

amylose content [Table 4.1]) and extent of granule breakdown during the holding period 

(Pecos < AC ole < HR 119 < AC pintoba) (Fig. 4.5). Differences in SB among cultivars 

of FB and BB are less pronounced than in PB starches (Fig. 4.5), due to differences in 

apparent amylose content (Table 4.1) and extent of granule breakdown (Fig. 4.5) among 

FB and BB cultivars being less significant (P < 0.05) than among cultivars of PB (Fig. 

4.5). 
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Figure 4.5 Pasting (Rapid Visco Analyzer) profiles offaba, black and pinto bean starches. 
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4.1.8. Gelatinization characteristics 

The gelatinization transition temperatures (To [onset temperature] , Tp [peak 

temperature], Tc [conclusion temperature]) and the enthalpies of gelatinization (11H) of 

the pulse starches are presented in Table 4.4. To, Tp, Tc and L1H followed the order: BB 

~ PB > FB. DSC parameters have been shown to be influenced by the molecular 

architecture of the crystalline region, which corresponds to the amylose to amylopectin 

ratio (Noda et a!., 1996). The above authors showed, in studies on cereal starches, that 

low To, Tp, Tc reflect the presence of abundant short amylopectin chains. Jayakody eta!. 

(2005) and Chung et a!. (2008) showed in studies on tuber and pulse starches, 

respectively, that To, Tp and Tc are influenced by granule crystallinty. Protserov et a!. 

(2000) and Lan et a!. (2008) have shown by studies on potato and barley starches, 

respectively, that gelatinization parameters decrease progressively with an increase in the 

amount of crystalline defects. The 11H values have been shown to represent the number 

of double helices that unravel and melt during gelatinization (Cooke and Gidley, 1992). 

As shown earlier, FB, BB and PB starches did not exhibit any significant difference (P < 

0.05) with regard to amylopectin chain length distribution (Table 4.2), 

amylose/amylopectin ratio (Table 4.1) or crystallinity (Fig. 4.3). Therefore, the above 

cannot be considered as factors influencing To, Tp, Tc and 11H. Ratnayake eta!. (2001) 

showed that field pea starches varying in B-polymorphic content did not exhibit any 

significant difference (P < 0.05) in To, Tp, Tc and 11H. Therefore, the difference in B

polymorphic content among the starches (FB > BB ~ PB) also cannot be considered as a 

factor influencing To, Tp, Tc and 11H. 
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Nutting (1952) postulated that coulombic repulsion between ionized phosphate groups on 

adjacent amylopectin chains would open up the branched amylopectin molecules and 

increase their solvation. On that basis, among PB cultivars, Pecos with a higher 

phosphorus content (Table 4.1) should have exhibited a lower To, Tp, Tc and t-.H 

(increased solvation due to a higher extent of coulombic repulsion between ionized 

phosphate groups would lower the thermal energy required for crystallite melting). This 

suggests that differences in phosphorus content among cultivars of FB, BB and PB 

starches (Table 4.1) and among FB, BB and PB (Table 4.1) starches cannot be considered 

a factor influencing To, Tp, Tc and L'-.H. Birefringence (Fig. 4.1a-c) and FTIR data (Table 

4.3) showed that amylopectin crystallites are less well ordered in FB than in BB and PB 

starches. This suggests that interactions between adjacent double helices within the 

crystalline domains are much weaker in FB starch. Consequently, less thermal energy 

will be required to dissociate, unravel and melt amylopectin double helices of FB starch 

during gelatinization. This would then explain differences in To, Tp, Tc and t-.H between 

FB and other pulse (BB and PB) starches. 
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Table 4.4 

Gelatinization parameters of faba, black and pinto bean starches as determined by 

differential scanning calorimetry.* 1 

Gelatinization transition parameters 

Starch Source To (oC)2 Tp (°Ci Tc (oC)2 Enthalpy3 (1/g) 

Faba bean 

FATIMA 62.00±0.733 67.45± 1. 1 o• 73.62± 1.273 I 0 .25±0.02" 

FB 9-4 64.94±0.37b 70.20±0.50b 75.79±0.02" 8. 15±0.21 b 

FB 18-20 65.22±0.00b 70.59±0.14b 76.46±0.743 8.21 ±0.22b 

SSNS I 64.98±0.08b 69.93±0.36"b 75.40±0.293 7.84±0.13b 

Mean 64.28± 1.45" 69.54± 1.40" 75.3 1± 1.26" 8.61±1.03" 

Black bean 

BYT 03 Expresso 64.JJ ±0.30c 72. 17±0.60c 80.43±0.3 1 b 13 .53± 1.53c 

BRT CDC Jet 64.06±0.13c 74.00±0.13d 82.68±0.09b 13 .87± 1.08c 

BYT 01 1681a-b 67.1 0±0.29d 76.64±0.14e 82.07± 1.24b 13.69±0.00c 

BRT 1519-10 64.77±0.38c 71.30±0.36c 80.39±0.24b 13 .96±0.65c 

Mean 65.00±1.34" 73.52±2.21 b 81.39± l.l8b 13.76±0.77b 

Pinto bean 

AC Pintoba 66.34±0.08e 73.7 l±O.Ol r 80.03± 1.45c 14.5 1±0. 15e 

ACOle 69.07±0.64f 75.11±0.35g 80.80±0.52c 13 .87±2.73e 

Pecos 69.89±0.00f 75.91 ±0.23g 82.6 1± 1.07c 14.58±0.05e 

HR 119 64.40±0.37g 7 1.73±0.0 I 11 79.98±0.26c 15.1 2± 1.70e 

Mean 67.42±2.36b 74.11±1.70b 80.85±1.34b 14.51±1.31 b 

*Statistical analysis was performed among cultivars within each starch source and also among the 

means for each starch source. 

'All data represent the mean of triplicates. Values followed by the same superscript in each column for each 

starch source are not significantly different (P < 0.05) by ANOV A and Tukey's HSD test. 
2 To, Tp, Tc represents the onset, peak and end temperature, respectively. 
3Gelatinization entha lpy of starch expressed in J/g of dry starch. 
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4.1.9. In-vitro digestibility 

Rapidly digestible starch (RDS), slowly digestible starch (SDS), resistant starch (RS), 

hydrolysis index (HI) and expected glycemic index (eGI) determined by in vitro 

digestibility of FB, BB and PB starches by a mixture of pancreatin and amyloglucosidase 

are presented in Table 4.5 and Fig. 4.6. The above nutritional classification reflects both 

the kinetic component and the completeness of digestibility. RDS reflects starch that is 

rapidly and completely digested in the small intestine (associated with a rapid elevation of 

postprandial plasma glucose). SDS reflects starch that is more slowly digested in the 

small intestine (alternates post prandial plasma glucose and insulin levels) and RS reflects 

the sum of starch and the product of starch degradation not absorbed in the small intestine 

but is fermented in the large intestine. The HI expresses the digestibility of the starch in 

foods in relation to the digestibility of starch in a reference material such as white bread. 

eGI is calculated from HI and defined as the incremental post prandial glucose area after 

injection of the test product, as a percentage or the corresponding area after injection of 

an equicarbohydrate portion of the reference product (Jenkins et al. , 1983). The levels of 

RDS, SDS and RS followed the order: FB (2.5%) > BB (1.6%)- PB (1.6%), FB (76.3%) 

> BB (44.0%) - PB (42.0%) and BB (43 .1 %) - PB (45.0%) > FB (11.0%), respectively. 

Variations in RDS, SDS and RS levels among cultivars of each starch species were 

marginal in FB, but were significant (P < 0.05) in BB and FB (Table 4.5) starches. RDS 

levels in FB, BB and PB (Table 4.5) starches were much lower than those reported (using 

the same methodology and definition for RDS, SDS and RS) by Chung et al. (2008) and 

Hughes et al. (2009) for pea (19.2%), lentil (14.8%), navy bean (8.2%) and chickpea 
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(12.4%) starches. The SDS level in FB (Table 4.5) was much higher than that reported 

by Chung et al. (2008) and Hughes et al. (2009) for pea (40.3%), lentil (41.5%), navy 

bean (32.3%) and chickpea (52.0%) starches. However, SDS levels in BB and PB (Table 

4.5) were comparable to those of pea, lentil and navy bean starches, but were lower than 

in chickpea. The RS level in FB (Table 4.5) was much lower than that reported by Chung 

et al. (2008) and Hughes et al. (2009) for pea (40.5%), lentil (43 .7%), navy bean (59.4%) 

and chickpea (35.0%) starches. However, RS levels in BB and PB (Table 4.5) starches 

were lower than that of navy bean, but higher than that of chickpea. The hydrolysis index 

(HI) calculated using the hydrolysis curve (Fig. 4.5) and the expected glycemic index 

(eGI) calculated using the HI followed the order: FB (65 .2%) > BB (38.4%) > PB 

(35.5%) and FB (64.4%) > BB (41.3%) > PB (38.8%), respectively (Table 4.5). The 

above HI and eGI values for FB starches are comparable with those reported for other 

pulse starches (Chung et al., 2008). However, HI and eGI values for BB and PB starches 

were much lower than those reported for pea ( ~ 70% ), lentil ( ~66% ), chickpea ( ~ 70%) 

starches (Chung et al. , 2008). 

Differences in digestibility among and within spectes of native starches have been 

attributed to the interplay of several factors such as starch source (Ring et al. 1988), 

granule size (Snow and O'Dea, 1981 ), extent of molecular association between starch 

chains (Blazek and Gilbert, 20 I 0), amylose content (Hoover and Sosulski, 1985), branch 

chain length distribution of amylopectin (Srichuwong et a!. 2005a), degree of crystallinity 

(Hoover and Sosulski, 1985), polymorphic composition (Zhang, Venkatachalam and 

Hamarker, 2006; Bogracheva eta!., 1998; Gerard et al. , 2001; Wang, Yu and Yu, 2008), 
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granular pores, fissures and channels within the granule (Blazek and Gilbert, 201 0; 

Dhital, Shrestha and Gidley, 201 0). 

Jane, Wong and McPherson (1997) have shown that in A-type starches, the branch points 

are scattered in both amorphous and crystalline regions. Consequently, there are many 

short A chains derived from branch linkages located inside the crystalline regions which 

produces an inferior crystalline structure containing branch a (1---+6) linkages and short 

double helices. However, in B-type starches, the branch points are clustered in the 

amorphous regions and there are fewer short branch chains. Thus, the crystalline 

structure of A-type starches is more readily hydrolyzed than those of B-type starches. 

Gerard et al. (200 1) have shown by studies on maize mutant starches that regardless of 

amylose content or crystallinity level, starches with a predominant B-crystalline type 

were more resistant to amylolysis than others and initial rates of hydrolysis were lower 

forB-type than A-type starches. The above authors showed that final hydrolysis extents 

followed the order: A-type (>70%) > C-type (60%) > B-type (35%). However, in this 

study variation in B polymorphic content (Fig. 4.3) among the starches (FB > BB > PB) 

cannot be considered as a factor influencing RDS, SDS and RS levels for the following 

reasons: 1) among FB cultivars, Fatima and SSNS 1 exhibited significant differences (P < 

0.05) in their B-polymorphic content (Fig. 4.3). However, their RDS, SDS and RS levels 

(Table 4.5) did not differ significantly (P < 0.05), 2) among BB cultivars, BRT 1519-10 

and BYT 01 168 1 a-b with identical B-polymorphic contents (Fig. 4.3) exhibited 

significantly different (P < 0.05) levels of RDS, SDS and RS (Table 4.5) and 3) among 

PB cultivars, Pecos with a significantly lower (P < 0.05) level of B-polymorphic content 
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(Fig. 4.3) exhibited significantly (P < 0.05) lower SDS and higher RS levels (Table 4.5). 

The lower SDS and higher RS levels in BRT 1519-10 (among BB cultivars) and Pecos 

(among PB cultivars) seems to suggest higher amounts of crystallites near the granular 

surface in these cultivars. This would decrease the rate and extent of hydrolysis by 

hindering the accessibility of the glycosidic oxygens (present in the starch chains forming 

the crystalline structure) towards amylolysis. Relative crystallinity (Fig. 4.3) and 

apparent amylose content (Table 4.1) cannot be considered as factors influencing RDS, 

SDS and RS levels, since variations in relative crystallinity and amylose content among 

FB, BB and PB were not large enough to account for the large differences in RDS, SDS 

and RS levels among cultivars of each starch source. Zhang et al. (2006) postulated that a 

high amount of short A-chains of DP 5-10 cannot form stable double helices (since chains 

with DP 5-l 0 would disrupt the formation of an ordered crystalline structure and thus 

negatively affect the perfection of amylopectin crystalline structure) and are thus likely to 

be attacked by enzymes leading to a significant correlation with RDS. Salmon et al. 

(2009) have also shown by studies on wheat starches that starches with a higher 

proportion of DP 6-12 chains were hydrolyzed faster. Furthermore, Srichuwong et al. 

(2005a) and Mutungi et al. (20 11) have shown in studies on starches from different 

botanical origins, that very long amylopectin chains (DP > 36) retard amylolysis. This 

was attributed to strengthening of hydrogen bonds between chains spanning the entire 

crystalline region. As shown in Table 4.2 there was no significant (P < 0.05) differences 

in amylopectin chain length distribution among FB, BB and PB starches. Consequently, 

differences in RDS levels among FB, BB and PB starches cannot be attributed to 
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amylopectin chain length distribution. Blazek and Gilbert (20 1 0) have shown in studies 

on waxy potato, high amylose maize, tapioca, normal rice and normal maize starches, that 

the mechanism of amylolysis involves both the preferential disruption of amorphous 

regions (amorphous growth rings) as well as side-by-side hydrolysis of amorphous and 

crystalline regions (of the semi crystalline growth ring). The above authors postulated that 

the preferential disruption of the amorphous growth rings in cereal starches is due to the 

ability of the enzymes to penetrate into the interior through the surface pores, which is not 

possible for potato starch. The influence of granule surface on amylolysis was also 

shown by Dhital et a!. (20 1 0), who observed that fissures on granule surface would 

influence enzyme diffusivity inside granules as obstacles (such as longer blockelets) on 

the surface are minimized. As shown earlier (Fig. 4.1 ), cracks on granule surfaces were 

present only on the surface of FB starches (Fig. 4.1 d, g, j). The presence of cracks on the 

granule surface of FB starches would enable the enzymes to rapidly penetrate the granule 

interior and hydrolyze starch chains near the granule surface. This would then explain the 

higher RDS levels in FB starches during the first 30 min of hydrolysis. Birefringence 

(Fig. 4.1a-c) and DSC (Table 4.4) data showed that compared to BB and PB starches, AP 

double helices are less well ordered within the lamella structure of FB starches. 

Consequently, the degree of accessibility ofthe glycosidic oxygens of starch chains in the 

crystalline region of FB starches to enzymic attack would be much greater than in BB and 

PB starches. This could then explain not only the higher SDS level in FB starches, but 

also their lower RS levels (Table 4.5). The above data suggest that RDS levels are 

influenced by granule surface characteristics. In contrast, SDS and RS levels are 

influenced by the interplay between the extent of double helical organization within the 
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crystalline lamella and by crystallite distribution within the granule interior. Based on the 

above data, BB and PB starches with their lower eGI and higher RS content would be 

more suitable than FB starches for control of blood glucose levels. 
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Table 4.5 

Nutritional fractions, hydrolysis index and expected glycemic index of native faba, black 

and pinto bean starches determined by in vitro hydrolysis.* 1 

Starch source RDS sos- RS HT eGI-

Faba bean 

Fatima 2 .80±0.35a 77 .29±0.98a I 0.00±0.70" 67.20±0.60. 66.20±0.50. 

FB 9-4 2 .29±0.06b 74.99±0.75. 10.95±0.7Qa 6 1.60±3 .sob 61.30±3.00b 

F 18-20 2.40±0. 14"b 75.34±2.99. 15.03±2 .86b 65 .60±0.40" 64.80±0.30" 

SSNS I 2.44±0.06ab 77.64±0.37. 8.14±0.34a 66.20±0.40. 65.20±0.30. 

Mean 2.48±0.26" 76.32± 1.88" 11.03±2.94" 65.1 6±2. 72" 64.37±2.35" 

Black bean 

BYT 03 Expresso 1.57±0.12c 53 .62±0.55b 33.46±0.59c 43.90±0.3Qc 46.00±0.30c 

BRT CDC Jet 2. 12±0.27d 40.58± !JOe 45 .53± 1.18d 39.30±0.30d 42.1 0±0.30d 

BRT 1519- 10 2 .05±0.23d 34.90±0. 15. 5 1.67±0.22. 33 .80±0.40. 37.30±0.30. 

BYTOl 168 la-b 0.87±0.20. 46.44±3.67d 41.79±3.52d 36.90±2.70d 40.00±2.40d 

Mean 1.65±0.55b 43.88±7.39b 43. 11±7.02b 38.46±4.02b 41.35±3.46b 

Pinto bean 

AC Pintoba 1.72±0. 13f 50.90±0.731 36.57±0.64f 38.20±2.70f 4 1.1 0±2.30f 

ACOle 1.59±0.26f 4 1.51±0.32g 44.89±0.09g 33 .50±0.30g 37.1±0.30g 

Pecos 1.4 1±0.30f 34.94± 1.01 11 52.84±0.7211 32.40±0.20g 36.1 0±0.1 og 

HR 11 9 1.59±0.26 f 40.63±0.84g 47.1 2±0.50i 37.90±0.201 40.90±0.201 

Mean 1.58±0.30b 42.00±5.95b 45.36±6.05b 35.50±2.95c 38. 79±2.55c 

*Statistical a na lysis was perfo rmed among cultivars within each starch source and also among the 

means for each sta rch source. 
1 All data represent the mean of triplicates. Values fo llowed by the same superscript in each column for 

particular bean starches are not significantly different (P > 0.05) by ANOV A and Tukey's HSD test. 
2RDS: rapidly digestible starch; SDS: slowly digestible starch; RS: resistant starch; HI : hydrolysis index, 

eGJ : expected glycemic index. 
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Figure 4. 6 Digestibility profile of faba, black and pinto bean starches. 
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4.1.10. Acid hydrolysis 

The extent of acid hydrolysis ofFB, BB and PB starches are presented in Fig. 4.7. At the 

end of the 15th day the extent of hydrolysis followed the order: FB ~ BB > PB. The 

difference in hydrolysis among cultivars of FB, BB and PB was marginal. Beyond the 

lih day, the hydrolysis curve reached a plateau in FB starches (indicating that most of the 

starch chains in the crystalline region were degraded at the end of this time period), but 

continued to increase in PB and BB starches. It has been suggested that heterogeneous 

acid hydrolysis preferably attacks the more amorphous regions of the granule, whether 

they be at the surface or interior. In contrast, crystalline regions are less accessible to 

attack by hydrated protons (H30 +) and are attacked only after a period of 9-12 days 

(Hoover, 2000). Differences in the extent of acid hydrolysis among starches has been 

attributed to differences in granule size, amount of lipids bound to amylose chains, 

amylopectin chain length distribution and proportion of 'B' type unit cells (Vasanthan 

and Bhatty, 1996; Morrison, Tester and Gidley, 1993; Srichuwong et al., 2005a; Gerard et 

al. , 2002). In this study, variations in granule size (Table 4.2), bound lipid content and 

amylopectin chain length distribution among cultivars of FB, BB and PB starches were 

not significant (P < 0.05). The faster rate of hydrolysis between the 9th and I ih day 

observed with FB starches can be attributed to rapid entry of H30 + via the cracks on the 

granule surface (Fig. 4.1) and/or to the presence of less well ordered double helical 

organization (Fig. 4.1a, Table 4.4) within the crystalline lamella. This would render the a 

(1 ~4) and a (1 ~6) linkages in FB starches more accessible to attack by H30+. As 

discussed earlier, 'A' type crystallites are inferior (less perfect) than those of ' B' type 
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crystallites due to the presence of a (1 ~6) branch points within the crystalline lamella in 

the former. This suggests that 'A' type crystallites would be more susceptible than 'B' 

type crystallites to hydrolysis by H30 +. On this basis, differences in hydrolysis among 

cultivars of FB, BB and PB starches should have been influenced by differences in their 

proportion of 'B' type (Fig. 4.3) crystallites (for instance, among cultivars of FB, BB and 

PB starches, the extent of hydrolysis based on B-polymorphic content should have 

followed the order: SSNSl - Fatima > F 18-20 - FB 9-4, 1519-10 - 1681a,b > CDC Jet 

Expresso and Pecos > AC ole > AC pintoba - HR 119, respectively). However, among 

cultivars of FB SSNS 1 having a much higher B-polymorphic content (26.4%) was 

hydrolyzed only to a slightly higher extent than FB 9-4 and F 18-20 cultivars in which the 

B-polymorphic content was in the range 20-6 - 20-9% (Fig. 4.6). Furthermore, among 

cultivars of PB, Pecos having a very low B-polymorphic content (7.9%) was hydrolyzed 

only to a slightly lower extent than the other cultivars in which the B-polymorphic 

content ranged from 13.7 to 17.3% (Fig. 4.6). This suggests that differences in acid 

hydrolysis among starch sources reflect the interplay between differences in granule 

surface characteristics and extent of double helical order within the crystalline lamella. 
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Figure 4. 7 Acid hydrolysis (2.2 M HCl) profile of faba, black and pinto bean starches. 
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4.1.11. Retrogradation studies on pulse starches 

4.1.11. 1 Turbidity measurements 

Turbidity effects have their origin in refractive index fluctuations over a distance scale 

comparable to the wavelength of observation (Gidley and Bulpin, 1989). In a polymer

solvent system this is caused by density fluctuations over the same distance scale and is 

most likely due to extensive polymer-polymer aggregation. The first stage of 

retrogradation has been shown to involve mainly interaction between amylose (AM) 

chains leading to crystallization, which is completed within the first few hours of storage, 

whereas, the second stage that occurs over longer periods (days) involves primarily 

interaction between amylopectin (AP) chains leading to crystallization (Silveira et a!., 

1996). As illustrated in Fig. 4.8, the extent of light transmittance decreased rapidly in all 

starches during the first 24 h of storage (BB [17.70%] ~ PB [19.96%] > FB [15.20%]). 

Thereafter, light transmittance decreased gradually to about the same extent in all 

starches. At the end of the 251
h day, the extent of decrease (not significant at P < 0.05) in 

light transmittance in FB, BB and PB starches were 23.90, 26.21 and 25.66%, 

respectively. No significant difference (P < 0.05) in light transmittance was also 

observed among cultivars of each starch source. The rapid decrease in light transmittance 

during the first 24 h (Fig. 4.8) reflects network formation (Lewen et a!., 2003) resulting 

mainly from interaction between AM chains (AM-AM) that were leached out of the 

granules during gelatinization. This seems plausible, since interactions involving AP 

chains would be much slower due to its highly branched nature and would not be 

reflected during the time period. Orford et a!. (1987) have shown by studies on gels (1 0-
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40% w/w) from pulse, cereal and tuber starches, that the development of gel stiffness 

during the progress of retrogradation is related to the amylose solubilized during 

gelatinization. In all starches, the gradual decrease in transmittance between the 2nd and 

251
h day of storage (Fig. 4.8) reflects interactions among and between leached AM and 

AP chains. On the basis of AM leaching (FB > BB ~ PB [Fig. 4.4]), the extent of 

decrease in light transmittance (Fig. 4.8) should have also followed the same order as AM 

leaching, since polymer network formation between leached AM chains (Hoover and 

Hadziyev, 1981) during retrogradation would be more extensive in FB (due to higher 

amounts of leached AM) resulting in a greater decrease in light transmittance. However 

the observed order of decrease in transmittance (PB ~ BB > FB) suggests, that interaction 

between AP chains (AP-AP) during the progress of retrogradation may have been much 

weaker and/or slower in FB than in BB and PB, due to a higher increase in suspension 

viscosity (decreases AP chain mobility and enhances entanglement of AP chains within 

the AM network) resulting from the higher extent of leached AM during gelatinization 

(Fig. 4.4). Consequently, the contribution made by double helical associations of AP 

branches and the subsequent intermolecular crystallization of the outer branches of AP 

towards light transmittance would be lower in FB than in BB and PB. This would then 

explain why the extent of decrease in transmittance at the end of the 25th day of storage is 

lower in FB, in spite of higher extent of leached AM. It has been reported that light 

transmittance is influenced by large granules (Singh and Singh, 2003) and phosphate 

monoester content (Lim and Seib, 1993). However, FB, BB and PB starches were shown 

to exhibit only minor variations in large granule size distribution and no significant 

differences in their phosphate monoester content (Section 4.1 .1 ). This suggests, the order 
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of decrease in % T (Fig. 4.8) among the starches, mainly reflects the interplay between 

the rate and extent of AM network formation (FB > BB ~ PB) and AP recrystallization 

(BB ~ PB > FB) during the storage period. Thus, based on turbidity measurements, the 

rate and extent of retrogradation follows the order: PB ~ BB > FB. 
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Figure 4.8 Turbidity profiles of faba bean (A), black bean (B) and pinto bean (C) starches 

stored at 25°C. 
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4.1.11. 2 Differential scanning calorimetrty (DSC) 

The retrogradation transition temperatures of the starch gels stored at 25°C for periods 

ranging from 2-25 days is presented in Table 4.6. DSC measurements were carried out at 

50% starch concentration, since the maximum extent of starch recrystallization 

occurrence has been shown to be between 50 - 60% starch concentration (Longton and 

LeGrys, 1981 ; Gudmundsson and Eliasson, 1991 ). In all starches, the retrogradation 

endotherm appeared only after 2 days storage. To, Tp and Tc, which represents the onset, 

mid-point and conclusion of melting of crystallized amylopectin, respectively, were much 

lower (due to improper alignment of starch chains during association) than those of the 

native gelatinization endotherm (Section 4.1.8). However, Tc-To was much broader (due 

to differences in size, stability and perfection of the crystallites formed during 

retrogradation) than that of the gelatinization endotherm (Section 4.1.8). Differences and 

the extent of changes in To, Tp and Tc (represents changes in crystalline stability) and 

Tc-To (represents changes in crystalline perfection) within and among cultivars of FB, 

BB and PB starches were marginal (Table 4.6). The DSC data suggest that crystallites 

formed in FB, BB and PB starches during storage are similar in size, perfection and 

stability. This was not surprising since there was no significant difference in AP chain 

length distribution (Section 4.1.3) among the starches and their cultivars. The enthalpy 

(6Hr) of retrogradation, which reflects the thermal energy, associated with crystalline 

melting and dissociation and unravelling (resulting from disruption of inter and intra 

helical hydrogen bonds) of double helices increased on storage (Fig. 4.9). The mean 

increase in 6Hr between the 2nd and 25th day in FB, BB and PB starches was 1.63, 3.18 
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and 3.14 Jig, respectively. During the first 2 days differences in t..Hr values (significant 

at P < 0.05) among the starches followed the order: FB > BB > PB. Thereafter, t..Hr 

values differed only marginally among FB, BB and PB starches. At the end of the storage 

period there was no significant difference (P < 0.05) in t..Hr values among FB, BB and 

PB starches. As shown in Fig. 4.4, AM leaching is more extensive in FB than in the other 

starches. This suggests that AM-AP interactions during storage are probably more 

pronounced in FB than in BB and PB starches. Disruption of double helices formed 

between AM-AP interactions would require a higher input of thermal energy due to 

linearity of AM chains. This would then explain the t..Hr value for FB starches being 

much higher than those of BB and PB starches at the initial (first 2 days) stage of 

retrogradation (Fig. 4.9). The slower rate of retrogradation shown by FB starches, 

reflects decreased AP chain mobility. FB starches exhibited a limiting value for t..Hr on 

the 1 01
h day, whereas in both BB and PB starches, limiting t..Hr values were reached only 

on the 251
h day. Cultivars of FB and BB starches exhibited nearly similar t..Hr values 

throughout the storage period. As shown in Fig.4.4 the extent of AM leaching among PB 

cultivars was lower in AC pintoba. However, AC pintoba exhibited higher t..Hr values 

than the other cultivars (AC pintoba > AC ole ~ Pecos ~ HR119) from day 6 onwards 

(Fig. 4.4). Since t..Hr reflects the overall enthalpy change involved in: 1) melting of 

crystallites (formed due to associations between AM-AP and AP-AP chains) and 2) the 

dissociation of AP double helices (which may or may not have been involved in 

crystallite formation) , the higher t..Hr of AC pintoba could be attributed to its amylopectin 

content (74.1 %) being higher than that of other PB (68.2 - 70.3%) cultivars (Section 

4.1.1 ). This seems plausible, since the double helical content determined by 13C CP/MAS 
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NMR (Table 4.8) was much higher in AC pintoba (21.6%) than in the other PB cultivars 

(15.53- 16.87%). Differences in ~Hr among starches have been explained on the basis 

of differences in amylopectin chain length distribution (Shi and Seib, 1992; Silverio et al. 

2000) and degree of phosphorylation (Thygesen et al. 2003). Silverio et al. (2000) have 

shown by studies on cereal, tuber and pea starches, that differences in AP chain length 

distribution have a significant impact on DSC parameters of retrograded starches. The 

above authors showed that AP chains with DP 6 and the population of chains of DP 

18-19 were positively correlated to ~H, whereas the correlation to the population of 

chains of DP 8-11 was negative. Thygesen et a!. (2003) have shown by low field 1H 

NMR relaxometry studies on A, B and C-type starches, that high phosphate content 

suppress retrogradation. However, starches used in this study did not exhibit any 

significant difference in amylopectin chain length distribution or phosphate monoester 

content (Section 4.1.1 ). Therefore, the marginal differences in the rate and extent of 

retrogradation among FB, BB and PB starches is mainly influenced by the interplay 

between the extent of AML (FB > BB ~ PB) and amylopectin content. 
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Table 4.6 

Retrogradation transition temperatures of faba bean, black bean and pinto bean 

starches. *ab 

Starch 
Source 

Faba bean 

Black bean 

Pinto bean 

Days of storage at 
25°C 

2 

6 

10 

18 

25 

2 

6 

10 

18 

25 

2 

6 

10 

18 

25 

Retrogradation transition tempertaures (0 C) 

Toe 

46.54±0.89a 

46.96±0.59a 

48.21 ±0.56b 

4 7 .52±0.29ab 

50. 12±0.57° 

47.25±0.93d 

48.00±0.7 1d 

48.49±0.80de 

50. 14±0.40e 

50.8 1±0.28e 

4 7 .22± 1.05f 

49.26±0.51 g 

49.56±0.68g 

49.1 3±1.00g 

50.70±0.25g 

Tpe 

59.59±0.64a 

60.16±0.4 7"b 

60.23±0.72ab 

60.95±0.38ab 

61.65±0.40b 

60.07±0.83° 

60.17±0.57° 

60.99±0.57° 

61. 19±0.60° 

64. 13± 1.87d 

59.96±0.7 1e 

60. 10±0.72e 

60.85±0.6 1 e 

60.84±0.68e 

6 1.84±0.42e 

Tee 

76.54±0.37. 

77.30± 1.58ab 

77.33±0.83ab 

77.25±0.84ab 

78.2 1± 1.28b 

77 .19± 1.0 I c 

77.10±0.98° 

77. 15±0 .20e 

79 .64±0.52d 

77 .62± 1.3 1 e 

77.17±0.78e 

76.88±0.58e 

77 .33±0.66e 

79 .20± 1.37f 

79 .55± 1.1 6f 

Tc-Toc 

30.00±0.66a 

30.35± 1.86a 

29.12±0.98ab 

29.73±0.75ab 

28.09± 1.07b 

29.94±0.47e 

29.09±0.56e 

28.66±0.89e 

29.50±0.70e 

26.80± 1.32d 

29.95±0.63eg 

27 .63±0.70f 

27.77±0.98f 

30.08±0.69g 

28.86±0.98ef 

*Statistical analysis was performed a mong days of storage within each starch source 

a All data represent the mean of cult ivars of each starch source. Values followed by the same superscript in 

each column for each starch source are not s ignificantly different (P > 0.05) by ANOV A and Tukey's HSD 

test. 

b To, Tp, Tc and Tc-To among cultivars of each starch source was not s ignificantly (P > 0.05) d ifferent. 

e To, Tp, Tc represents the onset, peak and end temperature, respectively. 
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Figure 4.9 Enthalpy profile of retrograded faba bean (A), black bean (B) and pinto bean 

(C) starches stored at 25°C. 
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4.1.11. 3 Attenuated total reflectance Fourier transform infrared spectroscopy 

(ATR-FTIR) 

FTIR spectra of the retrograded starches in the range 800-1300 cm-1 are presented in 

Table 4.7. This region mainly reflects C-0 and C-C stretching vibrations and is sensitive 

to changes in polymer conformation and starch hydration (Htoon et a!., 2009). The bands 

at 1048 cm-1 and 1016 cm-1 reflect the amounts of ordered and amorphous regions, 

respectively. The band at 995 cm-1 is very sensitive to water content (van Soest et a!. , 

1994). The ratio 99511016 em-' represents the state of organization of the double helices 

localized inside crystallites. Capron et a!. (2007) have shown in studies on lintners 

(highly crystalline material) obtained from mild acid hydrolysis of maize starches varying 

in amylose content, that the 99511016 cm-1 ratio increases with hydration to a greater 

extent than under anhydrous conditions. This was interpreted as mesogenic units sliding 

over each other arranging helices localized inside the crystallites, into a flat-layered 

smectic structure. The author's concluded that the 995/ 101 6 em-' ratio is sensitive to the 

nematic-smectic transition according to the side-chain liquid crystalline polymer model 

(Waigh eta!., 2000). In all starches, the 1048/1016 cm-1 ratio and the 995/1016 cm-1 ratio 

increased on storage (Table 4.7). The increase in both ratios between the 2nd and 251
h day 

followed the same order: PB > BB > FB. The extent of increase in the 1048/ 1016 em-' on 

storage varied significantly among cultivars of FB, BB and PB. However, variations in 

the above changes among cultivars of each starch source were marginal. In starches 

containing B-type crystallites, adjacent double helices are mainly linked by hydrate water 

bridges and to a limited extent by hydrogen bonding (Leach, McCowen and Schoch, 
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1959). This suggests that the water molecules released (syneresis) when double helices 

begin to aggregate together during the progress of retrogradation would increase chain 

mobility, thereby enabling better alignment of starch chains (nematic- smectic transition) 

at short range order. The increase in the 104811 016 cm-1 and 995/1016 cm-1 ratios during 

the storage period, suggests improved helical alignment resulting in stronger aggregation 

between aligned helices. As discussed earlier, AM-AP interactions during retrogradation 

decrease AP chain mobility and their alignment within the crystalline lamella to a greater 

extent in FB than in BB and PB starches. This would then explain the lower extent of 

molecular order increase seen with FB starches (Table 4.7) at the end of the 25 days of 

storage. The difference in molecular order between retrograded PB and BB (PB > BB) 

can be explained as follows: as seen in Table 4. 7, the improvement in helical alignment 

on storage was slightly higher in PB than in BB. This was reflected in the mean increase 

in the 99511016 cm-1 ratio being higher in PB. The higher increase in molecular order 

(1048/1016 cm-1
) seen with PB is a reflection of stronger aggregation between helices. 

This seems plausible, since the increase in the 995/1016 cm-1 ratio among PB cultivars 

(Pecos > HR119 ~ AC pintoba > AC ole) followed the same order of increase in the 

1048/1016 ratio (Pecos > HR119 ~ AC pintoba > AC ole). The FTIR data showed that 

the extent of retrogradation followed the order: PB > BB > FB. The discrepancy between 

the order of retrogradation assessed by DSC (PB ~ BB ~ FB) and FTIR could be 

attributed to the fact that ~Hr values obtained by DSC measurements reflects mainly 

melting of recrystallized AP crystallites and disruption and dissociation of double helices 

formed during retrogradation, whereas FTIR measures the conformational change 

observed by measuring intensity changes in the conformational sensitivity bands in the 
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range 1300-800 cm-1
• The FTIR data show the extent to which the range of conformations 

present at the time of gelatinization is reduced during the progress of retrogradation due 

to the development of short range molecular order (helical order) developed as a result of 

interaction between AM-AM, AM-AP and AP-AP chains. This would then explain the 

observed discrepancies. A similar discrepancy between DSC and FTIR data was also 

reported by Ottenhof et al. (2005) on retrograded wheat, maize and waxy maize starches 

at intermediate water contents. 
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Table 4.7 

Short range molecular order of retrograded faba, black and pinto bean starches measured 

by attenuated total reflectance-Fourier-transform infrared spectroscopy. *a 

Intensity ratios (cm-1
) 

Starch source 
I 048/ 10 16b 995/ 1016c 

2 days 25 days 2 days 25 days 

Faba bean 

Fatima 0.624±0.0033 0.750±0.000" 1.08±0.0053 1. 12±0.0053 

FB 9-4 0.643±0.0103 0.770±0.007b 1.07±0.007" I. 12±0.0083 

F 18-20 0.657±0.004 b 0.769±0.004"b l. l l±O.OO !b 1. 12±0.0083 

SSNS I 0.652±0.005b 0.773±0.005b 1.08±0.004" 1.13±0.00 I a 

Mean 0.644±0.015" o. 7 66±0.o 1 o· 1.08±0.015" 1.1 2±0.005" 

Black bean 

Expresso 0.658±0.003c 0.772±0.007c 1.12±0.000c 1. 14±0.005b 

CDC Jet 0.678±0.002d 0.794±0.000d 1.09±0.000d 1.16±0.000b 

BRT 15 19-10 0.641 ±0.004e 0.799±0.004d 1.09±0.003d 1.16±0.0 lOb 

168 1 a-b 0.624±0.00 I r 0.784±0.ooocct 1.05±0.000e 1.1 3±0.006b 

Mean 0.650±0.023b 0. 787±0.0 12b 1.09±0.023" I.IS±O.Oll b 

Pinto bean 

AC Pintoba 0.666±0.005g 0.827±0.005e 1.09±0.00 I r 1. 16±0.005c 

ACOle 0.649±0.002'' 0.789±0.005f 1.1 0±0.002f 1.14±0.00 I c 

Pecos 0.631 ±0.002; 0.8 13±0.007eg 1.05±0.00011 1.15±0.000c 

HR 119 0.645±0.002'' 0.805±0.00 I rg 1.08±0.000f 1. 15±0.006c 

Mean 0.648±0.014b 0.809±0.0 15c 1.08±0.022" 1.1 5±0.004b 

*Statistical ana lysis was perfor med among cultivars within each starch source and a lso among the 

means for each starch source. 

"All data represent the mean of triplicates. Values followed by the same superscript in each column for each 

starch source are not significantly different (P > 0.05) by ANOV A and Tukey's HSD test. 

b Amount of ordered crystalline domain to amorphous domains in starch. 
0 Reflects helical organization with in the crysta lline lamella. 
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4.1.11.4 Solid state 13C cross-polarization I magic angle spinning nuclear magnetic 

spectroscopy (13C CP/MAS NMR) 

13C CP/MAS NMR has been used to investigate both amorphous and crystalline starch 

(Gidley and Boceik, 1988; Morgan, Fumeaux and Stanley, 1992). The development of 

rigid amorphous and crystalline starch components during aging of bread has been 

monitored using this technique (Morgan et al., 1992). The 13C CP/MAS NMR spectrum 

has been shown to exhibit a significant loss in signal intensity during gelatinization, as 

more mobile, liquid like starch components are formed. However, during retrogradation, 

some of the mobile amorphous starch becomes more rigid and some recrystallized, 

resulting in an increased NMR signal intensity (Morgan et al., 1992). This increase in 

intensity reflects a decrease in segmental mobility resulting in more efficient cross-

polarization from 13C to the protons connected to it (Dickinson et al., 1998). 13C 

CP/MAS NMR measures structural organization of starch at a shorter distance scale than 

X-ray diffraction and gives characteristic spectra for ordered helices and non-ordered 

chains. The 13C CP/MAS NMR spectrum of native, gelatinized and retrograded FB, BB 

and PB starches stored at 4°C for 1 day and then at 25°C for 2 and 25 days are shown in 

Fig. 4.1 0. Cultivars of each starch source exhibited similar spectra (not shown). 

Therefore, only one cultivar from each source [Fababean (fatima), Blackbean (expresso), 

Pintobean (AC pintoba)] is illustrated in the Fig. 4. The intensity of the C-4 resonance 

(exhibits a broad signal at 82.0 ppm) and the proportion of double helical content in 

native, gelatinized and retrograded starches are presented in Table 4.8. The multiplicity 

of C-1 resonance has been shown to yield information on the type of unit cell (A or B). 
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An A-type crystal exhibits three peaks at 102, 101, and 100 ppm, whereas in a B-type 

crystal, the C-1 resonance exhibits two peaks at 101 and 100 ppm (Prima-Martinet al. , 

2007). This is due to the fact that in A-type and B-type crystals, the repeat unit is 

maltotriose and maltose, respectively. As shown in Fig. 4.10 it was difficult to ascertain 

the nature of the C-1 splitting (doublet or triplet) in native, gelatinized and retrograded 

starches. It is likely that this may have been due to the presence of both A and B-type 

crystals being present in different proportions in the native starch granules (Section 

4.1.5). In all starches, C-1, C-2,3,5 and C-6 resonance intensities changed only 

marginally on retrogradation. However, C-4 resonance (at 82 ppm) whose intensity is 

solely due to amorphous contribution (Tan et al., 2007) increased on gelatinization 

(reflects loss of crystalline structure) but decreased on retrogradation (reflects 

development of rigid structures due to interaction between starch chains). The extent of 

this decrease at the end of 251
h day followed the order: PB ~ BB > FB (Table 4.8). The 

double helical content increased nearly to the same extent BB and PB starches but was 

lower in FB (Table 4.8). Cultivars of FB, BB and PB exhibited significant variations with 

respect to change in amorphous and double helical content during the storage period. The 

above data showed that the rate and extent of retrogradation followed the order: PB ~ BB 

~ FB. 

176 



Table 4.8 

13C CP/MAS NMR C-4 peak intensity of native, gelatinized, 2 days retrograded and 25 days retrograded faba bean, black bean 

and pinto bean starchesa 

C-4 peak intensity (ppm) Double helix(%) 

Starch source Native Gelatinized Retrograded Native Retrograded 

2 days 25 days 2 days 25 days 

Faba bean 

Fatima 38. 19 78.26 51.02 45.67 24.63 6.93 15.47 

FB 9-4 20.46 83.29 54.37 39.47 26.85 4.48 15.65 

F 18-20 32.63 77.88 58.56 58.56 36.65 6.35 16.02 

SSNS I 39.25 98.75 60.91 58.92 33 .33 3.79 15.21 

Mean 32.63±8.62" 84.55±9.79" 56.22±4.39" 50.66±9.67" 30.37±5.58" 5.38±1.49" 15.59±0.34" 

Black bean 

Expresso 33.1 1 84.48 81.71 59.83 46.77 6.41 16.73 

CDC Jet 72.53 75.2 72.53 51.63 49.69 5.95 15.83 

1519-10 60.75 100.29 63.71 47.87 47.6 1 6.98 16.31 

168 la-b 64.7 1 102.96 100. 15 55.93 43.93 5.44 15.54 

Mean 57.78±17.1 6b 90. 73± 13.18" 79.53± 15.59b 53.82±5.19" 47.00±2.39b 6.20±0.66" 16.1 0±0.53"b 

Pinto bean 

AC pintoba 75 .28 99.7 68.94 47.6 30. 11 7.32 2 1.6 

ACole 58.55 92.82 74.74 66.36 38.93 6.42 16.51 

Pecos 67.82 79.63 57.61 47.88 40.8 5.96 16.87 

HR 119 68.02 84.56 59.6 51.7 1 32.23 7.22 15.53 

Mean 67.42±6.86b 89 .1 8±8.88" 65.23±8.04b 53.39±8.853 35.52±5.15c 6.73±0.653 17.63±2.71b 

"The maximum standard deviation for the 13C NMR analysis calculation was 2.8% 
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Figure 4.10 13C CP/MAS NMR spectra of native (N), gelatinized (G), 2 days retrograded 

(R2) and 25 days retrograded (R25) faba bean, black bean and pinto bean starches. 
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4.11.5 Wide angle X-ray diffraction (W AXS) 

WAXS was used to assess changes in X-ray pattern, B-polymorph content and relative 

crystallinity (RC) of FB, BB and PB starches throughout the storage period (Table 4.9, 

Fig. 4.11). X-ray reflections correspond to the contributions of irregularly packed 

crystallites, small chain aggregates and isolated single helices (Lopez Rubio et al. 2008). 

The type of polymorph formed as a result of recrystallization is influenced by the storage 

temperature, water content and amylopectin chain length (Hizukuri, 1961 ). The 

diffractograms acquired immediately after gelatinization showed a diffuse X-ray pattern, 

which is typical of an amorphous material. This indicated that all crystallites were 

destroyed on gelatinization. All starches exhibited well-defined X-ray spectra on storage 

(characteristic of crystallinity development). In FB, all cultivars exhibited an A-type 

polymorph pattern on day 2 (characterized by peaks at 15°, 17°, 17.9°, 23° and 30° 28) 

and a mixed (A + B) - type polymorph pattern (characterized by peaks at 5.4°, 15°, 17°, 

23°, 26° and 30° 28) on days 10 and 25 (Fig. 4.12). The presence of peaks at 5.4°, two 

peaks at 23° and 26° and the absence of a shoulder peak at 18.0° 28 are characteristic of 

pure B-type crystalline polymorphs. However, none of the starches exhibited the two 

peaks at 23° and 26° 28). In all cultivars of FB, the intensity of the 5.4° 28 peak 

increased, whereas those of the other peaks decreased with storage time (Fig. 4.1 2). In 

BB and PB starches, all cultivars exhibited mixed (A+ B) polymorph patterns throughout 

the storage period. As in FB, the intensities of the peaks centered at 15°, 17°, 23°and 30° 

28 decreased in both BB and PB starches (PB > BB). 
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However, the intensity of the peak centered at 5.4° 28 increased only marginally in BB 

and PB starches. The extent of this increase was much lower than in FB. At the end of 

the storage period, the mean B-polymorph content followed the order: FB > BB > PB 

(Table 4.9). The extent of increase in mean B-polymorph content between the lOth and 

25th day was more pronounced in FB than in BB and PB starches. The absence of B-type 

unit cells in FB starches on day 2 (Table 4.9) is difficult to explain. Among cultivars of 

FB, BB and PB starches, the B-polymorph content on day 25 followed the order: SSNS-1 

> FB 18-20 ~ FB 9-4 > Fatima, Expresso ~ 1519-10 > 1681 a-b ~ CDC Jet, AC pintoba > 

HR 119 > Pecos ~ AC ole, respectively. It was interesting to observe that not only did 

retrograded FB, BB and PB starches revert to their native starch polymorphic 

composition (A + B), but also variations (significant at P < 0.05) in B-polymorphic 

content (FB > BB > PB) followed the same trend in both native and retrograded starches. 

RC of all starches increased with storage time (Table 4.9). On day 25, the mean RC 

differed only marginally among FB, BB and PB starches and their cultivars. The rate of 

increase in RC during storage was similar in FB, BB and PB starches. In this study, the 

increase in RC on storage in FB, BB and PB starches mainly reflects organization of 

double helices into A-type crystallites. This seems plausible for the following reasons: 1) 

on the 2nd day of storage, the mean RC of FB (16.60%) (lacking B-type crystallites) 

[Table 4] was nearly similar to that ofBB (17.68%) and PB (17.12%) starches, and 2) on 

the 25th day of storage, the mean RC of FB (20.19%) was also similar to those of BB 

(21.33%) and PB (21.67%) starches, although the mean B-polymorphic content at the 

above time period was more pronounced in FB (33.76%) than in BB (26.38%) and PB 
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(21.86%) starches. This suggests that B-type unit cells formed during retrogradation are 

less well aligned to the X-ray beam and/or are smaller in size than A-type unit cells. The 

X-ray data suggest that FB, BB and PB starches retrograde to the same extent. 
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Table 4.9 

Relative crystallinity and B polymorphic content of retrograded faba, black and pinto bean starches measured by wide angle X-

ray diffraction. *3 

Crystallinity% 8 polymorph % 

Starch source 2 days 10 days 25 days 2 days 10 days 25 days 

Faba bean 

Fatima 16.55± 1.02a 18.00±0.96a 20.34±0.08a O.OO±O.OOa 28.42±0.27a 29.31 ±0.46a 

FB 9-4 17.51±1.47a 2 1.59±0.21 a 20.39±0.66a O.OO±O.OOa 17.73±0.22b 33 . 16±0. l lb 

F 18-20 18.61±0.26a 19.25±0.90a 19.62±0.12a o.oo±o.ooa 23 .28±0.53c 33.08±0.37b 

SSNS I 13.72±0.0 I b 18.47±0.40a 20.42±0.40a O.OO±O.OOa 28.07±0.11 a 39.50±0.53c 

Mean 16.60±2.093 19.33±1.59. 20. 19±0.38. 0.00±0.00• 24.38±5.0 ] a 33.76±4.22. 

Black bean 

Expresso 18.55±0.37c 20.25±0.67b 20.54±0.46b 19.60± 1.43b 20.25±0.67d 27.81 ± 1.71d 

CDC Jet 18.23±0.37c 18.72±0.84b 20.06±0.12b 16.35± 1.30bd 24.28±0.41 e 23.93±0.1 4e 

BRT 1519-1 0 15.70±0.39d 20.18±0.49b 21 .64±0.27bc 21.64±0.27c 26.23±0.25e 28.65±0.05d 

1681 a-b 18.22±0.79c 20.69±0.89b 23 .J J±0.47c 14.46±0.52d 18.80±0.00d 24.40±0.11 e 

Mean 17.68±1.153 19.96±0.86. 21.33± us• 18.01±3.22b 22.39±3.45ab 26.38±2.38b 

Pinto bean 

AC Pintoba 16.92±0.96e 20.84±0.50c 21.4 1±0.03d 11.96±0.00e 21.94±0.1 i 24.29±0.58f 

ACOle 16.55±0.4 1 e 21.91 ±0. 12c 23.44±0.16d 15 .33±0.96f l7.25±0.44g 18.76±0.08g 

Pecos 17.54±0.38e 20.40±0.24c 21.33±0.87d 16.72±0.00g 17 .98±0.008 19.01 ±0.81 g 

HR 119 17.48±0.27" 19.53±0.99c 20.48±0. 79d 17.16±0.28h 20.55±0. l i 25.39±0.08f 

Mean 17.12±0.41 a 20.67±0.99. 21.67±1.26. 15.29±2.35c 19.43±2.19b 21.86±3.4 7c 
*Statistical analysis was perfo rmed among cultivars within each starch sou rce and also among the means for each starch source. 

•All data represent the mean of triplicates. Values followed by the same superscript in each column for each starch source are not significantly different 

(P < 0.05) by ANOV A and Tukey' s HSD test. 
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Figure 4.11 X-ray diffraction patterns of retrograded faba bean (A), black bean (B) and 

pinto bean (C) starches stored at 25°C. 
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4.11.6 Enzyme hydrolysis of retrograded starches 

The susceptibility of the retrograded starches (25 days) towards porcine pancreatic a 

amylase at different time intervals of hydrolysis is presented in Table 4.1 0. At all-time 

intervals, the extent of hydrolysis followed the order: FB > BB > PB. The greatest 

difference in hydrolysis among the starches was seen after 3 h, where FB was hydrolyzed 

to a much greater extent (54.6%) than BB (40.91 %) and PB (37.8%). The enzyme 

catalyzed hydrolysis of a-D (1 -----t 4) glucosidic linkages has been shown to involve 

enzyme-induced ring distortion of one of the D-glucosyl residues from the 4C1 chair 

conformation to a "half chair" conformation (Thoma, 1968). This ring distortion 

decreases the enthalpy of activation and increases the susceptibility of the glucosyl 

residues to nucleophilic attack by the functional groups on PP A and water. Laszlo et al. 

(1978) have shown that ring distortions or a "half chair" conformation is involved in the 

transition state of PPA. As shown in Fig. 4.4, AM leaching during gelatinization was 

more extensive in FB than in BB and PB (PB ~ BB). Consequently, interaction between 

AM-AM chains during storage would be more extensive in FB. Therefore, theoretically, 

FB should have been more resistant to PPA than PB and BB. This is based on the 

premise that interaction between linear AM chains would be very strong, thereby 

hindering the conformational transformation (4C 1 -----t half chair) required for accessibility 

of PPA towards the glycosidic oxygen. We speculate that the higher susceptibility of 

retrograded FB starches towards PP A may have resulted from interactions of leached AM 

with AP. AM-AP interactions during retrogradation have been reported by several 

researchers (Russell, 1987). It is likely, that AM-AP interactions may have partially 
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disrupted the crystalline structure of FB resulting in a crystalline structure that is less 

compactly packed in FB than in BB and PB starches. This decrease in chain packing 

density in the crystalline lattice would not only increase accessibility of PP A into the 

crystalline lattice, but would also facilitate the conformational transformation. The 

probability of AM-AP interaction would be greater in FB, due to greater extent of AM 

leaching (Fig. 4.4) during gelatinization. The presence of loosely packed crystallites in 

FB is also supported by FTIR data (Table 4.7), which showed that the molecular order in 

FB was much lower than in BB and PB. It was interesting to observe that the extent of 

PPA hydrolysis (FB > BB > PB) closely paralleled the difference in molecular order PB > 

BB > FB (Table 4. 7). 
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Table 4.10 

Amylase hydrolysis of 25 days retrograded faba bean, black bean and pinto bean 

starches. *a 

Time (hours) 

Starch Source 3 24 72 

Faba bean 

Fatima 57.34±0.15" 69. 15±0.19" 71.43±0.36" 

FB 9-4 53.23±0.46b 69.26±0.64" 71.20±0.27" 

F 18-20 54.82±0.07b 69.67±0.56" 70.93±0.64" 

SSNS I 53.03±0.18b 69.47±0.65" 70.39±0.84" 

Mean 54.61± 1.99" 69.39±0.23" 70.99±0.44" 

Black bean 

Expresso 41.36±0.9 1 c 64.00±0.68b 66.20±0.51 b 

CDC Jet 40.93±0.64c 63.34±0.50b 65.4 1±0.23b 

BRT 15 19- 10 40. 17±0.39c 63.62±0.20b 65.6 1±0.23b 

1681 a-b 41.18±0.17c 63. 1 0±0.28b 65.91 ±0.57b 

Mean 40.91±0.52b 63.52±0.39b 65. 78±0.35b 

Pinto bean 

AC Pintoba 38.48±0.63d 60.83±0.00c 63.12±0.70c 

ACOle 38.86±0.27d 60.05±0.61 c 63.94±0.62c 

Pecos 35.98±0.78e 59.65±0.36c 61.42±0.28c 

HR 11 9 38.06±0.68d 59.05±0.78c 62.93±0.86c 

Mean 37.84±1.29c 59.89±0.75c 62.85± t.05c 

*Statistical ana lysis was performed among cultivars within each starch source and a lso among the 

mea ns for each starch source. 

"All data represent the mean of triplicates. Values fo llowed by the same superscript in each column for each 

starch source are not sign ificantly different (P > 0.05) by ANOV A and Tukey' s HSD test. 
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4.2. IMPACT OF HEAT -MOISTURE TREATMENT ON PULSE STARCH 

STRUCTRE AND PROPERTIES 

4.2.1 Birefringence 

The birefringence patterns (maltese cross) viewed under polarized light reflects radial 

arrangement of AP crystallites within the granules at right angles to the surface with their 

single reducing end group towards the hilum (Sivak and Preiss, 1998). All granules of 

both cultivars of native BB (Fig.4.12.2a) and PB (Fig.4.12.3a) exhibited strong 

birefringence patterns with a well-defined quadrant, (Fig.4.12; arrow 3). However, 

granules of both cultivars of FB exhibited weaker birefringence (Fig. 4.12.1 a) with less 

well-defined quadrants and voids (Fig. 4.12.1 a; arrow 2). The weaker birefringence 

pattern of native FB is indicative that the degree of order in molecular orientation is lower 

than in BB and PB. The impact of HMT on granule birefringence was more pronounced 

in FB (Figs. 4.12.lb, c, d) than in BB (Figs. 4.12.2b, c, d) and PB (Figs. 4.12.3b, c, d). 

On HMT, all starches [FB (Figs. 4.12.lb, c, d), BB (Figs. 4.12.2b, c, d) and PB (Figs. 

4.12.3 b, c, d)] exhibited decreased birefringence intensity at the granule periphery and 

development of voids at the granule center. Similar observations (Chung et al., 2009; 

201 0; Kawabata et al., 1994; Vermeylen, Goderis and Delcour, 2006) have also been 

reported on potato, corn, pea, lentil and navy bean starches during HMT (90- 130°C; 17-

30% moisture). The extent of the above changes increased with HMT temperature and 

followed the order: FB > BB ~ PB. For instance, at HMT120, the decrease in 

birefringence intensity in FB (Fig. 4.12.ld; arrow 4) was more pronounced than in BB 

(Fig. 4.12.2d; arrow 6) and PB (Fig. 4.12.3d; arrow 6), and occupied only a smaller area 
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around the peripheral regions of the granules. Furthermore, voids at the granule center 

(Fig. 4.12.ld; arrow 5) in FB were much larger than in BB (Fig. 4.12.2d; arrow 7) and PB 

(Fig. 4.12.3d; arrow 8). The decrease in birefringence intensity on HMT is indicative of a 

change in radial orientation of AP crystallites due to increased AP chain flexibility. This 

change is more pronounced in FB, due to weaker organization of AP crystallites within 

the crystalline domains, which facilitates greater chain flexibility during HMT. 
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Figure 4.12 Polarized light microscopy (x 200) images of native (a), HMT80 (b), 

HMT100 (c), HMT120 (d) FB (Fatima; 1), BB (Expresso; 2) and PB (AC 

Pintoba; 3) starches, respectively. Arrows 1 (weak birefringence pattern); 

2, 5, 7 (voids at the granular center); 3 (well defined birefringence pattern); 

4, 6 (birefringence intensity at the granular periphery). 
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4.2.2 Amylopectin chain length distribution (HPAEC-PAD) 

Our previous study (section 4.1 .3) showed no significant difference in amylopectin chain 

length distribution (dp6-12 [19-21%], dpl3-24 [53-55%], dp25-36 [13-15%], dp37-50 [8-

11 %]) and average chain length (19-20%) between and among genotypes of native FB, 

BB and PB. The above parameters remained unchanged in FB, BB and PB at all HMT 

temperatures (Table 4.11). This implies that covalent bonds linking glucose units in 

starch chains forming the AP crystallites were not degraded under the HMT conditions 

(MC 23%; 80, 100, 120°C; 12 h). Varatharajan et al. (2010) have also observed 

constancy in amylopectin chain length distribution on HMT of normal and waxy potato 

starches at l00°C (24% moisture). 
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Table 4.11 

Amylopectin chain length distribution of native and HMT faba bean, black bean and pinto 

bean starches determined by HP AEC. 1 

Degree of Polymerization2 (DP)% 
CL3 

Starch source 6-1 2 13-24 25-36 37-50 

Faba bean 

Fatima native 21.69± 1.83a 53.30±0.67a 13.74± 1.84a 11 .27±0.68a 20.52±0.60a 

Fatima 80 2 I. 14± 1.71 a 56.27±0.79b 13.96± 1.21 a 8.63±0.29b 19.87±0.24a 

Fatima 100 22.73± 1.53a 55.65±0.16b 13 .02± 1.90a 8.60±0.21 b 19.63±0.3 la 

Fatima 120 2 1.62± 1.71 a 55.83±0.30b 13 .89± 1.49a 8.65±0.09b 19.82±0.30a 

FB 9-4 native 20.07±2.58a 53.13±2.63a 15 .00±3.64a 11 .80± 1.56" 20.96± 1.08a 

FB 9-4 80 20.37± 1.67" 55.73±2. 10a 14.90±0.03. 9.00±0.40b 20 .1 3±0.0 I a 

FB 9-4 100 2 1.83± 1.14a 54.61 ± I.05a 14.39±0.52a 9. 17±0.43b 20.0 1±0.06a 

FB 9-4 120 21.80± 1.79a 55.78±0.54a 13 .28±2.16a 9.1 3±0.1 7b 19.86±0.46a 

Black bean 

Expresso native 19.85±0.94a 53.62±0.74" 16.48±0.25a I 0.06±0.05a 20.7 1±0.07" 

Expresso 80 20.40± 1.89a 55.44±0.20a 15.10± 1.42. 9.07±0.27a 20.23±0.37a 

Expresso 100 22.50±2.60a 53.27±0.67. 14.14±2.72a 10.09±0.79a 20.30±0.18a 

Expresso 120 2 1.42±2.15a 55 .98± 1.37a 13.43±2.99a 9. 18±0.53a 20.06±0.52a 

BRT 1519-10 native 18.05±0.65. 51.64± 1.26a 18.J8±0.02a 12. 12±0.63a 21.67±0.13. 

BRT 1519-10 80 20.53±2.15a 56.76± I.OOb 14.64±2.44" 8.08±0.70b 19.95±0.60b 

BRT 1519-10 100 19.07±0.67a 54.34±0.69"b 16.80±0.08" 9.79±0.10b 20.76±0.04ab 

BRT 1519-10 120 2 1.09±2.13" 54.45±0.67ab 14.82±2 .12" 9.64±0.66b 20.35±0.19b 

Pinto bean 

AC Pintoba native 22.54±2.53. 54.05±0.03" 14.46±0.49. 8.95±2.01" 19.86±0.88" 

AC Pintoba 80 20.36±2.oo• 54.88±0.34" 15.23±2.39" 9.53±0.o5• 20.39±0.45" 

AC Pintoba 100 2 1.82±2.29a 54.16±0.83" 14.72±2 .77" 9.30±0.35" 20.21±0.58" 

AC Pintoba 120 20.90±2. 11 . 55.24± 1.06a 14 .26±3.61" 9.60±0.43" 20.36±0.41 a 

Pecos native 20.06±2.02" 54.40± 1.46" 15.10±3.45a I 0.44±0.03a 20. 73±0.5oa 

Pecos 80 19. 18±2.27" 55.55± 1.09" 15.48±2.85a 9.78±0.5l a 20.61 ±0.66" 

Pecos 100 17.93±0.80" 54.99± 1.27" 17.2 1±0.08a 9.86±0.39" 20.97±0.06. 

Pecos 120 17.96±0.69" 53.96±0.95" 17.67±0.0l a 10.41 ±0.25" 2 1.1 6±0.0 I a 
1All data represent the mean of triplicates. Values fo llowed by the same superscript in each column for each 

starch source are not significantly different (P > 0.05) by ANOV A and Tukey's HSD test. 
2DP11 : indicates degree of polymerization. Total relative area was used to calculate the percent distribution. 

3 Average chain length (CL) calculated by L(DP11 x peak area)/L(peak area11) . 
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4.2.3 Attenuated total reflectance Fourier transform Infra-red Spectroscopy (ATR

FTIR) 

ATR-FTIR spectrum of starch has been shown to be sensitive to changes in structure on a 

molecular level (short range order) (Sevenou et a!., 2002). Short range order reflects 

double helical order as opposed to long range order related to packing of double helices 

(detected by X-ray diffraction). The penetration depth of theIR beam in the ATR-FTIR 

system is about 2 f.!m. Thus, organization investigated by ATR-FTIR is limited to the 

regions near the granule surface. The A TR-FTIR absorbance at 1 048 em -I is related to 

crystallinity [since this band increases with crystallinity]. In contrast, the band at 1016 

em·' has been attributed to vibrational modes within the amorphous domains of starch 

granules [since this band has been observed to decrease with increase in crystallinity (van 

Soest, Toumois, de Wit and Vliegenthart, 1995)]. Thus, the ratio 104811016 em·' has 

been used to express the amount of ordered crystalline domains to amorphous domains in 

starches (van Soest eta!., 1995). HMT decreased the 104811016 em·' ratio (HMT120 > 

HMT1 00 > HMT80) in FB, BB and PB (Fig. 4.13). The extent of this decrease at all 

HMT temperatures, varied significantly among cultivars of each starch source. For 

instance, at HMT120, the above decrease, between cultivars of FB, BB and PB ranged 

from 11.3 - 13.2%, 15.7 - 19.0% and 7.8 - 12.6%, respectively. The decrease m 

molecular order is indicative of reorientation of double helices. The variation m 

molecular order decrease between cultivars of FB, BB and PB suggests, that double 

helical packing density (compact or loose) near the vicinity of the granule surface may 
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have been different. A decrease in the molecular order has also been observed in pea and 

lentil starches subjected to HMT (100° and l20°C) at 30% moisture for 2 h (Chung et al., 

2009). 
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Figure 4.13 Degree of molecular order at the granular surface (104811016 cm-1
) of native 

and HMT FB, BB and PB starches determined by ATR-FTIR spectroscopy. 
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4.2.4 X-ray diffraction, patterns and crystallinity 

X-ray patterns are illustrated only for genotypes of FB (fatima), BB ( expresso) and PB 

(AC pintoba) [Fig.4.14], since the X-ray pattern of the other genotype of FB, BB and PB 

exhibited similar trend and differences in relative crystallinity (RC) between genotypes 

(section 4.1.5) of native FB (20.2-20.7%), BB (20.4-21.3%) and PB (22.1-23.1 %) was 

not significant (P>0.05). Native FB, BB and PB starches showed a mixed A+B type X

ray pattern with reflections centered at 5.5°, 15.0°, 17.0°, 23.2°, 26.2°, 30.4° and 34° 28 

(Fig. 4.14). HMT80 increased RC of FB, BB and PB cultivars in the range 8.3 - 8.5%, 

4.9 - 8.0% and 4.4- 5.3%, respectively. However, the RC of all starches at HMT1 00 and 

HMT120 (HMT1 00 ~ HMT120) were lower than that at HMT80, but higher than that of 

their native counterparts (Table 4.12). The amount of B-type unit cells (indicative of a 

peak at 5.5° 28) decreased significantly (P<0.05) in genotypes of FB (25.05 to 1 0.17%), 

BB (17.73 to 3.33%) and PB (16.72 to 5.34%) at HMT80 (Fig. 4.14, Table 4.12). 

However, this peak was not seen among the cultivars of FB, BB and PB at HMTl 00 and 

HMT120 (Fig. 4.14). HMT changed the X-ray pattern ofFB, BB and PB (Fig.4.14) from 

A+B to a pure A-type pattern (this transformation was fully complete at HMTl 00). In all 

starches amorphous area (area between the experimental data and base line - area under 

the crystalline peak [Fig. 4.14]) decreased with increase in HMT temperature [X-ray 

patterns are illustrated only for cultivars of FB [fatima), BB [expresso] and PB [AC 

pintoba) [Fig. 4.14], since other cultivars of FB, BB and PB exhibited similar trends). 

Gunaratne and Hoover (2002) have suggested that changes in X-ray pattern on HMT of 
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starches containing the B-type unit cells is due to dehydration of the 36 water molecules 

in the central channel of the B-type unit cell and to the movement of a pair of double 

helices into the central channel. Vermeylen et al. (2006) have suggested that double 

helical movement during HMT could occur laterally and/or along the vertical axis. The 

movement of double helices has been shown to cause disruption of crystallites in starches 

containing pure B-type unit cells (Hoover, 201 0). However, in this study, the increase in 

RC (Table 4.12), and constancy in amylopectin chain length distribution (Table 4.1 1) and 

enthalpy of gelatinization (Table 4. 13) at all HMT temperatures, suggest that crystalline 

structure was not disrupted on HMT (crystallite disruption on HMT would have resulted 

in general broadening of all X-ray reflections). Singh et al. (1995) have shown that the 

crystal size of B-type starches, and the number of crystal lattice planes perpendicular to 

the observed X-ray reflection is larger and higher than in cereal (A-type) and pulse (C

type) starches, respectively. On this basis, the transformation of B-type unit cells in FB, 

BB and PB to A-type unit cells on HMT may have been accompanied by a decrease in 

crystal size. The increase in RC on HMT (Table 4.12) suggests that the transformation of 

B to A-type crystals may have resulted in the newly formed smaller A-type crystals being 

able to pack together in a crystalline array more closely than the larger B-type crystals 

present in the native starch. Differences in RC (HMT80 > HMT100 > HMT120) (Table 

4.12) suggest that due to the increased kinetic energy imparted to starch chains at the 

higher temperatures of HMT (> 1 00°C), double helical alignment within the crystalline 

lamellae and crystallite orientation to the incoming X-ray beam may have been less well 

organized than at HMT80. 
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Figure 4.14 X-ray pattern of native and HMT cultivars of FB (Fatima), BB (Expresso) 

and PB (AC pintoba). The arrow depicts the amorphous area (area between 

the experimental data and base line - area under the crystalline peak). 
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Table 4.12 

Relative crystallinity and B polymorphic content of native and heat moisture treated faba, 

black and pinto bean starches. 1 

Starch source Crystallinity% B polymorph% 

Faba bean 

Fatima native 20.71 ±0.05" 25 .05± 1.32" 

Fatima 80 29.0 1±0.41 b 10.17± 1.03b 

Fatima 100 26.49± 1.16° 0.00±0.00° 

Fatima 120 25.99±0.77° 0.00±0.00° 

FB 9-4 native 20.21 ±0.55" 20.62± 1.00" 

FB 9-4 80 28.68±0.08b 9.68±0.02b 

FB 9-4 100 25.14± 1.04° 0.00±0.00° 

FB 9-4 120 26.22±0.32° 0.00±0.00° 

Black bean 

Expresso native 20.44±0.56" 17.73±0.11 " 

Expresso 80 28.47±0.12b 3.33±0.01b 

Expresso I 00 24.56±0.94° 0.00±0.00° 

Expresso 120 24.57±0.21 c 0.00±0.00° 

BRT 1519-10 native 21.3 1±0.69" 15.42± 1.55" 

BRT 1519-10 80 26. 17±0. 15b 6.40±0.06b 

BRT 151 9-10 100 24.34± 1.26° 0.00±0.00° 

BRT 15 19-1 0 120 23.22± 1.55° 0.00±0.00° 

Pinto bean 

AC Pintoba native 23 .14±0. 11 " 16.72±0.9 1" 

AC Pintoba 80 27 .56±0.79b 5.34±0.77b 

AC Pintoba 100 24.33±0.44° 0.00±0.00° 

AC Pintoba 120 23.5 1±0.95ac 0.00±0.00° 

Pecos native 22.09±0.0 I a 7.91 ±0.32" 

Pecos 80 27 .43±0.18b 5.44±0.22b 

Pecos 100 25.04±0.66° 0.00±0.00° 

Pecos 120 24.88±0.87° 0.00±0.00° 

1 
All data represent the mean of triplicates. Values fo llowed by the same superscript in each column for a 

particular bean are not s ignificantly different (P < 0.05) by ANOY A and Tukey's HSD test. 
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4.2.5 Differential scanning calorimetry (DSC) 

The gelatinization temperatures ([To-onset], [Tp-midpoint] and [Tc-conclusion]), 

gelatinization temperature range (Tc-To) and enthalpy of gelatinization (~H) of native 

and HMT starches are presented in Table 4.13. To, Tp and Tc represent crystalline 

stability, whereas, ~H reflects the melting of AP based crystals with potential 

contributions from both crystal packing and helix melting enthalpies (Lopez-Rubio et al., 

2008). In all genotypes of FB, BB and PB, To, Tp and Tc increased with increase in 

HMT temperature (HMT120 > HMTI 00 > HMT80; Table 4.13). Furthermore, in all 

genotypes, the extent of increase in To, Tp and Tc between HMT80 and HMTI 00 was 

more pronounced than between HMT100 and HMT120. In most genotypes, there was no 

significant difference in To, Tp and Tc at HMT100 and HMT120. BRT 1519-10 behaved 

differently from other genotypes in exhibiting no significant difference (P > 0.05) in Tp at 

HMT80. Increases in To, Tp and Tc have also been observed on HMT (120°C; 30%MC) 

of pea, lentil and navy bean starches (Chung et al. , 201 0). This increase represents 

melting of A-type crystallites (A-type crystallites being more compact have been shown 

to melt at a higher temperature than B-type crystallites [Jenkins, Cameron & Donald, 

1993]) formed during the polymorphic transformation (A+B~A) and those formed due 

to interaction between AM-AP and AP-AP chains during HMT. These interactions can 

be explained as follows: the increase in thermal energy imparted to starch chains on HMT 

would increase flexibility in AM chains and in the spacers (segments that link AP double 

helices to the backbone [Fig. 4.15]). Increased spacer flexibility would impart sufficient 

mobility to adjacent double helices to interact with each other via hydrogen bonding. 
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Increase in AP chain mobility would also favor interactions with AM chains that may be 

interspersed among amylopectin clusters in the amorphous and crystalline regions (Fig. 

4.15). The above interactions increases crystalline stability and also decreases starch 

chain flexibility in the bulk and intercrystalline amorphous regions during granular 

swelling. Consequently, the amorphous regions would require a higher input of thermal 

energy to incur swelling that could contribute to the disruption of the crystalline region 

during gelatinization. Increases in To, Tp and Tc on HMT were nearly similar between 

genotypes of FB, but were significantly different between genotypes of BB ( expresso > 

BRT 1519-1 0) and PB (AC pintoba >pecos). Since AP chain length distribution was not 

significantly different among genotypes, the extent of increase in To, Tp and Tc among 

genotypes of FB, BB and PB mainly reflects the extent to which AM and AP chains 

within native granules are able to interact during HMT. This in tum would depend on the 

organization (compact vs loose packing) of AM and AP chains within the granule 

interior. At HMT80, Tc-To increased marginally among genotypes of FB, but decreased 

significantly (P < 0.05) in BB (expresso ~ BRT 1519-10) and PB (AC pintoba ~ pecos). 

However, Tc-To increased significantly (P < 0.05) at HMT100 and HMT120 (FB > BB ~ 

PB [Table 4.13]). The wider increase in Tc-To among the genotypes of FB reflects 

greater variation in crystalline stability. Amylose leaching data (Table 4.13) showed that 

AM chains in FB genotypes were more loosely organized than in genotypes of BB and 

PB. Consequently, AM-AP interaction during HMT would be more pronounced in FB. 

Thus, the wider range (Tc-To) of crystallite melting with FB genotypes (Table 4.13) 

reflects melting of both AP-AP and AM-AP crystallites. In contrast, in genotypes of BB 

and PB, Tc-To represents mainly melting of AP-AP crystallites. The t.H of FB 
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genotypes, BB (BRT 1519-10) and PB (AC pintoba) remained unchanged at all HMT 

temperatures. This is an indicative that the breakage of covalent bonds and/or double 

helical dissociation (due to breakage of inter and intra helical hydrogen bonds) and helical 

unravelling did not occur on HMT. However, at HMT100 and HMT120, genotypes of 

BB ( expresso) and PB (pecos) exhibited a slight decrease in L'-.H (Table 2). This may 

have been due to a breakage of a few inter and intra helical hydrogen bonds, rather than 

breakage of covalent bonds, since at HMT100 and HMT120, the RC (Fig.4.14) of both 

expresso (24%) and pecos (24-25%) were significantly (P < 0.05) higher than their native 

counterparts (expresso [20%], pecos [22%]), and their amylopectin chain length 

distribution remained unaltered at the above temperatures. However, decreased 

L'-.Hfollowing HMT (100-120°C; at 30%MC) has been reported in pea, lentil and navy 

bean starches (Chung et a!., 2009; 201 0). It is likely, that this discrepancy with respect to 

the direction (increase or decrease) of change in L'-.H on HMT, may have been due to 

differences with respect to starch source, moisture content, starch: water ratio (during 

gelatinization) and organization of AM and AP (compactly or loosely packed) within the 

granule interior. 
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Figure 4.15 The diagram illustrates changes to AM and AP chain flexibility and 

interactions between and among AM and AP chains during the progress of 

heat-moisture treatment. 0 - The circled section illustrates the movement 

of the spacers (during HMT) bringing the adjoining double helices closer 

together. 
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Table 4.13 Gelatinization transition parameters of native and HMT faba bean, black bean 

and pinto bean starches. 1 

Gelatinization transition parameters 

Onset 
Peak Temp End Temp Tc-To Enthalpy 

Starch source Temp 
(OC) 

coq (OC) CCC) (J/g) 

Faba bean 

Fatima native 62.55±0.o5a 66.67±o.ooa 74.47±0.o8a 11 .92±0.13a I 0.25±0.02a 

Fatima 80 66.14±0.02b 71.93±0.12b 78.41 ±0.42b 12.28±0.45a I 0.48±0.46a 

Fatima 100 65.28±0.0 I b 78.32±0.0 I c 84.31 ±0.33c 19 .03±0.34b I 0.67±0.0 I a 

Fatima 120 65.55±0.30b 80.51 ±0.02c 85 .19±0.13c 19 .64±0. 16b I 0.26±0.42a 

FB 9-4 native 62.25±0.23a 66.95±0.13a 73 .34±0.61 a 11 .1 0±0.44a 12.34±0.08a 

FB 9-4 80 65.01 ±0.25b 71.79±0.11 b 77.54±0.16b 12.54±0.40a 12.39±0.42a 

FB 9-4 100 67. 16±0.43b 74.83±0.04c 82.38±0.89c 15.23±0.46b 12.51 ±0.35a 

FB 9-4 120 66.06±0.0 I b 76.25±0. 11 d 83.83±0.16c 17 .77±0. 16c I 1.96±0.0 I a 

Black bean 

Expresso native 64.54±0.30a 71.62±0.18a 80.64±0.0 I a 16.11 ±0.29a 13.53±0.53a 

Expresso 80 69.77±0.06b 75.68±0.0 I b 83.88±0.88b 14.11±0.82b 13.30±0.23a 

Expresso I 00 70.23±0.08b 79.48±0.23c 87.19±0.11 c 16.96±0.19ac 12.45±0.16b 

Expresso 120 70.59±0.13b 82.15±0.01d 88.13±0.11 c 17 .54±0.24c 12.51±0.57b 

BRT 1519-10 native 67. 10±0.29a 76.64±0.14" 82.96±0.01 a 15 .86±0.28a 13.07±0.03a 

BRTI519-1080 69.7 1±0.13b 75.53±0.01 a 83.44±0.09a 13.73±0.04b 12.15±0.85a 

BRT 1519- 10 100 70.2 1±0.21 b 80.18±0.0 I b 87.92±0.08b 17.71 ±0.34c 12.8 1±0.46a 

BRT 1519-10 120 70.59±0.13b 82.15±0.0 I c 88.13±0.11b 17.54±0.24c 12.51±0.57" 

Pinto bean 

AC Pintoba native 66.64±0.o8a 73.71 ±0.01 a 80.53±0.74a 14.19±0.82a 14.51 ±0.15a 

AC Pintoba 80 73.37±0.29b 78.82±0.00b 85 .71 ±0.0 I b 12.34±0.30b 14.42±0.05a 

AC Pintoba I 00 75.32±0.25c 86.39±0.15c 92.93±0. 13c 17 .61 ±0.13c 14.47±0.ll a 

AC Pintoba 120 75.66±0.04c 87.41 ±0.36c 92.78±0.05c 17 .12±0.01 c 14.05±0.37a 

Pecos native 69.89±o.ooa 75.91 ±0.23a 83.11 ±0.36a 13.22±0.36a 14.58±0.05a 

Pecos 80 74.09±0.2 1 b 78.74±0. ll b 85. 17±0.57b 11 .08±0.78b 14.42±0.o5a 

Pecos 100 75.27±0.27b 83.55±0.30c 90.40±0.0 I c 15.1 3±0.28c 13.83±0.06b 

Pecos 120 75.59±0.18b 83.24±0.14c 90.68±0.20c 15.10±0.37c 13.70±0.1 2b 

All data represent the mean of triplicates. Values followed by the same superscript in each column for each 

starch source are not significantly different (P < 0.05) by ANOV A and Tukey's HSD test. 

2 (Tc - T0 ) represents the gelatinization temperature range. 

3 Gelatinization enthalpy of starch expressed in J/g of dry starch . 
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4.2.6 Swelling factor (SF) and amylose leaching (AML) 

HMT decreased SF (HMT120 < HMT100 < HMT80) and AML (HMT120 ~ HMTlOO < 

HMT80) in all starches (Table 4.14). The decrease in SF at all HMT temperatures 

followed the order: FB > BB ~ PB. There was no variation in the extent of SF reduction 

among cultivars of FB. However, among cultivars of BB and PB, SF was reduced to a 

greater extent in expresso and pecos, respectively. FB, BB and PB exhibited extensive 

reduction in AML on HMT (BB ~ PB > FB). AML was not detected at all HMT 

temperatures in cultivars of PB (AC pintoba and pecos) and BB (BRT 1519-10). 

However, AML was detectable in FB (Fatima, FB9-4) and in BB (expresso) at HMT120 

and HMT100, respectively (Table 4.14). Similar reductions in SF and AML have been 

reported in cereal, tuber and other pulse starches (Hoover, 201 0). The reduction in SF on 

HMT has been attributed to the interplay of: 1) crystalline disruption (mainly in tuber 

starches) 2) increase in crystallinity, 3) amylose-lipid interactions, 4) interaction between 

AM-AM, AM-AP and AP-AP chains, and 5) change in polymorphic form (Hoover, 

201 0). In this study, only the factors 2, 4 and 5 are plausible, since there was no evidence 

of crystalline disruption (Fig. 4.14) or AM-lipid complex formation [absence of a DSC 

endothermic peak centered at 104°C (diagram not shown)] and the absence of Y-AM-

lipid complex peak at 20°28 [Fig. 4.14] on HMT. The reduction in AML on HMT 

indicates stronger and/or additional interactions between AM-AM and/or AM-AP chains. 

The SF reduction on HMT could be partly attributed to a reduction in the amount of free 

hydroxyl groups available for hydration due to interaction between and among AM and 

AP chains. It is also likely, that the polymorphic transformation (A+B-A) on HMT 

(Fig. 4.14), which is fully completed at HMTlOO in all starches, may have also 

contributed to the SF decrease. This seems plausible, since A-type crystallites being 
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more compactly packed than B-type crystallites (Varatharajan at al. , 201 0) could decrease 

the ingress of water into the amorphous and crystalline domains during SF measurements. 

Thus, the SF decrease between genotypes of FB, BB and PB on HMT reflects the 

interplay of: 1) extent of increase in RC, 2) extent of interactions between and among AM 

and AP chains and 3) amount of A-type crystallites formed during the polymorphic 

transformation. 
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Table 4.14 

Swelling factor and amylose leaching at 80°C for native and HMT faba bean, black bean 

and pinto bean starches. 1 

Starch source 

Faba bean 

Fatima native 

Fatima 80 

Fatima 100 

Fatima 120 

FB 9-4 native 

FB 9-4 80 

FB9-4100 

FB 9-4 120 

Black bean 

Expresso native 

Expresso 80 

Expresso I 00 

Expresso 120 

BRT 1519-10 native 

BRT 1519-10 80 

BRT 1519-10 100 

BRT 151 9- 10 120 

Pinto bean 

AC Pintoba native 

AC Pintoba 80 

AC Pintoba I 00 

AC Pintoba 120 

Pecos native 

Pecos 80 

Pecos 100 

Pecos 120 

Swelling Factor 

24.37±0.36" 

17.36±0.07b 

14.17±0.52° 

10.22±0.47d 

25.08±0.17a 

16.48±0.1 ob 

14.89±0.60° 

11.78±0.67d 

20.13±0.36a 

17.13±0.60b 

15.69±0.32° 

11.53±0.24d 

16.66±0.17a 

16.61±0.61a 

12.46±0.51 b 

I 0.40±0.06° 

15.94±0.02a 

15. 13±0.47a 

12. 13±0.51 b 

8.62±0.40° 

19.40±0.26a 

15.37±0.40b 

12.63±0.55° 

9.88±0.20d 

Amylose Leaching 

11.47±0.41a 

4.24±0.18b 

0.44±0.14° 

0.52±0.00° 

11 .86±0.65a 

4.40±0.42b 

0.83±0.27° 

1.38±0.65° 

8.16±0.20a 

1.30±0.65b 

0.56±0.07cb 

0.00±0.00° 

4.56±0.38a 

O.OO±O.OOb 

O.OO±O.OOb 

O.OO±O.OOb 

3.30±0.45a 

O.OO±O.OOb 

O.OO±O.OOb 

O.OO±O.OOb 

6.01 ±0.27a 

O.OO±O.OOb 

O.OO±O.OOb 

O.OO±O.OOb 
1AII data represent the mean of triplicates. Values fo llowed by the same superscript in each column for each 

starch source are not significantly different (P > 0.05) by ANOY A and Tukey's HSD test. 
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,-----------------------------------------------------------------------------------------, 

4.2. 7 Pasting characteristics 

The pasting properties of native and HMT starches measured using a Rapid v1sco 

analyzer are presented in Fig. 4.16. Differences in RVA parameters (peak viscosity [PV], 

pasting temperature [PT], breakdown viscosity [BDV], set-back [SB]) among cultivars of 

native FB, BB and PB were discussed in section 4.1.7. In all starches, HMT decreased 

PV, BDV and SB and increased the PT (Fig. 4.16). These changes varied significantly 

between cultivars of FB, BB and PB and were more pronounced between cultivars (Fig. 

4.16). The reduction in PV, BDV (reflects thermal stability during the holding period at 

95°C) and SB (reflects the extent of retrogradation during the cooling cycle), and the 

increase in PT on HMT could be attributed to decreased granular swelling (Table. 4.1 4) 

and AML (Table. 4.14) as a result of enhanced interaction between AM-AM, AM-AP and 

AP-AP chains during HMT. 
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Figure 4.16 Pasting profiles of native and HMT FB, BB and PB starches determined by 

Rapid Visco Analyzer. 
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4.2.8 Acid Hydrolysis 

It has generally been accepted that heterogeneous acid hydrolysis preferably attacks the 

bulk and inter-crystalline amorphous regions of the granule. In contrast, crystalline 

regions are less accessible to attack by hydrolytic protons and are attacked only after a 

period of 10-12 days (Hoover, 2000). To account for the slower hydrolysis of the 

crystalline domains, two hypotheses have been proposed (Hoover, 2000). First, the dense 

packing of starch chains within the starch crystallites hinders penetration of H30 +. 

Second, acid hydrolysis of a glucosidic bond requires a conformational change (chair ~ 

half chair) of the D-glucopyranosyl unit. Immobilization of the sugar conformation due 

to dense packing of amylopectin double helices in the crystalline domains would render 

the conformational transition difficult. HMT has been shown to decrease acid hydrolysis 

marginally in cereal (Hoover and Manuel, 1996b) and tuber (Varatharajan et al. 2010) 

starches. Gunaratne and Hoover (2002) have shown that changes in the extent of acid 

hydrolysis on HMT of tuber starches is influenced by the interplay of structural changes 

(crystalline reorientation, polymorphic changes, interactions between starch chains [AM

AM, AM-AP, AP-AP] , crystallite disruption, formation of new crystallites and 

development of cracks on the granule surface) on HMT. The impact of HMT on the 

extent of acid hydrolysis is presented in Fig. 4.17. In all starches, hydrolysis decreased 

marginally on HMT. Hydrolysis, during the first 9 days, mainly reflects hydrolysis 

within the amorphous regions of the granule. The extent of decrease in hydrolysis at all 

HMT temperatures during this time period was marginal and not significant (P < 0.05) in 

cultivars of all starches. This suggests that the extent of starch chain interactions (AM-
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AM, AM-AP) on HMT within the amorphous domain was not strong enough to hinder 

the accessibility of H30+ into the amorphous domains. However, beyond the 9th day 

(reflects hydrolysis of starch crystallites), hydrolysis decreased significantly (P < 0.05) in 

all starches on HMT (HMT80 > HMTlOO ~ HMT120). The above changes were more 

pronounced in FB. The extent of reduction in acid hydrolysis among cultivars of FB, BB 

and PB during this time period was not significant (P < 0.05) (Fig. 4.17). Decrease in 

hydrolysis beyond the 9th day probably reflects interplay among changes to crystallite 

orientation, crystal size and double helical realignment. 
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Figure 4.17 Acid hydrolysis (2.2 M HCl) profiles of native and HMT FB, BB and PB 

starches. 
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4.2.9 Nutritional Fractions 

Rapidly digestible starch (RDS), slowly digestible starch (SDS), resistant starch (RS) and 

expected glycemic index (eGI) of native and HMT starches determined by in-vitro 

digestibility by a mixture of pancreatin and a-amyloglucosidase are presented in Table 

4.15. The above classification reflects both the kinetic component and the completeness 

of digestibility. In this in-vitro study, RDS, SDS and RS are defined as the amount of 

starch digested within the first 30min, between 30 min to 16 h and starch remaining 

undigested after 16 h, respectively (Jenkins et al., 1983). Among native starches, FB 

exhibited higher levels of RDS, SDS and eGI and lower RS levels (Table 4.15). Between 

genotypes, differences in the above parameters followed the order: PB>BB>FB. RDS 

mainly reflects hydrolysis of starch chains at or near the vicinity of the granule surface, 

since the time period (30 min) at which RDS levels were determined was not sufficient 

for all of the added enzymes to enter the granule interior (since diffusion to the substrate 

followed by adsorption on the granule surface must occur prior to the hydrolytic event). 

The difference in RDS levels among the starches reflects the interplay between surface 

characteristics and the extent of molecular order at the granule surface. RDS levels are 

much higher in FB starches, due to their lower extent of molecular order at the granular 

surface (Table 4.15) and to the presence of cracked granules with weak birefringence 

(Fig. 4.12.1 a) patterns compared to BB and PB. Both of the above factors may have 

facilitated diffusion of the amylolytic enzymes into the granule interior. This seems 

plausible, since both BB and PB starches, with intact granules (Fig. 4.12.1 b, c) and nearly 

similar extent of molecular order (Fig. 4.13) exhibited RDS levels that were much lower 
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than those seen with FB genotypes (Table 4.15). The SDS levels in native starches varied 

significantly among genotypes ofFB (Fatima> FB 9-4), BB (expresso > BRT 1519-10) 

and PB (AC pintoba > pecos) (Table 4.15). The SDS levels in FB, BB and PB ranged 

from 74.99- 77.29, 46.44-53.62 and 34.94- 50.90%, respectively. The difference in SDS 

levels among the native starches reflects the interplay between crystalline stability 

(reflects double helical organization within the granule interior) and the extent to which 

hydrolyzed starch chains interact during the progress of hydrolysis. The high SDS levels 

in FB starches reflect their weaker amylopectin architecture (Fig. 4.12.1a), which 

facilitates easier access of the amylolytic enzymes to the glycosidic linkages. It is highly 

unlikely that SDS levels are influenced by amylopectin chain length distribution 

(APCLD), relative crystallinity (RC), amylose content (AM) and/or B-polymorphic 

content, since difference in the above parameters among the starches was marginal, and 

pecos (PB genotypes) with a much lower B-polymorph (7.91 %) content (Table 4.11) was 

hydrolyzed to a lesser extent than the other genotypes (Table 4.15), where the B

polymorph contents (Table 4.11) ranged from 15.42-25.05%. B-type polymorphs have 

been shown to be less susceptible than A-type polymorphs towards amylolysis [Jane, 

Wong and McPherson (1997)]. DSC data showed that among genotypes of FB, BB and 

PB, gelatinization transition temperatures (especially To) and the enthalpy of 

gelatinization (tlH) were higher in pecos (Table 4.13). This suggests that the low SDS 

levels with pecos (Table 4.15) reflect higher crystalline stability (Table 4.13) and denser 

packing of double helices within the crystalline domains (both of which would restrict 

accessibility of the amylolytic enzymes towards the glycosidic linkages). The RS and 
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eGI levels also varied between genotypes of FB, BB and PB (Table 4.15). Variation in 

RS content between genotypes ofFB was marginal (10.00-10.95%), but were significant 

between genotypes of BB (33.46-41.79%) and PB (36.57-52.84%). The factors 

influencing difference in RS content among the starches is the same as that discussed for 

SDS variations. In all starches, RDS levels increased on HMT. The extent of this 

increase at HMT120 (FB > BB ~ PB) was in the range 8.22- 10.7% (FB), 5.74-6.32% 

(BB) and 5.63- 6.41% (PB). The increase in RDS on HMT reflects the change in AP 

chain realignment at the granular surface on HMT (Fig. 4.13, section 4.2.3). If a decrease 

in molecular order at HMT120 (BB > FB > PB) was the sole factor influencing increased 

RDS levels in FB, BB and PB, then increased RDS levels at HMT120 should have also 

followed the above trend in molecular order. Several studies (Jane et al., 1997; Gerard, 

Colonna, Buleon & Planchot, 200 I) have shown that A-type crystallites are weaker (due 

to a(l ~6) branch points being present in the crystalline region) than B-type crystallites 

(due to a(l ~6) branch points being present solely in the amorphous regions) and hence 

more susceptible to attack by amylolytic enzymes. This suggests that, since the amount 

of B-type crystallites that were transformed into A-type crystallites at HMT120 (Table 

4.11), followed the order: FB (Fatima > FB 9-4) > BB (expresso) > PB (AC pintoba) > 

BB (BRT1519-1 0) > PB (pecos), theoretically, the extent of increase in RDS content at 

HMT120 should also have followed the same trend. Thus, the observed trend in RDS 

increase (FB > BB ~ PB) at HMT120 suggests an interplay between: 1) the influence of 

decrease in molecular order, and 2) the amount of A-type crystallites formed at HMT1 20. 

In all starches, SDS levels decreased significantly (P < 0.05) on HMT. The extent of this 
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decrease in SDS at HMT80 was more pronounced than at HMT100 and HMT120 of 

genotypes of all starch sources (Table 4.15), whereas, RS levels in all starches increased 

at HMT80 but decreased at HMT100 and HMT120. The extent of SDS decrease at 

HMT80 followed the order: FB (Fatima ~ FB 9-4) > PB (AC pintoba) > BB (expresso > 

BRT 1519-1 0) > PB (pecos). The higher decrease in SDS levels at HMT80 in FB 

genotypes could be attributed to the higher increase in RC (similar in both genotypes 

[Table 4.11 ]). In BB genotypes, the decrease in SDS at HMT80 is higher in expresso 

than in BRT 1519-10 due to the increase in RC in expresso (20.44 to 28.47%) being 

higher than in BRT 1519-10 (21.31 to 26.17%) (Table 4.11). It was interesting to 

observe that although the increase in RC at HMT80 was higher in pecos (22.09 to 

27.43%) than in AC pintoba (23.14 to 27.56%) (Table 4.11), the extent of decrease in 

SDS at HMT80 was much smaller in pecos (34.94 to 21.57%) (Table 4.15). As discussed 

earlier, starch chains in pecos are more densely packed than in AC pintoba. Therefore, an 

increase in RC (which reflects better alignment of crystallites and/or more closely packed 

crystallites) on HMT of pecos would not make a significant impact on SDS levels as in 

AC pintoba. This would then explain why the decrease in SDS is lower in pecos in spite 

of increased crystallinity. The difference in the extent of increase in SDS levels at 

HMT100 and HMT120 in genotypes of FB (Fatima ~ FB9-4), BB (BRT 1519-10 > 

expresso) and PB (AC pintoba ~ pecos) reflects the interplay between: 1) the amount of 

A-type crystallites present at HMT100 and HMT120 (Fatima > FB 9-4 > AC pintoba > 

BRT 1519-10 > pecos) and 2) the extent of decrease in RC (Fatima > FB 9-4 > expresso 

~ AC pintoba > pecos > BRT 1519-1 0). Both factors 1 and 2 could facilitate the extent of 

diffusion into the granule interior and the hydrolytic event within the crystalline domains. 
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At HMT80, RS levels in FB, BB and PB were higher than their native counterparts 

(HMT80 > HMT100). However, in all starches, the RS levels at HMT120 were lower 

than their native counterparts. The increase in RS content at HMT80 (Fatima~ FB 9-4 > 

expresso > AC pintoba > BRT 1519-10 > pecos) is higher than at HMT1 00 (Fatima ~ FB 

9-4 > expresso > AC pintoba > BRT 1519-10 > pecos) due to higher increase in RC 

(Table 4.11) and the presence of B-type crystallites (Table 4.11 ). The large decrease in 

RS content at HMT120 seems to suggest that the A-type crystallites that were formed on 

HMT may have been organized differently (due to higher temperature prevailing during 

HMT) to that in HMT1 00 starches, rendering these crystallites more accessible to attack 

by the amylolytic enzymes. Chung, Liu and Hoover (20 1 0) observed a higher RDS levels 

(21-25%) and low RS content (~29%) on HMT (30% MC, 24h at l20°C) of pea and lentil 

(21.7%) starches. In contrast, they observed a low RDS (7.6%) and high RS (49.9%) 

content for navy bean starches under the same HMT conditions. Li et al. (20 11) have 

shown that RS content in mung bean starch increased from 11.2% to 45.2% on HMT at 

120°C (20% MC,12h). Kojima et a!. (2006) also showed an increase in RS content 

during HMT (MC 20%, 100°, 120° and 130°C autoclaved for 30 min) of adzuki bean 

( ~2 .5% increase) and kidney bean ( ~4% increase) starches. As seen above, increase or 

decrease in RS content may be influenced by HMT conditions (moisture content, 

temperature during HMT, duration of heating, methodology [oven vs. autoclaving]), 

amylose content, proportion of A+B type crystallites and extent to which AM and AP 

chains are co-crystallized within the native granule). The high resistance of pecos 

towards hydrolysis is also reflected in the hydrolysis profile (Fig. 4.18) which showed a 
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plateau only after 8h of hydrolysis, whereas the genotypes of the other starches exhibited 

plateau's only after 12-14h ofhydrolysis. 

Jenkins et al. (2012) reported that pulses (beans, chickpeas, and lentils) with low GI are 

effective in controlling blood glucose level and reducing risk of coronary heart disease in 

individuals with diabetes. Studies also have shown that RS intake would decrease 

postprandial glycemic and insulinemic responses, lower plasma cholesterol and 

triacylglycerol concentrations, improve whole body insulin sensitivity, increase satiety 

and reduce fat storage (Higgins, 2004). Based on the above data, among genotypes, 

pecos with its higher RS content and lower GI may have greater beneficial effects for 

protection against metabolic syndrome, including insulin resistance, obesity and diabetes. 
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Table 4.15 

Nutritional fractions, hydrolysis index and expected glycemic index of native and HMT 

faba bean, black bean and pinto bean starches determined by in vitro hydrolysis. 1 

Starch source RDS2 SDS2 RS2 eG I2 

Faba bean 

Fatima native 2.80±0.35" 77.29±0.983 10.00±0.703 66.20±0.503 

Fatima 80 7. 17±0.33b 43.05±0.46b 32.75±0.79b 49.30±0.30b 

Fatima 100 II. II ±0.55° 60.00± 1.00° 11.39±0.45" 70.00±0. 1 0° 

Fatima 120 13.15±0.74d 63 .86±0.1 5d 2.2 1±0.89° 75.30±0.30d 

FB 9-4 native 2.29±0.06" 74.99±0.75" I 0.95±0.703 6 1.30±3.03 

FB 9-4 80 7.65±0.24b 42.16± 1.10b 33.53±0.86b 47.60±0.30b 

FB9-4100 9.02±0.16° 56.49±0.20° 14.66±0.05° 61.90±0.303 

FB 9-4 120 10.52±0.77d 64.3 1±0.2 1d 4 .17±0.98d 7 1.20±0.20° 

Black bean 

Expresso native 1.57±0.123 53.62±0.553 33.46±0.593 46.00±0.303 

Expresso 80 7.7 1±0.68b 30.05±0.33b 44.90±0.36b 39.20±0.30b 

Expresso I 00 7.70±0.25b 3 1.40±0.09° 41.91±0.17° 39. 1 O±O. I ob 

Expresso 120 7.3 1±0.17b 34.09±0.59d 39.23±0.58d 43.00±0.20° 

BRT 1519-10 native 0.87±0.203 46.44±3.673 41.79±3.52" 40.00±2.403 

BRT 1519-10 80 6.35±0.50b 27.86±0.85b 47.02±0.35b 35.70±0.30b 

BRT 15 19- 10 100 6.28±0.25b 29.46±0.72b 46.86±0.47b 37 .40±0. 1 ob 

BRT 15 19- 10 120 7. 19±0.69b 37.49±0.69° 32.4 7±0.00° 45.50±0.0 I o 

Pinto bean 

AC Pintoba native 1.72±0.133 50.90±0.73" 36.57±0.64" 41. 1 0±2.30" 

AC Pintoba 80 6.32±0.09b 26.65±0.92b 44.1 4±0.83b 34.00±0.1 ob 

AC Pintoba I 00 6.34±0.24b 32.37±0.46° 41.34±0.70° 39.00±0.10° 

AC Pintoba 120 7.30±0.10" 37.94±0.97d 25.54±0.87d 44.90±0.40d 

Pecos native 1.4 1±0.30" 34.94± 1.0 I a 52.84±0.723 36. 1 o±o.I o• 

Pecos 80 6.8 1±0.51b 2 1.57±0.31 b 54.09±0.8 1 b 32.50±0.50b 

Pecos 100 6.03±0.25b 27.45±0.03° 46.99±0.28° 34.80±0. 1 0° 

Pecos 120 7.8 1±0.39" 33 .90± 1.293 27 .94±0.90d 4 1.30±0.20d 

1A II data represent the mean of tripl icates. Values fo llowed by the same superscript in each column for each 

starch source are not significantly different (P > 0.05) by ANOV A and Tukey's HSD test. 
2RDS: rapidly digestible starch; SDS: slowly digestible starch; RS: resistant starch; eG I: expected glycemic 
index. 
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Figure 4.18 In-vitro digestibility profiles of native and HMT FB, BB and PB starches 

subjected to hydrolysis by mixture of pancreatin and amyloglucosidase. 
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4.2.9.1 Granule morphology of native and HMT80 starches before and after 

amylolysis 

In this discussion, the following abbreviations FB-RDS, FB-RS, BB-RDS, BB-RS, 

PBAC-RDS, PBAC-RS, PBPE-RDS and PBPE-RS will be used to denote native FB 

(fatima) after 30 min hydrolysis, native FB (fatima) after 16 h hydrolysis, native BB 

(expresso) after 30 min hydrolysis, native BB (expresso) after 16 h hydrolysis, native PB 

(AC pintoba) after 30 min hydrolysis, native PB (AC pintoba) after 16 h hydrolysis, 

native PB (pecos) after 30 min hydrolysis and native PB (pecos) after 16 h hydrolysis, 

respectively. 

Scanning electron micrographs of FB (fatima), BB (expresso) and PB (AC pintoba and 

pecos) starches subjected to HMT80, and amylolysis for 30 min (RDS) and 16 h (RS) 

using a mixture of a-amylase and amyloglucosidase are shown in Figs. 4.19.1-4.19.4. 

Native FB (Fig. 4.19.la) showed the presence of numerous cracks on the granule surface. 

The extent of cracking varied among the granules. Cracks have also been reported in 

other pulses (kidney bean, mung bean [Hoover and Sosulski, 1985]). Glaring, Koch and 

Blennow (2006) postulated, that cracking may reflect low granule integrity (due to weak 

interaction between radially arranged amylopectin chains) resulting in an increase in 

strain as the granule grows. The native granule morphology of FB (Fig. 4.1 9.la) 

remained unchanged on HMT (Fig. 4.19.1d). After 30 min hydrolysis, many native FB

RDS granules exhibited extensive splitting (nature of the splitting varied among the 

granules) with some hollow granules. The layered structure was visible in some FB-RDS 

granules (Fig. 4.19.1 b). After 16 h hydrolysis, all granules of FB-RS were extensively 
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corroded with numerous pits on the granule surface (Fig. 4.19 .1 c). Splitting was not 

visible in any of the FB-RS granules (Fig. 4.19.1c). HMT80-FB-RDS granules showed 

more extensive splitting (Fig. 4.19.1d) after 30 min hydrolysis than FB-RDS granules. 

The layered structure was also seen among HMT80-FB-RDS (Fig. 4.19.le) granules. In 

comparison to FB-RS granules (Fig. 4.19.1c), HMT80-FB-RS granules exhibited mainly 

surface indentations and a rugged granular appearance (Fig. 4.19.1 f) after 16 h hydrolysis. 

Native BB (Fig. 4.19.2a) and HMT80 BB (Fig. 4.19.2d) granules exhibited similar 

granule morphology (smooth surfaces with no cracks). After 30 min hydrolysis, BB-RDS 

granules exhibited similar type of splitting (Fig. 4.19.2b) as seen with FB-RDS granules 

(Fig. 4.19.1b). Layered structure was also visible in BB-RDS granules (Fig. 4.19.2b). In 

comparison to FB-RS (Fig. 4.19.1 c) granules, BB-RS exhibited only surface indentations 

and some granules showed small cracks on the granule surface. HMT80-BB-RDS was 

more extensively eroded (Fig. 4.19.2e) than BB-RDS (Fig. 4.19.2b). HMT80-BB-RS 

(Fig. 4.19.2f) exhibited less corrosion (Fig. 4.19.2f) than HMT80-BB-RDS (Fig. 4.19.2c) 

granules. Among the PB cultivars, both AC pintoba (PBAC [Fig. 4.19.3a]) and pecos 

(PBPE [Fig. 4.19.4a]) exhibited similar granular morphologies before (Fig. 4.19.3a,b) and 

after HMT80 (Fig. 4.19.3b, 4.19.4d). The granule surface ofPBAC-RDS was extensively 

eroded over the entire granule surface (Fig. 4.19.3b ). However, none of the granules 

were split or cracked. The outer surface appeared spongy as a result of surface erosion 

over the entire surface. Similar observations have been reported in other pulses (lentil, 

mung bean, kidney bean) hydrolyzed by porcine pancreatic a-amylase (Hoover and 

Sosulski, 1985; Hoover and Manuel, 1995). After 16 h of hydrolysis, PBAC-RS showed 
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minor corrosion with surface indentations and small pits scattered over the entire surface 

(Fig. 4.19.3c). After 30 min hydrolysis, the extent of granule degradation (splitting and 

presence of pits) was more extensive in HMT80-PBAC-RDS (Fig. 4.19.3e) than in 

PBAC-RDS (Fig. 4.19.3b) granules. However, after 16 h hydrolysis, HMT80-PBAC-RS 

exhibited only minor surface erosion (Fig. 4.19.3f), the extent of which was lower than 

with PBAC-RS (Fig. 4.19.2c) granules. Pecos (PE) behaved differently from all other 

starches in exhibiting only minor corrosions in their native state (PBPE), after 30 min 

hydrolysis (PBPE-RDS), and after 16 h hydrolysis (PBPE-RS). PBPE-RDS granules 

exhibited indentations and rugged appearances, with no splitting or cracks evident in any 

of the other granules (Fig. 4.19.4b ). PBPE-RDS granules exhibited only slight erosion at 

the granule surface. None of the granules exhibited indentations on pecos. HMT80-

PBPE-RDS exhibited a greater degree of granule degradation (indentations, splitting and 

pores) than PBPE-RDS (Fig. 4.19.4b) granules. HMT80-PBPE-RS showed only minor 

surface erosion (Fig. 4.19.4f), which was comparable to that seen with PBPE-RS (Fig. 

4.19.4c) granules. The levels of degradation among the starches (Fig. 4.19.1-4.19.4) 

paralleled the RDS and RS levels (Table 4.15). 
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Figure 4.19 Scanning electron microscopy images of FB (Fatima, 4.19.1), BB (Expresso, 

4.19.2) and PB (AC pintoba, 4.19.3; Pecos, 4.19.4) starches in their native 

(a,b,c) and HMT80 (d,e,f) states before and after amylolysis (30 min [b,e] 

and 16 h [ c,f]). Both cultivars of FB and BB exhibited similar granular 

morphology in their native and HMT states on amylolysis. Therefore, only 

one cultivar of each starch source is shown in figure 4.19. 
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Chapter 5 

5.1 Summary and conclusions 

The structure property relationship study of native pulse starches described here showed 

that FB starches differed significantly from BB and PB starches with respect to the 

presence of cracked granules, less well ordered amylopectin double helices and lower 

extent of molecular order near the granule surface. These differences had a major impact 

on granular swelling (FB > BB ~ PB), amylose leaching (FB > BB ~ PB), extent of set

back (FB > BB ~ PB), gelatinization transition temperatures (BB ~ PB > FB), enthalpy of 

gelatinization (BB ~ PB > FB), rate of acid hydrolysis (FB > BB ~ PB), rapidly digestible 

starch (FB > BB ~ PB), slowly digestible starch (FB > BB ~ PB), resistant starch (BB ~ 

PB > FB), hydrolysis index (FB > BB ~ PB) and expected glycemic index (FB > BB ~ 

PB). Differences in physicochemical properties were marginal among FB cultivars, but 

were significant (P < 0.05) among cultivars of BB and PB. 

Retrogradation studies showed that the extent of retrogradation (at the end of the storage 

period) assessed by turbidity, FTIR, DSC, 13C CP/MAS NMR, X-ray and enzyme 

susceptibility, followed the order: FB > BB ~ PB, PB > BB > FB, PB ~ BB ~ FB, PB ~ 

BB ~ FB, PB ~ BB ~ FB and PB > BB > FB, respectively. It was interesting to observe, 

that although both 13C CP/MAS NMR and FTIR monitor conformational changes during 

storage, both techniques gave a completely different order of retrogradation. This 
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suggests that 13C CP/MAS NMR is mainly sensitive to conformational changes associated 

with AP crystallization, whereas, FTIR is sensitive to conformational changes associated 

with crystallization of both AP-AP and AM-AP chains. This seems plausible, since the 

order of retrogradation assessed by DSC and X-ray (both of which reflect changes 

associated with AP crystallization) were in agreement with that obtained by 13C CP/MAS 

NMR. However, the order of retrogradation assessed by FTIR was identical to that 

obtained by turbidity measurements which reflect interactions involving amylose chains 

(AM-AM and AM-AP). This study showed that retrogradation differences among the 

starch sources were influenced mainly by the extent of amylose leaching during 

gelatinization, and by the extent of starch chain interactions (AM-AM and AM-AP) and 

chain mobility during the progress of retrogradation. To the best of our knowledge, this 

is the first study that clearly demonstrates the influence of amylose on starch 

retrogradation. Furthermore, it must be emphasized that the different techniques used in 

this study measured different processes of recrystallization. 

HMT of pulse starches showed that amylopectin chain length distribution and 

gelatinization enthalpy remained unchanged in all starches. However, they differed 

significantly (P < 0.05) with respect to amylose (AM) content, crystalline stability, radial 

orientation of crystallites, polymorphic composition, molecular order, thermal stability, 

granular swelling, amylose-leaching, gelatinization properties and in-vitro digestibility. 

This study has filled the gap in the knowledge base with respect to the part played by 

amylose chains, starch chain flexibility and starch chain interactions during HMT of 

pulses starches (having similar amylopectin chain length distribution and differing 
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marginally in amylose content, lipid content, and phosphorus content) at different 

temperatures of HMT and their impact on physicochemical properties. The results of this 

study would help food processors to tailor the properties of HMT pulse starches (by 

different moisture I temperature I time combination) to a level that is presently met by 

chemical modification. This in turn will add value to pulse starch production in Canada. 
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5.2 Novelty and Significance 

Major novel findings and significance of this investigation are outlined below: 

1. Detailed study of pulse starch structure at both the molecular and supramolecular 

levels of granule organization using a wide variety of analytical techniques. 

2. Pulse starches exhibited constancy in amylopectin chain length distribution 

(APCLD), but wide variations in crystallinity. 

3. Relative crystallinity differences among the starches were shown to be influenced by 

the interplay of several factors such as : 1) amylose/amylopectin ratio, 2) amount of 

B-type crystallites, 3) Organization of crystallites in the crystalline lamella, 4) 

crystallite size and 5) crystallite orientation. 

4. Susceptibility of pulse starches towards acid and enzyme hydrolysis was influenced 

by differences in granule morphology, crystallinity, and by the extent of molecular 

order near the granule surface. 

5. Variation in double helical content (double helices formed between AP-AP, AP-AM 

and AM-AM) among the pulse starches. 

6. Molecular distribution of AM and AP within the granule interior. 

227 



7. The influence of B-type crystallites on enzyme and acid susceptibility. 

8. The mechanism of retrogradation using a multi-technique approach. 

9. The influence of amylose on the rate and extent of retrogradation. 

10. Many researchers have attempted to probe the mechanism underlying the structural 

changes on HMT by comparative studies on starches varying widely in APCLD, 

composition and polymorphic composition. Consequently, it has been difficult to 

ascertain to what extent amylose content and their packing density within the 

amorphous domains influence structural changes on HMT. This study was able to 

show, for the first time, that amylose chains play a significant role in influencing 

chain realignment and their interactions during HMT. 

11. This study showed, for the first time, that structural changes on HMT is first initiated 

by changes to the flexibility of the spacers linking AP double helices, which is then 

followed by interactions among and between AM-AM, AM-AP and AP-AP chains. 

12. Unlike in cereal and tuber starches, structural changes on HMT did not change 

significantly beyond 80°C, and was more pronounced at HMT80. 

13. Many researchers have assumed that a decrease in W AXS intensity on HMT is 

indicative of crystalline disruption. However, this investigation showed that this was 
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erroneous, smce a decrease m X-ray intensities on HMT, could also indicate a 

decrease in crystal size. 

14. At the present time, there is intense interest on finding methods for modifying the 

extent of starch digestibility by amylolytic enzymes. To this end, starches have been 

modified structurally by enzymatic and chemical methods. This study showed that 

the HMT was able to modify the nutritional fractions of pulse starches to nearly the 

same extent as enzymatic and chemical methods. 

15. The study on starch nutritional fractions at different temperatures of HMT provided 

insight into the influence of starch structure on the rate and extent of amylolysis. 

16. This study has filled the gap in the knowledge base with respect to pulse starch 

structure at different levels of granule organization and the mechanism of heat

moisture treatment. It has provided a new way of modifying pulse starch structure 

without recourse to chemical reagents. This in tum will add value to pulse starch 

production in Canada, which currently primarily relies on the sale of the raw 

material. 
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5.3 Directions for future research 

1. This study showed that the structural organization of starch chains within the 

amorphous and crystalline domains is altered on HMT. It will be interesting to 

investigate, to what extent reagents such as acetic anhydride and POCb (which are 

used widely in the food industry to chemically modify starch structure) are able to 

penetrate the amorphous and crystalline domains ofHMT starches. 

2. Complete removal of the amorphous region by acid hydrolysis, followed by HMT on 

the crystalline residue could provide new insights into the extent to which amorphous 

regions influence structural reorganization of starch chains on HMT. 

3. Modification of pulse starches with HMT followed by other physical/chemical 

modification techniques such as annealing, ultra-high pressure, cross-linking, 

substitution may pave the way for production of starches with novel properties and, 

hence new food and industrial applications. 
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Appendix I 

Phosphorus calibration curve (Morrison, 1964) 
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Appendix II 

Standard curve for determination of amylose content (Hoover and Ratnayake, 2004) 
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Appendix III 

Labelling reaction of glucose with 8-aminopyrene-1 ,3,6-trisulfonic acid (APTS) 

(adapted from O'Shea et al., 1998) 
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Appendix IV 

Curve fitting for XRD using Gaussian function 
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X -ray spectrum of starch 
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Relative crystallinity will be calculated after subtracting the amorphous background. 

Total peak area- Amorphous peak area 
Relative crystallinity% = l k x 100 

Tota pea area 



Appendix V 

Standard curve for determination of B polymorphic content (Hoover and Ratnayake, 

2004) 

283 



... 
c 
Q) ..... 
c 

7 

6 

5 

4 

i '1 0 
a. 

Cl) 

2 ' 

1 

0 • 

0 

-1 

• 

20 

• 

• 

----r-

40 60 

Percentage 

• 

• 

y = 0.067x- 0.1945 
R2 = 0.9866 

80 100 120 



Appendix VI 
13C CP/MAS NMR spectrum decomposition (Tan et al. 2007) 
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13C CP/MAS NMR spectrum decomposition into amorphous and ordered phases (a) and (b) 
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Double helix% = * 100 

Area for the C1 signals in the native spectrum 
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Appendix VII 

Standard curve for determination of reducing sugar as maltose (Bruner, 1964) 
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