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ABSTRACT 

The utilization of agri-by-products into novel food ingredients that promotes better health 

has attracted considerable attention, especially some specific types of non-digestible 

oligosaccharides such as xylo-, fructo-, and galactooligosaccharides. This study examined 

the underutilized carbohydrate components of canola meal and mustard bran for the 

production of oligosaccharides. The methods explored were: (1) pretreatment of canola 

meal and mustard bran; (2) enzymatic production of oligosaccharides; (3) impact of 

enzymatic hydrolysis on the content of phenolics, and (4) antioxidant potential of 

oligosaccharide rich enzymatic hydrolyzates.  

Canola meal and mustard bran were subjected to alkali and acid pretreatment to expose 

their non-starch polysaccharides especially hemicellulose (pentosan), for enhancing 

further enzymatic hydrolysis by endo-1,4-β-xylanase from Trichoderma longibrachiatum 

for the production of oligosaccharides. Pretreatment of substrates effectively increased 

the relative content of pentosan. With the amount of pentosan (g/100 g) being 8.87 and 

8.29 in alkali and acid-pretreated canola meal, respectively, and 11.28 and 9.59 in alkali 

and acid-pretreated mustard bran respectively. The increase in pentosan content was more 

pronounced following alkali pretreatment with canola meal and mustard bran yielding 

~41% and ~72% increase in pentosan content. Pretreatment significantly exposed 

pentosan for enzyme hydrolysis with the enzymatic hydrolyzates of alkali-pretreated 

canola meal and mustard bran containing more pentose, an indicator of the amount of 

oligosaccharides. The yields of the pentoses were higher for alkali pretreatment compared 

to acid pretreatment. The alkali-pretreated canola meal and mustard bran produced a 



ii 
 

pentose content of 2.28 ± 0.15 g and 3.20 ± 0.11 g per 100 g substrates at 18 h and 24 h 

of reaction respectively, which corresponded to ~ 26% and ~ 28% conversion of original 

pentosan in substrates. UPLC-MS data identified the major oligosaccharide in all the 

hydrolyzates as xyloglucuronic acid (XGlcA). Xylobiose (X2) was also detected in the 

hydrolyzates of alkali-pretreated canola meal and mustard bran. Additionally, alkali-

pretreated canola meal produced a disaccharide (X2GlcA), a trisaccharide (X3GlcA) and a 

pentasaccharide (X5). Xylotriose (X3) and xylotetraose (X4) were also present in the 

hydrolyzates of alkali and acid-pretreated mustard bran. The hydrolyzates of canola meal 

and mustard bran were also investigated for the content of phenolics. The content of 

phenolics of the hydrolyzates however were dependent on the types of substrate and 

pretreatment. Reversed-phase HPLC-DAD analysis showed that the main type of 

phenolics liberated from canola meal and mustard bran during endoxylanase catalysis 

was sinapine. The DPPH radical scavenging assay indicated that hydrolyzates of acid-

pretreated substrates had more antioxidant activity than alkali-pretreated substrates, 

which was attributed to the relatively higher phenolic content and positive correlation 

with DPPH scavenging activity. This study indicated that canola meal and mustard bran 

are potentially valuable by-products for the production of oligosaccharides.  

Keywords: oligosaccharides; phenolics; enzyme hydrolysis; pretreatment; canola meal; 

mustard bran. 
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1. INTRODUCTION 

The exploitation of the carbohydrate component of economically important agri-by-

products as biopolymer sources has been the focus of many researchers in last twenty 

years. The purpose is to develop more effective and environmentally friendly processes 

for a commercial utilization. Thus, identifying underutilized by-products for the release 

of specific carbohydrate components has caught attention of global functional food 

research. In this context, value-added carbohydrate components especially the non-starch 

polysaccharides (NSP) of canola meal and mustard bran are of great economic potential 

since Canada is as one of the largest producer and exporter of canola and major producer 

and exporter of mustard seed in the world. The main NSP in primary cell wall of plant are 

cellulose, pectin and hemicelluloses. Cellulose is composed of several hundred to ten 

thousand D-glucose units by β-(1→4) linkages. Pectin, namely pectin polysaccharides, 

are heteropolymers with α-(1→4)-linked D-galacturonic acids as backbone substituted 

mainly by D-xylose, D-apiose or L-rhamnose. Hemicelluloses consist of various 

heteropolymers including pentosan (xylan and arabinoxylan), glucoronoxylan, 

xyloglucan and xylomannan. Since most of the agri-by-products are rich sources of non-

starch polysaccharides especially hemicelluloses (pentosan), the potential of value-added 

such by-products is for the production of xylooligosaccharides (XOS), arabino-

xylooligosaccharides (AXOS), xylose, arabinose, xylitol and xylanase. 

XOS and AXOS are produced from pentosan rich agri-by-products either by 

physicochemical methods, chemical methods, direct enzymatic hydrolysis of a 

susceptible substrate, or a combination of chemical and enzymatic treatments (Vazquez et 
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al., 2000). Enzymatic hydrolysis for producing pentose oligosaccharides is recommended 

from the prospective of food industry owing to the problems associated with other 

strategies of XOS production and its eco-friendly property, as well. The D-xylosyl 

backbone of hard wood xylan which is connected by the β-1,4-linkages often has 

branches of 4-O-methyl-α-D-glucuronic acid, and glucuronic acid attached through a α-

1,2-linkage and α-L-arabinofuranosyl residues connected through α-1,3-linkages (Zui et 

al., 2004; Ishihara et al., 1997). β-1,4-D-xylan xylanohydrolase generally known as 

endoxylanase hydrolyzes β-1,4-xylosidic bonds within polysaccharide backbones, 

producing β-anomeric XOS consisting of  4-O-methyl-α-D-glucuronic acid residues. For 

the efficient production of XOS from agricultural by-products, pentosan should be 

exposed to the endoxylanase action. Since, the complete extraction of pentosan is time 

consuming and is often related with environmental issues, a mild pretreatment method 

was recommended by various authors for making the pentosan more accessible to 

enzymatic attach (Aachary & Prapulla, 2009).   

Oligosaccharides have special function in living systems owing to their unique structural 

features or unusual properties (Pazur, 1970) and are considered as prebiotics in the form 

of functional food ingredients (Okazaki et al., 1990). Gibson and Roberfroid (1995)  first 

introduced the concept of prebiotics in 1995 and defined it as “a selectively fermented 

ingredient that allows specific changes, both in the composition and/or activity in the 

gastrointestinal microflora, that confer benefits upon host wellbeing and health” (Gibson 

et al., 2004). According to FAO, a prebiotic is a non-viable food component that confers 

a health benefit on the host associated with modulation of the microbiota (AGNS & FAO, 

2007). Prebiotic oligosaccharides demonstrated different health benefits such as 
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promoting the growth of intestinal beneficial microflora, activating immunity (Vulevic et 

al., 2008), improving mineral absorption (Sanchez et al., 2008), reducing the risk of 

colon cancer (Madhukumar & Muralikrishna, 2010), and controlling lipids and glucose 

metabolism (Sun et al., 2002; Boehm et al., 2005). 

XOS and AXOS have been applied in many areas such as feed formulations and food 

industries. Owing to their non-digestible feature, oligosaccharides could be applied as 

soluble dietary fiber in the food industry. These oligosaccharides exhibit water retention 

capacity and anti-freezing properties (Moure et al., 2006) with acceptable organoleptic 

properties, non-toxicity or negative effects (Nabarlatz et al., 2005). XOS, having low 

calorie value, has been proposed in a patent for the use in the preparation of an anti-

obesity diet (Toshio et al., 1990). XOS also shows in-vitro and in-vivo antioxidant 

activities. For instance, XOS obtained from sugarcane bagasse has shown concentration-

dependent DPPH scavenging activity  (Bian et al., 2013). Wheat bran AXOS exhibited 

effective antioxidant capacity against oxidative stress caused by high-fat diet in rats 

(Wang et al. , 2011). 

However, researchers have not given much attention to the functional utilization of 

carbohydrate constituents of canola meal and mustard bran. Accordingly, the purpose of 

this study was to evaluate two different pretreatment methods, dilute alkali treatment and 

dilute acid treatment, of canola meal and mustard bran for the efficient production of 

oligosaccharides by endoxylanase. The study also investigated the content and impact of 

phenolics of the enzyme hydrolyzates as endoxylanases are cell wall breaking enzymes 

which could release bound phenolics in the hydrolyzates. The identification of 

oligosaccharides by UPLC-MS was carried out to understand the effect of type of 
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samples and pretreatment methods on the variety of oligosaccharides released. The 

enzyme hydrolyzates containing oligosaccharides and were also assessed for DPPH 

radical scavenging activity to ascertain its anti-oxidant potential. The impact of phenolics 

was also investigated. 

The long term goal of this research is to improve the understanding of functional 

carbohydrate components of canola meal and mustard bran in order to maximize the 

economic value of these by-products. Another long term objective is increase usage of 

foods enriched with functional carbohydrate components especially oligosaccharides 

obtained from canola meal and mustard bran. The specific objectives of the research are 

indicated below: 

1. Evaluate the effects of alkali/acid pretreatment on canola meal and mustard bran 

to expose hemicellulose especially pentosan for enzyme hydrolysis and determine 

content changes in monosaccharides composition of untreated and pretreated 

canola meal and mustard bran. 

2. Produce hemicellulose derived oligosaccharides from untreated and pretreated 

substrates using endo-β-1,4-xylanase and study the release of phenolic 

constituents in the hydrolyzates. 

3. Determine oligosaccharides and phenolics in enzyme hydrolyzates by UPLC-MS 

and reversed phase HPLC-DAD. 

4.  Determine antioxidant efficacy of enzyme hydrolyzates rich in oligosaccharides 

produced from canola meal and mustard bran and study the impact of endogenous 

phenolics.
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2. LITERATURE REVIEW 

2.1 Canola and mustard 

2.1.1 Canola and its by-products 

Canola is one of the important oilseed crops. The varieties grown in Canada include 

Brassica napus (brown-seeded), Brassica rapa and Brassica juncea (yellow-seeded) 

speices which belong to a much larger mustard family (Canola Council of Canada, 2014a; 

Theodoridou & Yu, 2013). Canada produced about 12 million tons of canola seed, 

contributed an annual average of 15.4 billion Canadian dollars to the Canadian economy 

(from 2007/08 to 2009/10), together with over 228,000 Canadian jobs and 8.2 billion 

Canadian dollars in wages (Canola Council of Canada, 2011). Canada produced around 

13.3 million metric tonnes (MT) of canola seed which was the top revenue crop once 

again in 2012 generating $8.1 billion in farm cash receipts (Agriculture and Agri-Food 

Canada’s Farm Income Forecast, 2012). A study published last year reported Canadian-

grown canola contributed 19.3 billion Canadian dollars to the Canadian economy per 

year, together with over 249,000 Canadian jobs and 12.5 billion Canadian dollars in 

wages (LCM International, 2013).  Moreover, canola seeds are mainly used for oil 

production generating a large quantity of canola meal in the oil industry. It was reported 

that the yield of canola-rapeseed meal reached 3.6 million MT during the 2010/2011 

(Statistics Canada, 2012) which was increased by 33%.   

2.1.2 Mustard and its by-products 

Mustard is one of the important spice and oilseed crops. There are three types of mustard 

including brown mustard (Brassica juncea), yellow mustard (Sinapis alba) and oriental 
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mustard (Brassica juncea).  Mustard is often used for the production of condiments and 

flour as an ingredient in many sauces and dressings (The Canadian Special Crops 

Association, 2014). Western part of Canada is the largest producer and exporter of 

mustard seed with the production of 186,800 tonnes in 2010 (Statistics Canada, 2010) 

and contribution of $ 0.86 billion in farm cash receipts in 2010 (Agriculture and Agri-

Food Canada’s Farm Income Forecast, 2010). Mustard seed can be milled into flour and 

paste, and used to make condiment and spices generating large amount of bran (the outer 

husk of the seed) in food condiment and additive industries (Canadian Grain Commission, 

2013).  

2.2 Value addition of canola and mustard by-products 

Broadly, the term of value addition can be defined as adding value to a product in an 

economical way and modifying characteristics more preferred in the market for satisfying 

customers’ need (Boland, 2009). In recent years, utilizing agri-by-products for value 

addition into novel functional food ingredient has attracted considerable attention from 

researchers, industries and government worldwide owing to the importance of sustainable 

development. As Canadian economy’s contributor, canola and mustard still have value-

added potential especially their by-products such as canola meal and mustard bran. The 

functional components of these by-products and the current situation of their utilization 

are described as follow.  

2.2.1 Protein and peptides 

Canola meal typically contains 36% crude protein (Newkirk et al., 2003) which makes it 

a high-protein source for animal feed such as poultry diets (10-30% of canola meal), pig 
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diets (up to 25%), dairy and beef diets, a promising fish meal replacement (mainly for 

salmon and trout), and also diets for horses, sheep and rabbits (Canola Council of Canada, 

2014). Owing to its high protein content, defatted canola meal was used to produce 

angiotensin I-converting enzyme inhibitory peptides which could be used as an ingredient 

for hypertensive functional food products (Wu et al., 2009). Mustard bran is also 

relatively rich in protein (15-20% dry basis), therefore, it can be used as a protein source 

for animal. For instance, sheep and beef cattle can be fed by mustard bran (Tisserand, 

2003). In a dairy cow diet, 26% of soybean meal can be substituted by mustard bran and 

an increase of milk production was found without any adverse effects (Maiga et al., 

2007).  

2. 2. 2 Carbohydrate components 

Canola meal contains a relatively high amount of crude fiber (10-12%) due to the high 

content of the hull in the meal (Sauvant et al., 2004; Spragg & Mailer, 2007; Mailer et al., 

2008; Newkirk, 2009; Barthet & Daun, 2011). Table 2.1 shows the proximate 

carbohydrate content of canola meals (Slominski et al, 1994). Mustard bran is also 

relatively rich in fiber with the content of crude fiber about 15-25% based on dry matter 

(Animal Feed Resources Information System, FAO, 1991-2002). However, the research 

related to canola and mustard by-products is mainly focused on protein components, with 

less attention on the carbohydrate constituents in the by-products of canola and mustard.  
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Table 2.1: Carbohydrate content (percent dry matter) of defatted meals derived from 

yellow- and brown-seeded lines/varieties of canola (Slominski et al., 1994) 

Components Type of sample 

Yellow-seeded (n= 14) Brown-seeded (n=4) 

Sucrose 9.8±0.6
a
 

7.7±0.8
b
 

Oligosaccharides
b
 2.4±0.4 2.5±0.4 

Soluble NSP
c
 2.0±0.3

a
 

1.5±0.1
b
 

Insoluble NSP
c
 19.4±0.4

a
 16.4±1.2

b
 

NSP component sugars
d
 (%)   

Rhamnose 1.0±0.1 1.1±0.1 

Fucose 1.2±0.2 1.2±0.1 

Arabinose 7±1.8  25.2±0.9 

Xylose 9.1±0.3 9.0±0.7 

Mannose 2.1±0.1 2.2±0.1 

Galactose 8.6±0.3 9.3±0.5 

Glucose 28.5±1.2 27.8±2.8 

Uronic acids 23.8±2.3 24.2±2.9 

a Mean ± SD; values within a row with no common superscript differ significantly (P < 

0.01). b Includes raffinose and stachyose. c NSP non-starch polysaccharides; solubility was 

determined by extraction in Tris-HCL buffer (pH 7.5; 40 °C) for 4h. d component sugar 

analyses were similar for soluble and insoluble NSP 

 

2.2.2 Phenolic components 

Canola and mustard belong to the most important genus of Brassica of the family 

Brassicaceae. These Brassica oilseeds contain complex mixture of phytochemicals 
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resulting in antioxidant capacity. Among these phytochemicals, phenolics are one of the 

most crucial groups identifying as natural antioxidants. The most extensive group of 

phenolic compounds with large varieties in Brassica species are the flavonoids and the 

hydroxycinnamic acids commonly including caffeic, p-coumaric, ferulic and sinapic 

acids (Chu et al., 2000; Cushine et al., 2005; de Pascual-Teresa et al., 2010; Fukomoto et 

al., 2000; Plumb et al., 1997; Podsedek et al., 2007; Podsedek et al., 2006; Cartea et al., 

2011).  It is also reported that canola meals are a rich source of phenolic compounds as 

compared to other oilseeds (Naczk et al., 1998). The most important phenolic compounds 

in canola meal are sinapic acid derivatives (SADs) which are potent antioxidants. In 

addition to canola, its related group mustard also has substantial amount of phenolics, 

which makes the mustard bran, its major industrial processing by-product, a rich source 

of phenolics. Similar to canola, SADs are the  major phenolic compounds in mustard and 

mustard bran (Thiyam et al., 2006b). Owing to their antioxidant and antibacterial effects, 

SADs could be considered as potential preservatives applying in cosmetic, foods and the 

pharmaceutical industries (Vuorela et al., 2004; Thiyam et al., 2006a; Nićiforović & 

Abramovič, 2014). 

2.3 Functional oligosaccharides  

2.3.1 Definition 

Oligosaccharide is defined as saccharides with the degree of polymerization (DP)  

between 3 and 10 according to the terminology of IUB-IUPAC (1982), which formally 

polymerize from monosaccharides with the elimination of water to give full acetals. e. g. 

by reaction (1) (Belitz et al., 2009):  
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n C6H12O6                                                                C6nH10n+2O5n+1                                               (1)     

However, there is not a rational physiological or chemical reason for setting these limits 

(Voragen, 1998). Generally, a lower DP (2-4) is preferred in food industry (Loo et al., 

1999).  

2.3.2 Types of oligosaccharides 

Based on the type of monosaccharides or disaccharides comprising the backbone of 

oligosaccharides, it can be classified such as galactooligosaccharides, 

xylooligosaccharides, mannooligosaccharides and fructooligosaccharides which the main 

units of the backbones are galactose, mannose, xylose and fructose respectively. It can 

also be categorized according to the main or functional branches in oligosaccharides such 

as feruloylated arabino-xylooligosaccharides. Other than these classifications, it can be 

named considering the sources that oligosaccharides are obtained such as 

chitooligosaccharides and soybean meal oligosaccharides. Detailed structure and sources 

of specific oligosaccharides are described below. 

2.3.2.1 Fructooligosaccharides 

Fructooligosacharides are inulin-type oligosaccharide, made up of oligomer of D-fructose 

residues linked by β-(2→1) bonds with a D-glucosyl residue at the end of the chain (Yun, 

1996).  FOS can be obtained from natural sources such as Jerusalem artichoke, onion, 

garlic, sugar beet, asparagus, tomato, wheat, rye, barley and honey (Sangeetha et al. 2005; 

Yun 1996).  

-(n-1) H
2
O 
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2.3.2.2 Galactooligosaccharides  

Galactooligosaccharides or trans-galacto-oligosaccharides before, consist of 

oligosaccharides from trisaccharides to pentasaccharides with β-(1→3), β-(1→4) and β-

(1→6) bonds. Galactooligosaccharides appears naturally in human milk but less in cow’s 

milk (Alander et al., 2001). However, galactooligosaccharides generally are prepared by 

transglycosylation using lactose syrup as a substrate. 

2.3.2.3 Isomaltooligosaccharides 

Isomaltooligosaccharides are highly branched glucose oligomers with the backbone 

linked by α-(1 → 4) bonds and α-(1 → 6) linkages at branched points. 

Isomaltooligosaccharides naturally occur in honey and also can be found in fermented 

foods such as rice misu and soy sauce. 

2.3.2.4 Xylooligosaccharides and arabino-xylooligosaccharides 

Xylooligosaccharides (Fig. 2.1), as emerging prebiotic, are an oligomer of D-xylose 

linked by β-(1→4) bonds. Arabino-xylooligosaccharides (Fig. 2.2) are oligomers with β-

(1→4) linked D-xylose as backbone and substitution of L-arabinose through α-(1→2) 

or/and α-(1→3) bonds at either C-(O)-2 or/and C-(O)-3 (Izydorczyk & Biliaderis, 1995; 

Andersson & Aman, 2001; Cleemput et al., 1993; Gruppen et al. 1993). As for the source 

of xylooligosaccharides, woody plants with relatively high amount of hemicellulose such 

as xylan and glucoronoxylan (Fig. 2.3a) could be preferred. Cereal grains are especially 

rich in arabinoxylan (Fig. 2.3b) which is suitable for the production of feruloylated 

arabino-xylooligosaccharides (Broekaert et al., 2011).  
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                                    (a)                                                   (b)                                                                           (c) 

Fig. 2.1: Structures of various xylooligosaccharides (a) xylobiose , (b) xylotriose and (c) xylotetraose 

 

 

 

  

 

Fig. 2.2: Structure of feruloylated arabino-xylooligosaccharides 
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Fig. 2.3: Structures of (a) glucoronoxylan and (b) arabinoxylan  
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2.3.2.5 Soy oligosaccharide  

Soy oligosaccharide is a mixture (mainly raffinose and stachyose) with α-(1→6) linked 

galactose units attached to the terminal sucrose residue by α-(1→3) bonds which is often 

found in soybeans, legumes, lentils, mustard and other pulse crops (Sanchez-Mata et al., 

1998; Johansen et al., 1996). 

2.3.3 Production of oligosaccharides 

For recovering hemicelluloses based functional oligosaccharides mentioned in section 

2.3.2, primarily from agri-by-products, different strategies such as physic-chemical 

methods (autohydrolysis/steam), chemical methods (dilute acid and organic solvents), 

direct enzymatic hydrolysis or variable combination of these methods are being used. The 

commonly used physic-chemical, chemical and direct enzymatic hydrolysis methods for 

the production of oligosaccharides are discussed below: 

2.3.3.1 Physico-chemical methods 

 A widely used physico-chemical method is the hydrothermal treatment, or 

autohydrolysis. Autohydrolysis is a process of self-cleavage of a chemical compound by 

reacting with water (BIOPRO Baden-Württemberg GmbH, 2014). Feruloylated AXO 

from wheat bran can be produced through hydrothermal processing (Rose & Inglett, 

2010). Advantages of autohydrolysis are limited corrosion problems, low capital and 

operational costs with no sludge generated. This study also mentioned the residue rich in 

cellulose after autohydrolysis can be utilized further for a variety of purposes such as a 

conversion to ethanol as a biofuel. However, autohydrolysis has limitations (Overend & 
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Chronet, 1989). Firstly, the cost of the equipment required is relatively high especially for 

large scale production and so does the expenditure on maintenance of the instrument. 

Secondly, other undesirable compounds such as acetic acid, monosaccharides, soluble 

inorganic components are produced simultaneously which makes the further refining 

process much more complex, time-consuming and costly.   

2.3.3.2 Chemical methods  

Dilute mineral acids and organic solvents are being used to produce certain varieties of 

oligosaccharides. Soy oligosaccharides such as raffinose and stachyose can be extracted 

directly from raw materials using methanol/ethanol/water (Mussatto & Mancilha, 2007). 

Feruloylated oligosaccharides from rice husk can be obtained by hydrolysis using 

trifluoroacetic acid (Li et al., 2008). Although chemical methods have higher efficiency 

for production of oligosaccharides, the corrosion problem of equipment and environment 

issues cannot be ignored which limits the application of chemical methods in large-scale 

industrial production. 

2.3.3.3 Enzymatic methods 

Enzymatic methods are attractive due to the trend for developing more eco-friendly 

industrial processes. The production of oligosaccharides can be started by exposing non-

starch polysaccharides (NSP) from natural sources. With NSP as a substrate, a specific 

enzyme is chosen for breaking certain linkages. Fructooligosaccharides can be prepared 

by enzymatic hydrolysis of NSP extracted from chicory roots (Crittenden & Playne, 

1996). IMOS was obtained by hydrolyzing starch with β-amylase for getting maltose 

followed by converting to α-(1→6) linked Isomaltooligosaccharides using α-glucosidase 
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(Kaneko, 1994). The production of XOS can be conducted using endoxylanase, β-

xylosidase or glucosynthase.  

2.3.3.3.1 Production of XOS using endoxylanase 

Generally, XOS could be produced with the help of xylanase enzyme from the alkali (e.g. 

NaOH or KOH) extracted xylan of appropriate lignocellulosic materials (LCMs). This 

method is better and acceptable compared to autohydrolysis without generating 

undesirable by-products, larger quantity of monosaccharides or the requirement of special 

equipment. Therefore, many papers are published using enzymatic hydrolysis from 

different sources such as wheat straw (Swennen et al., 2005), oat spelt (Chen et al., 1997), 

corncob (Yoon et al., 2006), beech wood (Freixo & Pinho, 2002). 

Xylanase B (from Thermotoga maritima) is an recombinant enzyme and has stability in 

thermo and neutral to alkaline environment. It was reported that Xylanase B 

demonstrated the highest activity towards the beech wood xylan rather than carboxy 

methyl cellulose predominantly with xylobiose as end product which could be used for its 

large-scale production (Jiang et al., 2004). Another enzyme Rapidase Pomaliq (from 

Aspergillus niger and Trichoderma reesei) could be used for production of XOS from 

NaOH extracted hemicellulose fraction of corn husks and corncobs with a better yield of 

xylobiose and xylotriose compared with other two commercial xylanases (Yoon et al., 

2006). A study demonstrated that reported extracellular xylanases (from Thermobifida 

fusca NTU22) could be used for the production of XOS from agricultural waste with a 

previous heat-treated process (70 °C, 30 min) for this enzyme in order to 90% of the β-

xylosidase activity (Yang et al., 2007). Akpinar et al. (2007) reported that cotton stalk 
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without economic value could be used to produce XOS by enzymatic hydrolysis with less 

quantities of xylose after extraction of its xylan. The XOS syrup was fractionated to 

oligosaccharides of different DP following a two-step ultrafiltration process consisting of 

various membranes (10, 3, and 1 kDa cutoff). Ayyappan and Prapull (2009) reported 

endo-β-1,4-xylanase could be used for XOS production from the diluted alkali exposed 

xylan with yield of 10.2 ± 0.14 mg/ml.   

2.3.3.3.2 Production of XOS using β-xylosidase 

A novel non-reducing disaccharide could be produced by β-xylosidase (from Aspergillus 

niger IFO 6662) owing to its strong transxylosyl activity (Yasui et al., 1989). Kizawa et 

al. (1991) also reported in the presence of D-mannose, XOS could be synthesized from β-

(1→4)-xylobiose by transxylosylation with β-xylosidase which resulted in two xylosyl-

mannoses and non-reducing XOS. Proton-nuclear magnetic resonance spectrometry (1H-

NMR) proved it was a novel xylobiose (O-β-D-xylopyranosyl-(1→1')-β-D-xylopyranose).  

2.3.3.3.3 Production of XOS using glycosynthase 

Glycosynthases are synthetic enzymes prepared by replacing the catalytic nucleophile 

from glycosidases, which allows to glycosylate of sugar acceptors irreversibly. With the 

help of glycosyl fluoride donors, oligosaccharides could be afforded by them without any 

enzymatic hydrolysis. It was reported that a range of XOS were synthesized by a 

glycosynthase for the first time in 2006 (Kim et al., 2006). Another study demonstrated 

that a β-xylosidase (from Geobacillus stearothermophilus GH52) can be used as an 

efficient glycosynthase with a donor of α-D-xylopyranosyl fluoride and acceptors of 
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various aryl sugars. XOS of high-molecular weight could be obtained with a combination 

of β-xylosidase E335G and a GH10 glycosynthase (Ben-David et al., 2007). 

2.3.3.3.4 Mild pretreatment of substrates before enzymatic hydrolysis 

In order to improve the efficiency of the reaction as well as the maximum yield, mild 

pretreatment methods are needed because most of the NSP/hemicelluloses are lignified 

within the lignin-cellulose matrix which results in a time consuming process. Just as its 

name implies, a mild pretreatment is a process using diluted alkali or acid of low 

concentration for the purpose to eliminating undesired compounds which block the 

enzymatic reaction. The concentration of alkali or acid depends on the nature of the 

substrate.  Warrand and Janssen (2007) reported that using pure amylase under dilute acid 

condition for production of maltooligosaccharides can be a fast, cheap and easy way for 

later scale up. Garrote et al. (2008) reported that using autohydrolysis followed by 

enzyme reaction under selected condition will lead to high oligosaccharides from corn 

cobs. Aachary and Prapulla (2009) reported that a mild alkali pretreatment followed by 

enzymatic hydrolysis could enhance the yield of XOS (10.2 ± 0.14 mg/ml). Thus, mild 

pretreatments offer a promising solution for the production of oligosaccharides from 

lignocellulosic materials. 

2.3.4 Purification and characterization of oligosaccharides 

When water or steam treatments were used for the production of oligosaccharides 

especially XOS, undesired compounds such as acetic acid, monosaccharides, furfural 

from pentose dehydration, soluble inorganic components, the extractive and acid-soluble 

lignin fractions derived products and protein-derived products generated during the 



19 
 

reaction. According to the usual purity of commercial XOS (75-95%), liquor obtained 

from autohydrolysis needs to be refined by removing the undesired compounds and 

concentrate for producing food-grade XOS. XOS obtained by enzymatic hydrolysis 

which might contain susceptible xylan of the substrates can be purified with facilitation 

of the previous chemical process of the LCMs and the specific action of xylanases.  

Solvent extraction and precipitation is useful for refining XOS but the recovery yield was 

low (Vazquez et al., 2003). Owing to the low recovery yield, chromatographic separation 

was recommended for the purification of XOS with a yield of high purity fractions. A 

study reported that ion exchange chromatography combined with enzymatic hydrolysis 

could be used to purify hemicellulose-derived products from flax shive (Jacobs et al., 

2003). Ion exchange could also be applied for purification of XOS (Vegas et al., 2005; 

Izumi et al., 2004a; Izumi et al., 2004b; Vegas et al. 2004; Endo and Kuroda, 2000).  

Ultrafiltration and nanofiltration are based on the size-dependent selection mechanism to 

refine and concentrate oligosaccharides which results in the various concentrations of 

molecules with different molecular weights. It was reported that chitooligosaccharides 

(Jeon and Kim, 1998), pectic oligosaccharides (Iwasaki and Matsubara, 2000), soybean 

oligosaccharides (Kim et al., 2003), fructooligosaccharides (Li et al., 2004) and 

maltooligosaccharides (Stominska and Grzeskowiak-Przywecka, 2004) can be prepared 

by this method. Recently, XOS obtained by enzymatic hydrolysis and autohydrolysis 

could be purified by this separation method (Yuan et al., 2004; Swennen et al. 2005; 

Vegas et al., 2006). Compared with a solvent extraction and purification method, the 

fraction obtained from ultrafiltration were more heterogeneous and poly-dispersed 

(Swennen et al., 2005). 
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NMR, mass spectrometry using MALDI-MS or electrospray tandem mass spectrometry 

(ESI-MS) are often applied for analyzing the structure of oligosaccharides released from 

xylans (Huisman et al., 2000; Deery et al., 2001; Jacobs et al., 2001; Reis et al., 2002; 

Kabel et al., 2002; Reis et al., 2003a; Reis et al., 2003b). Underivatized neutral and 

acidic XOS formed by partial acid hydrolysis was recommended to be characterized by 

positive tandem mass spectrometry using ESI (Reis et al., 2003b, Reis et al., 2002). The 

methods recently used for purifying and characterizing oligosaccharides are listed in 

Table 2.2.  

Table 2.2: Purification and characterization of oligosaccharides derived from different 

agri-by-products 

Substrate Target 

component 

Purified 

methods 

Quantified 

methods 

Structure References 

Defatted 

soybean 

meal 

Low 

molecular 

XOS 

Nanofiltration-

ion exchange 

chromatograph 

HPSEC  (Vegas et al., 

2006) 

Rice husk Low 

molecular 

XOS 

Nanofiltration-

ion exchange 

chromatograph 

HPSEC  (Vegas et al., 

2006) 

Corncobs XOS Gel permeation 

chromatography 

HPLC LC/MS (Aachary & 

Prapulla, 

2008) 

Rice husk XOS Ultrafiltration HPSEC 

HPAEC 

MALDI-

TOF-MS 

FTIR 

NMR 

(Gullón et al., 

2010) 

Maize bran AXOS Gel permeation 

chromatography 

HPLC  (Rose & 

Inglett, 2010) 

Olive tree 

pruning 

XOS 

 

Preparative gel 

filtration 

chromatography 

HPLC  (Cara et al., 

2012) 
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2.3.5 Bioactive properties of oligosaccharides  

Broadly, the term bioactivity can be defined as the effect of a given agent, such as a 

functional food ingredient, upon a living organism or on living tissues. The major 

bioactive properties of functional foods include lipid lowering effects, enhancement of 

mineral absorption, anti-cancerous effects, prebiotic activity, anti-diabetic potential, and 

so on. Functional oligosaccharides exhibit a large number of bioactive properties. Owing 

to a low degree of polymerization (DP) and consequently low molecular weight (Yun, 

1996), oligosaccharides have better solubility in water, which in turn is better for the 

utilization in living system compared with polysaccharides. Due to non-digestive 

chemical structure of oligosaccharides, almost no energy will be absorbed in the human 

body when consumed, so it could be used as substituent in food for energy-intake control 

such as using FOS as sweetener (Wiebe et al., 2011). At the same time, some of these 

molecules will be used by the friendly bacteria in human small intestine which will in 

turn improve gut health and finally human health as a whole according to the definition 

of prebiotics mentioned in introduction. In-vitro and in-vivo study and clinical trials 

proved that functional OS have unique health benefits such as antioxidant (Table 2.3) and 

prebiotic effects (Table 2.4). 
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Table 2.3: Antioxidant activities of different types of oligosaccharides (OS) 

 

Substrates Type of OS DPPH radical 

EC50/IC50
 
(mg/mL) 

Hydroxyl 

radical EC50 

/IC50(mg/mL) 

Fe
2+

chelating 

IC50(mg/mL) 

Superoxide 

anion IC50 

(mg/mL) 

Hydrogen 

peroxide 

IC50(mg/mL) 

Ascidian 

Styela clava
1
 

Tunica-OS 

Viscera-OS 

Whole body-OS  

1.35   

0.77   

0.90  

6.32  

3.45   

5.55 

   

Crab shells
2
 Chitin OS 0.8 1.75

 
    

Synthetic 

substituted OS
3
 

 N-CMCOS1 

N-CMCOS2 

N-CMCOS3 

0.32 

 0.42
 
 

 0.71
  
 

  3.48 

2.64
 
 

3.18 

 

Synthetic OS
4
   1.43   2.67 1.82

 
 

 

Alginate
5
 

Chitosan
5
 

Fucoidan
5
 

Alginate OS 

Chitosan OS 

Fucoidan OS 

 5.70
 
 

3.98
 
 

9.34
 
 

 

-- 

11.11
 
 

14.75
 
 

-- 

1.52
 
 

-- 

 

 

Gracilaria 

verrucosa  

(redseaweed)
6
 

Agarobiose 

Agarotetraose 

Agarohexaose 

Agarooctaose 

Agarodecoase 

9.27
 
 

8.98
 
 

1.85
 
 

2.62
 
 

4.68
 
 

    

Marine algae 

carrageenan-OS 

(COS)
7
 

COS 

 Oversulfated-COS 

lowly acetylated-COS 

Highly acetylated-COS 

Phosphorylated-COS 

>0.400
 
 

>0.400
 
 

>0.400
 
 

>0.400
 
 

0.286 

>1.60
 
 

>1.60
 
 

0.673
 
 

>2.29
 
 

0.524
 
 

 >0.400
 
 

0.216
 
 

0.221
 
 

0.220
 
 

0.023
 
 

 

 References: 1  (Sun et al., 2011); 2  (Ngo et al., 2009); 3 ( Sun et al., 2008); 4 (Wang et al., 2007); 5 (Wang et al., 2007); 6 (Chen & Yan, 

2005); 7 (Yuan et al., 2005) 
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Table 2.4: Prebiotic effects of different types of oligosaccharides (OS)  

 

Type of OS Type of 

study 

Health benefits References 

FOS Clinical trial Calcium absorption 

significantly increased 

(van den Heuvel et 

al., 1999) 

Soybean meal 

OS 

Clinical trial Bifidobacterium increased (Chen et al. 2000) 

AXOS In-vitro Antioxidant effects; 

bifidobacterial and lactobacilli 

increased 

 (Jaskari et al., 1998; 

Moura et al., 2007) 

Lactosucrose In-vitro Bifidobacteria population 

increased 

(Kolida and Gibson 

2007) 

MOS Animal 

model 

Modulation of gut microbiota  (Dimitroglou et al., 

2010) 

COS In-vitro and 

cell based 

Anti-tumor, anti-hypertensive 

and cell protective from 

apoptosis 

( Liu et al., 2010) 

 

2.4 Phenolics and its bioactive attributes 

Phenolic compounds present in fruits, vegetable and whole grains have been investigated 

thoroughly due to their unique bioactive attributes especially as antioxidants. In fruits and 

vegetables, most of the phenolic compounds are in free form while, in whole cereal 

grains, most of them are in insoluble bound form (Acosta-Estrada et al., 2014). Natural 

phenolic compounds play an important role in disease prevention and treatment. 

Phenolics from plant sources generally include phenolic acids, flavonoids, tannins, 

curcuminoids, lignans, quinones and others. The major phenolic acids are 

hydroxybenzoic acids and hydroxycinnamic acids which include gallic acid, ferulic acid, 

vanillic acid and sinapic acid. 
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2.4.1 Phenolics in canola meal and mustard bran 

Rapeseed and canola contained high amount of phenolic acids mainly in the meal fraction 

(18.4 g/kg on a dry basis) (Naczk & Shahidi, 1989). Dark colour, bitterness and 

astringency of the seeds can be attributed to these compounds (Clandinin & Heard, 1961; 

Sosulski, 1979). There are three forms of phenolics present in rapeseed/canola namely 

free, esterified and insoluble bound forms. The most important phenolic compounds in 

rapeseed /canola are sinapic acid and its derivatives including sinapine, sinapoyl glucose 

and canolol. The phenolic content of Canadian canola seeds estimated recently proved 

that sinapic acid derivatives are major phenolics. This study proved that the sinapine was 

found in the range 9.16 to 16.13, Sinapic acid in 6.39 to 12.28 and sinapoyl glucose in the 

range 0.59 to 1.36 mg/g (Khattab et al. 2010). 

2.4.1.1 Sinapic acid 

Of all the free phenolic acids, sinapic acid (Fig. 2.4) contributes the highest amount (70 – 

85%). A kilogram of meal (dry basis) contains more than 2 g of free phenolic acid 

(Naczk & Shahidi, 1989). Other free phenolics present in rapeseed/ canola include 

p‐hydroxy benzoic, vanillic, gentisic, protocatechuic, coumaric acids, and so on (Krygier 

et al., 1982). 

2.4.1.2 Sinapine and sinapoyl glucose 

Phenolic acids are mainly present in its esterified form (80% of total) as sinapine, the 

choline ester of sinapic acid. The structure of sinapine is shown in Fig. 2.4. Sinapoyl 

glucose is also present as another form of esterified sinapic acid with a glucose molecule 

as indicated in Fig. 2.4. 
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Fig. 2.4: Structures of sinapic acid and its derivatives 

2.4.1.3 Canolol  

The content of canolol in canola seeds is 6 μg/g which is lower compared with other type 

of phenolic acids (Spielmeyer, 2009), and its structure is shown in Fig. 2.4. It is formed 

by the decarboxylation of sinapic acid, and the amount increased in the favor of heating 

processes such as roasting or toasting (Spielmeyer, 2009; Wakatamasu et al., 2005; 

Mayengbam et al., 2013).  

2.4.2 Determination of phenolics 

The methods of quantification of phenolics which are often used recently are listed in 

Table 2.5.  

 

Sinapine Sinapic acid 

Sinapoyl glucose Canolol 

Sinapoyl glucose 

Sinapoyl glucose 
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Table 2.5: Determination of phenolics derived from different agri-by-products 

Substrate Target component Methods References 

Brassica napus L. 

seed meal extracts 

Sinapic acid 

derivatives 

HPLC-DAD 

HPLC/ESI/MS 

(Siger et al.,2013) 

Grape stalks Phenolics  Folin–Ciocalteau 

method  

(Amendola et al., 

2012) 

Chinese rapeseed Phenolics Folin–Ciocalteau 

method  

HPLC 

ESI/MS 

(Liu et al., 2012) 

Olive seeds Phenolic 

compounds 

Folin–Ciocalteau 

method  

RP-HPLC 

(Alu’datt et al., 

2011) 

Prunus mume 

Stone 

 Phenolics GC/MS  (Tsubaki, et al., 

2010) 

Rapeseed meal & 

rapeseed oil 

Phenolics Folin–Ciocalteau 

method & HPLC 

(Szydłowska-

Czerniak et al., 

2010) 

Canola extracts Sinapic acid and 

its derivatives 

Folin–Ciocalteau 

method  

HPLC-DAD 

(Khattab et al., 

2010) 

 

2.4.3 Bioactive properties of phenolics 

As mentioned in Section 2.3.5, bioactivity can be defined as the effects of an agent on a 

living organism or tissues. Phenolic compounds have been a focus for many researchers 

in recent years owing to their potential health-promoting bioactivities including 

antiallergic, anti-inflamatory and anticarcinogenic effects, but the most important is their 

antioxidant activity. Considering as natural plant-derived antioxidants, phenolics could 

act as redoc agent by absorbing and neutralizing reactive oxygen species, scavenging 

singlet and triplet oxygen and breaking down peroxides (Cartea et al., 2011). Phenolics 

especially SADs in canola meal and mustard bran are known to have high antioxidant 

capacity. They showed relatively high 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging 
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activity and ferric ion reducing antioxidant power (Szydłowska-Czerniak et al., 2010). 

Hassasroudsari et al. (2009) reported that SADs in canola meal could scavenge 100% 

DPPH with the concentration of 0.28 mg/ml showed in Table 2.6. 
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Table 2.6:  Antioxidant activities of SADs derived from oil seed and its by-products 

Substrates Extraction 

method 

 

DPPH radical scavenging ORAC 

(µmol TE/100 g) 

ABTS 

(µmol TE/g) 

FRAP 

(µmolTE/100 g) 

Rapeseed
1
 

(Variety:Titan) 

 

Methanol-

water(1:1) 

 

6346 ± 84 

µmol TE/100 g 

 

  6326 ± 280 

 

Rapeseed Oil 

enriched with its 

meal extracts
2
 

 

Methanol-

water(1:1) 

 

 

7645 ± 88 

µmol TE/100 g 

   

7641 ± 111 

Rapeseed meal
3
 

 

Acetone-

Methanol-

Water (with 

increasing 

polarity 

 12989±219 

 

 
 10014 

 

Canola meal
4
 

 

Ethanol 

(95%, v/v) 

 

0.28 ±  0.01 

(100% scavenging 

activity, mg/ml) 

 0.66  ±  0.01 

 

 

Canola hulls
5
 

 

Acetone 

(80%, v/v) 

107 µg 

(IC50) 

 
 0.79 ± 0.03 

 

 
 

 

 

References: 1 (Szydłowska-Czerniak et al., 2011), 2 (Szydłowska-Czerniak  et al., 2010), 3 (Szydłowska-Czerniak et al., 2010); 4 

(Hassasroudsari  et al., 2009), 5 (Naczk et al., 2005) 
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3. MATERIALS AND METHODS 

3.1 Materials 

All chemicals are of analytical grade. Standard xylose, birch wood xylan, endoxylanase, 

3,5-dinitrosalicylic acid (DNS), orcinol, sinapine, sinapic acid, 1,1-diphenyl-2-

picrylhydrazyl radical (DPPH) were purchased from Sigma -Aldrich (USA) while D-

xylose assay kit and standards of 1,4-β-D-xylo-oligosaccharides (xylobiose, xylotriose, 

xylotetraose and xylopentose) were purchased from Megazyme International Ireland 

(Ireland).  The endo-1,4-β-xylanase (1,4-β-D-xylan xylanohydrolase, EC 3.2.1.8) from 

Trichoderma longibrachiatum (CAS:9025-57-4) was obtained from Sigma-Aldrich 

(USA). Canola meal (Brassica napus L.) and oriental mustard bran (Brassica juncea) 

were provided by Bunge Canada and GS Dunn Ltd. Canada. Canola meal and mustard 

bran were dried at 40 °C for 24 h, ground and seived through a screen, and then stored in 

polycarbonate containers. Standard sinapic acid was procured from Sigma-Aldrich (St. 

Louis, MO, USA). Sinapine was purchased from EPL Bioanalytical Services, Illinois, 

USA. Sinapoyl glucose was calculated according to Khattab et al. (2010). 

3. 2 Pretreatment of canola meal and mustard bran 

Alkali and acid pretreatment methods are described in details below and the specific steps 

both pretreatments are shown in the flow diagram of Fig. 3.1. Untreated canola meal and 

mustard were used as controls in comparison to pretreated samples for the evaluation of 

pretreatment effects. 
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Fig. 3.1: Alkali and acid pretreatments of canola meal and mustard bran 

* The total de-ionized water used for alkali-pretreated canola meal was approximately 

5000 ml, and for acid-pretreated canola meal was about 4000 ml. The total de-ionized 

water used for alkali-pretreated mustard bran was approximately 3000 ml, and for acid-

pretreated mustard bran was about 2000 ml.  

Dried at 40 °C & stored at 4 °C  

Residue 

Water wash  

Centrifuge (5000 rpm / 5 min) 

Adjustment 

(pH = 6.0) 

 

0.1 % H2SO4, 

1:10 (w / v) 

2 % NaOH, 

1:6 (w / v) 

De-ionized Water* 

(500 ml per wash)  

Slurry 

Pretreated substrates  

Acid pretreatment (60 °C, 12 h) 

Milled and sieved canola meal and mustard bran powder (50 g) 

 

Alkali pretreatment (room temperature, 12 h) 

 

Suspension of 0.5 h 

approximately  
Supernatant 

Supernatant 

Neutralized and discarded 
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3.2.1 Alkali pretreatment 

50 g ground canola meal and mustard bran powder were treated with 2 % NaOH solution 

at a solid to liquid ratio of 1:6 (w/v) for 12 h at room temperature with occasional stirring 

(Ai et al., 2005; Aachary & Prapulla, 2009). Excess alkali was washed with de-ionized 

water till the pH of the washings was 6.0. The pretreated substrates were dried at 40 °C 

and stored at 4 °C until further use.  

3.2.2 Acid pretreatment 

Ground canola meal and mustard bran powder were soaked in 0.1 % H2SO4 solution at a 

solid to liquid ratio of 1:10 (w/v) for 12 h at 60 °C (Yang et al., 2005).  The excess acid 

was washed with de-ionized water till the pH of the washings was 6.0. The pretreated 

substrates were dried at 40 °C and stored at 4°C until further use.  

3.3 Analysis of untreated and pretreated canola meal and mustard bran 

3.3.1 Monosaccharide composition 

Monosaccharide compositions were determined by treating pretreated and untreated 

canola meal and mustard bran (20 mg) in 1 ml 12 M H2SO4 at 30 °C for 30 min, then 

diluting to 6 ml (2 M H2SO4) followed by hydrolysis at 100 °C for 2 h. Analysis was 

carried out using high performance anion-exchange chromatograph (HPAEC) as per 

Wood et al. (1994). All the measurements were repeated three times. 
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3.3.2 Moisture content 

Moisture content was determined by using an infrared moisture analyzer (IR 35, Denver 

Instrument, Germany).  

3.3.3 Protein content  

Protein content was analyzed by a combustion nitrogen analysis (TruSpec N, Leco., 

United States). A conversion factor of 6.25 was used to calculate protein content. 

 3.3.4 Lipid content 

Lipid contents were determined by using an automated Soxhlet instrument (Soxtec 

Selecta system, DET-GRAS N, Rose Scientific Ltd., Canada). 3 g of pretreated or 

untreated canola meal and mustard bran were extracted with 40 ml hexane in a cycle 

consisting- boiling (15 min), rinsing (60 min) and recovery (20 min). The lipid content 

was calculated using the following formula: 

Lipid content, % mass as received =  
    –           

  
 , wherein W1 and W2 are the weights 

of lipid collection cups before and after extraction. 

3.4 Endoxylanase activity assay  

Endoxylanase activity of endo-1,4-β-xylanase from Trichoderma longibrachiatum was 

estimated using standard birch wood xylan as the substrate (Jiang et al., 2005). 0.9 ml of 

1% (w/v) birch wood xylan in 0.05 M, pH 5.4 Mc Ilvain buffer (Citrate-Phosphate buffer) 

and 0.1 ml of suitably diluted enzyme was incubated at 50 °C in a water bath at 100 rpm 

for 10 min. The amount of xylose liberated was measured by DNS method (Miller, 1959). 
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For diluted enzyme, in brief, 100 mg of enzyme powder was weighed and made up to 10 

ml by adding Citrate-Phosphate buffer, and then 1 ml of this solution was  made up to 10 

ml. 1 ml from the previous diluted solution was further made up to 10 ml using buffer to 

get to 0.1 mg/ml. One unit of endoxylanase activity is defined as the amount of enzyme 

required to produce 1 µmol of xylose per min under the specified conditions. 

3.5 Enzymatic production of oligosaccharides from canola meal and mustard bran 

The reaction was carried out in 250 ml conical flasks containing 50 ml reaction mixture, 

consisting of 3.0 g untreated/pretreated ground powder of canola meal / mustard bran and 

700 U of endoxylanase. The volume was made up to 50 ml using Mc Ilvain buffer 

(Citrate-Phosphate buffer, 0.05 M, pH 5.4). The enzymatic reaction was carried out in a 

shaking water bath maintained at 50 °C for a specific reaction period (1 h, 6 h 18 h and 

24 h). At the end of incubation, the reaction was stopped by placing the reaction mixture 

in a boiling water bath for 10 min, filtered using 0.45 µm cellulose nitrate membrane 

filters and stored at -20 °C until further use. 

3.6 Analysis of the enzyme hydrolysis of untreated and pretreated canola meal and 

mustard bran 

3.6.1 Pentose content 

Pentose content was determined following a modified method of Ferric-Orcinol assay 

(Chaplin, 1986) by Pramod and Venkatesh (2006). Briefly, 200 μl of the sample was 

mixed with 200 μl of reagent A (10% w/v TCA) and the mixture was heated at 100 °C for 

15 min. The tubes were cooled rapidly at 25 °C, and 1.2 ml of reagent B (1.15 % w/v 

ferric ammonium sulfate and 0.2 % w/v orcinol in 9.6 M HCl) was added and mixed well. 
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The samples were again heated at 100 °C for 20 min, and then cooled to room 

temperature. The absorbance of the blue-green color was measured at 660 nm. The 

calibration curve for D-xylose was prepared in the 0–40 μg range (volume range: 0–200 

μl).  

3.6.2 UPLC-Tandem-MS of oligosaccharides 

Confirmation of xylose, xylobiose, xylotriose, xylotetraose and xylopentose in the 

enzyme hydrolyzates was carried out using a Waters Acquity UPLC system coupled to a 

Quattro micro API tandem mass spectrometer (Milford, MA, US). A Phenomenex 

Synergi 4u Fusion-RP column (150 x 4 mm, Torrance, CA) was utilized for the 

separation of pentoses. The mobile phase A consisted of 5 mM of ammonium acetate (pH 

was adjusted to 3.2 with acetic acid) and the mobile phase B was 100 % methanol. The 

gradient was programmed at a flow rate at 0.5 ml/min as follows. Initially, phase B was 

set at 25% and kept for 1 min and then increased to 95% over 10 min in a linear manner 

and held for 2 min. The column was re-equilibrated for 3 min after each injection. The 

column temperature was kept constant at 35 °C. Samples were maintained at 4 °C 

throughout the analysis. The injection volume was 10 µl. The tandem mass spectrometer 

equipped with an atmospheric pressure ionization (API) probe and was operated in 

positive ion mode (ES
+
) with the condition tuned based on each authentic standard for 

identification purpose. The general MS/MS parameters were as follows: capillary voltage, 

3.00 kV; source temperature, 100 °C; desolvation temperature, 400 °C; cone gas (N2) 

flow, 50 L/h and desolvation gas (N2) flow, 400 L/h. The cone voltage was set at 25 V 

except for sinapine at 22 V and collision energy was set at 15 eV for all analytes. 

Multiple reactions monitoring (MRM) mode was used to monitor the precursor to product 
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ion transition. Daughter ion mode was used to obtain MS/MS spectrum of their precursor 

ions. Mass resolution was set at maximum. The hydrolyzates were filtered through 0.45 

µm cellulose nitrate membranes to remove the unreacted polysaccharide fragments 

before the analysis. MS analysis of the hydrolyzates was performed using underivatized 

samples (Reis et al., 2005). For comparison of results, authentic standards of 1, 4-β-D-

xylooligosaccharides (xylobiose, xylotriose, xylotetraose and xylopentose) were used.  

3.6.3 Reversed-phase HPLC-DAD analysis of phenolics 

Analysis of phenolic compounds for the resultant filtrates was carried out using a 

reversed-phase DAD-HPLC (Ultimate 3000, Dionex, Sunnyvale, CA, USA) equipped 

with an on-line degasser, binary pump, auto sampler, column heater, and diode array 

detector (Khattab et al., 2010). A gradient elution was performed using water/methanol 

(90:10) with 1.25 % o-phosphoric acid as solvent A, and methanol (100 %) with 0.10 % 

o-phosphoric acid as solvent B, using C18 column (Synergi 4 µ Fusion-RP 80 Å; 150 x 

4.0 mm 4 µm silica, Phenomenex, Canada) at 0, 7, 20, 25, 28, 31 and 40 min with 10, 20, 

45, 70, 100, 100 and 10 % of solvent B. The column was maintained at 25 °C and the 

flow rate was maintained at 0.80 ml/min for the efficient separation of the peaks. 

Chromatograms were acquired at 219, 270 and 330 nm and data were analyzed using the 

Chromeleon software (Version 6.8). Comparing their relative retention times and UV 

spectrums with those of the authentic standards identified respective peaks. Sinapic acid 

was used in the preparation of the calibration curves by plotting the concentration of each 

compound against the area. Sinapine and sinapic acid contents were calculated from the 

light absorbance at 330 nm using specific equations, and sinapoyl glucose was calculated 
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according to Khattab et al. (2010). Each extract was injected twice and results of 

duplicate analyses from each extract were used for quantification. 

3.6.4 Antioxidant activity of the enzyme hydrolyzates 

Antioxidant potential of the enzyme hydrolyzates was assessed based on the DPPH free 

radical scavenging activity assay (Brand-Williams et al., 1995). Briefly, 50 µl of enzyme 

hydrolyzates was added to 950 µl of DPPH (30 µg/ml) in methanol. Then, the mixture 

was shaken vigorously and left in darkness for 5 min. The absorbance of the mixture was 

measured against DPPH blank at 515 nm by a spectrophotometer. The DPPH scavenging 

activity was expressed as the inhibition of free radical: 

                  
  

  
       

Note:     

                                                    

                                               

                                                                       

                                                  

 

3.7 Data expression and analysis 

All data collected were calculated on dry weight basis. The analysis of monosaccharide 

composition, chemical properties, endoxylanase activity, pentose content and DPPH 

scavenging activity were conducted for three times (n = 3) with duplicate analysis for 

each time. UPLC/MS and reversed phase HPLC-DAD analysis was carried out for twice 

(n = 2) with duplicate analysis for each time.  
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Data analysis was carried out using Excel and SPSS (version 18.0). One way analysis of 

variance (ANOVA) and Student-Newman-Keuls (S-N-K) mean separation for multiple 

comparisons were used to determine the significant difference (p < 0.05) between 

pretreatments. Pearson coefficient was used to determine the correlation between the 

content of sinapic acid /sum of the SADs and DPPH scavenging activity (p < 0.01). 

3.8 Experimental design 

Experimental design of this study consisted of three phases is shown in Fig. 3.2 below. 
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Fig.3.2: Experimental design 
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4. RESULTS 

4.1 Evaluation of the efficacy of pretreatment of canola meal and mustard bran 

Two mild pretreatment methods, alkali and acid pretreatments, were carried out to expose 

pentosan for the production of oligosaccharides. HPAEC was used to determine the 

changes in monosaccharide composition of pretreated canola meal and mustard bran in 

comparison with untreated substrates. Three major criteria were used to evaluate the 

efficiency of alkali and acid pretreatment methods and these included: (1) increase in 

xylose content, (2) increase in pentosan content and (3) decrease of glucose content in the 

substrates during pretreatment. Additionally, changes in protein and lipid contents of the 

substrates were also monitored to assess the effects of pretreatment. 

4.1.1 Effect of pretreatments on xylose content 

The xylose content of untreated and pretreated canola meal and mustard bran are 

compared in Table 4.1. The xylose content of canola meal and mustard bran ranged from 

2.27 to 3.29 g/100 g and 1.87 to 3.04 g/100 g, respectively. The results indicated that 

alkali and acid-pretreated samples had a significantly higher relative content of xylose 

than untreated substrates. The alkali-pretreated mustard bran was significantly higher in 

xylose content than the acid-pretreated mustard bran while no significant difference was 

observed between the two pretreatment methods for the canola meal. In comparison to 

the untreated substrates, the levels of arabinose in pretreated substrates were significantly 

higher (Table 4.1). The amounts (g/100 g of substrate) of arabinose in acid and alkali-

pretreated canola meal were 6.39 and 6.79, respectively. For mustard bran, the amounts 

of arabinose in acid and alkali-pretreated samples were 8.05 and 9.78, respectively. 
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4.1.2 Effect of pretreatments on pentosan content 

The pentosan contents of untreated and pretreated substrates, expressed as g/100 g of 

substrates, indicated that the relative content of pentosan increased significantly during 

pretreatment (Table 4.1). The content of pentosan in untreated canola meal and mustard 

bran were 6.29 and 6.55 respectively. The pretreated canola meal and mustard bran 

showed a level of pentosan in the range of 8.29 to 8.87 and 9.59 to 11.28, respectively. 

Statistical analysis indicated a significant increase of pentosan in pretreated substrates in 

comparison to untreated substrates. The amount of pentosan in acid and alkali-pretreated 

canola meal were 8.29 and 8.87 respectively while their contents in acid and alkali-

pretreated mustard bran were 9.59 and 11.28, respectively. Of the two pretreatments, 

alkali pretreatment was more efficient in increasing the relative concentration of pentosan 

in mustard bran. With respect to untreated canola meal and untreated mustard bran, an 

increase was observed in the pentosan content during pretreatment. The values reported 

Table 4.1 are depicted as % in Fig. 4.1 and 4.2 with the total neutral sugar content as the 

whole. 
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Table 4.1: Carbohydrate composition of untreated and pretreated canola meal and mustard bran (on dry weight basis) 

 Canola Meal Mustard Bran 

Parameter 

(g/100 g) 
Untreated Alkali-pretreated Acid-pretreated Untreated Alkali-pretreated Acid-pretreated 

Xylose 
2.27 ± 0.10

a
 3.29 ± 0.37

b
 3.02 ± 0.04

b
 1.87 ± 0.03

a
 3.04 ± 0.02

c
 2.75 ± 0.03

b
 

Arabinose 
4.87 ± 0.16

a
 6.79 ± 0.09

c
 6.39 ± 0.23

b
 5.56 ± 0.03

a
 9.78 ± 0.02

c
 8.05 ± 0.10

b
 

TP 
7.14 ± 0.26

a
 10.08 ± 0.45

b
 9.41 ± 0.28

b
 7.43 ± 0.06

a
 12.82 ± 0.04

c
 10.80 ± 0.13

b
 

Pentosan 
6.29 ± 0.23

a
 8.87 ± 0.40

b
 8.29 ± 0.24

b
 6.55 ± 0.05

a
 11.28 ± 0.05

c
 9.59 ± 0.13

b
 

Glucose 
5.82 ± 0.18

b
 2.16 ± 0.18

a
 2.20 ± 0.10

a
 4.50 ± 0.21

c
 0.85 ± 0.00

a
 1.19 ± 0.03

b
 

Galactose 
3.01 ± 0.02

c
 2.57 ± 0.06

b
 2.33 ± 0.10

a
 3.54 ± 0.03

a
 5.35 ± 0.03

c
 4.26 ± 0.01

b
 

Rhamnose 
0.23 ± 0.03

a
 0.30 ± 0.00

b
 0.27 ± 0.00

ab
 0.38 ± 0.02

a
 0.57 ± 0.00

c
 0.52 ± 0.00

b
 

Mannose 
0.26 ± 0.00

a
 0.39 ± 0.01

c
 0.35 ± 0.02

b
 0.22 ± 0.01

a
 0.28 ± 0.00

b
 0.35 ± 0.01

c
 

TNS 
16.47 ± 0.49

b
 15.51 ± 0.71

ab
 14.56 ± 0.50

a
 16.08 ± 0.34

a
 19.87 ± 0.08

c
 17.12 ±  0.19

b
 

Mean ± standard deviation; within each row for canola meal and mustard bran, respectively, the different lower-case superscripts 

indicated significant difference between different pretreatments at the level α = 0.05, namely p < 0.05; n = 3.  
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Fig. 4.1: Changes in monosaccharide composition of canola meal during pretreatment 
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Fig 4.2: Changes in monosaccharide composition of mustard bran during pretreatment 
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4.1.3 Effect of pretreatments on glucose and other monosaccharides 

The effect of pretreatments on the monosaccharide composition indicated that both 

untreated and pretreated canola meal and mustard bran contained relatively higher 

amount of arabinose, galactose, glucose and xylose compared to the insignificant 

amounts of rhamnose and mannose. The amount of total neutral sugars (g/100 g of 

substrate) in untreated mustard bran (16.08) was significantly lower than the alkali-

pretreated mustard bran, however, no significant difference was found between untreated 

(16.47) and alkali-pretreated canola meal. The acid-pretreated canola meal and mustard 

bran showed a total neutral sugar content of 14.56 and 17.12, respectively. The 

corresponding alkali-pretreated substrates showed a otal neutral sugar content of 15.51 

and 19.87.  

The content of glucose exhibited a maximum decrease compared to other neutral sugars 

after both pretreatments for canola meal and mustard bran (Table 4.1, Fig. 4.1 and Fig. 

4.2). The glucose content of untreated canola meal and mustard bran (g/100 g of substrate) 

was 5.82 and 4.50, respectively. In the alkali and acid-pretreated canola meal, glucose 

levels decreased to 2.16 and 2.20, respectively. The corresponding alkali- and acid-

pretreated mustard bran showed a lower glucose content of 0.85 and 1.19, respectively.  

4.1.4 Effect of pretreatments on other parameters 

The moisture, protein and lipid content of untreated and pretreated canola meal and 

mustard bran were analyzed to determine whether the pretreatment had any effect on 

these parameters (Table 4.2). Compared with acid-pretreated and untreated canola meal, 

alkali-pretreated samples (7.48%, w/w) were significantly lower in moisture. In the case 
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of mustard bran, no significant variation in moisture content was found between 

untreated and alkali-pretreated substrates, although a substantial difference in this 

moisture content was observed between untreated and acid-pretreated substrates (7.58 

and 8.78, respectively).  

The protein content of untreated and pretreated canola meal and mustard bran indicated 

the amount of protein in canola meal was higher than that in mustard bran. The protein 

content (g/100 g of substrate) of canola meal ranged from 29.19 to 42.78 while for 

mustard bran from 12.14 to 19.56. These results indicated that alkali-pretreated samples 

had a significantly lower content of protein than the corresponding untreated canola meal 

and mustard bran samples. 

Similarly, the lipid content of untreated and pretreated canola meal and mustard bran 

were also compared. The quantity of lipid in canola meal and mustard bran ranged from 

3.60 to 5.10 g/100 g and 12.16 to 26.68 g/100 g respectively. The results indicated that 

alkali-pretreated substrates had a significantly lower content of lipid compared to 

untreated substrates.  
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Table 4.2: Moisture, protein and lipid contents of untreated and pretreated canola meal and mustard bran (on dry weight basis) 

Parameter  Canola Meal Mustard Bran 

 Untreated Alkali-pretreated Acid-pretreated Untreated Alkali-pretreated Acid-pretreated 

Moisture 

(%, w/w) 
9.00 ± 0.69

b
 7.48 ± 0.30

a
 9.50 ± 0.55

b
 7.58 ± 0.62

a
 7.87 ± 0.18

ab
 8.78 ± 0.81

b
 

Protein 

(g/100 g) 
36.88 ± 0.08

b
 29.19 ± 0.32

a
 42.78 ± 0.05

c
 19.56 ± 0.34

a
 12.14 ± 0.05

b
 19.25 ± 0.07

a
 

Lipid 

(g/100 g) 
5.10 ± 0.30

b
 3.60 ± 0.30

a
 4.63 ± 0.56

b
 26.68 ± 1.49

c
 12.16 ± 0.69

a
 18.18 ± 2.81

b
 

Mean ± standard deviation; within each row for canola meal and mustard bran, respectively, the different lower-case superscripts 

indicated significant difference between different pretreatments at the level α = 0.05, namely p < 0.05; n = 3. 
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4.2 Production of oligosaccharides from pentosan component of canola meal and 

mustard bran 

4.2.1 Evaluation of endoxylanase activity 

Based on the method in section 3.4, a standard calibration graph of the xylose (Fig. 4.3) 

was used to calculate the endoxylanase activity. The xylanolytic activity of the 

endoxylanase used in the present study was estimated to be around ~ 68000 units per 

gram of enzyme.  

Fig. 4.3: Standard calibration graph of xylose 

4.2.2 Enzymatic production of oligosaccharides  

The total pentose content of enzyme hydrolyzates was used as an indicator of the amount 

of oligosaccharides produced from untreated and pretreated substrates. However, this 

pentose content not only includes oligosaccharides but also monosaccharides such as 
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xylose and arabinose, if any. The enzymatic hydrolysis of pentosan components of canola 

meal and mustard bran were carried out at various reaction times (1 h, 6 h, 18 h and 24 h) 

and the pentose contents of their respective hydrolyzates were monitored (Table 4.3).   

An increased release of pentose sugars was observed over time for both canola meal and 

mustard, irrespective of the type of pretreatments. The pentose content (g/100 g) of 

hydrolysates obtained from untreated, alkali-pretreated and acid-pretreated canola meal 

were 1.10 to 1.43, 1.50 to 2.54, and 0.81 to 2.23, respectively, while their concentrations 

in hydrolyzates of untreated, alkali-pretreated and acid-pretreated mustard bran (g/100 g) 

were 1.13 to 2.41, 1.46 to 3.20 and 1.32 to 3.01 respectively. Most of the sugars in 

untreated samples were free soluble sugars present in the zero hour samples as compared 

to the pretreated samples where content of the free sugars was very low. The amount of 

pentose sugars in all hydrolyzates of 0 h reaction was subtracted from the levels after 1, 6, 

18 and 24 h of reaction. The concentrations of pentose (g/100 g) at 24 h of reaction were 

1.38, 2.54 and 2.23 for untreated, alkali-pretreated and acid-pretreated canola meal, 

respectively. Interestingly, mustard bran resulted in more pentose sugars compared to 

canola meal. The enzyme hydrolyzates of untreated, alkali-pretreated and acid-pretreated 

mustard bran contained 2.41, 3.20 and 3.01 g of pentose per 100 g substrates, 

respectively. Within 6 h of reaction, higher amount of pentose was liberated from alkali-

pretreated substrates wherein 2.00 and 2.51 g of pentose liberated from 100 g of alkali-

pretreated canola meal and mustard bran respectively. This also indicated that the 

efficacy of alkali pretreatment over acid pretreatment. 

The pentose yield in alkali-pretreated canola meal after 1 h was significantly different 

(α=0.05) from the yield at 6 h, 18 h and 24 h; however, no significant difference (α=0.05) 
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was observed between pentose yield at 6 h and 18 h or 18 h and 24 h. For alkali-

pretreated mustard bran samples, the pentose content in the hydrolyzate increased with 

increase in time. There were no significant differences (α=0.05) between yields at 6 h and 

18 h.  With respect to acid and alkali-pretreated canola meal, there was no significant 

increase in the pentose after 18 h of reaction, though it increased through 1 to 18 h. 

However, in the case of mustard bran, irrespective of the type of the pretreatments, a 

significant difference in the yields between 18 and 24 h was observed. 

The results indicated that the enzymatic hydrolyzates of alkali-pretreated canola meal and 

mustard bran contained more pentose, and the yields increased with reaction period. 

Since there are no significant differences between 18 h and 24 h samples of canola meal, 

18 h has been chosen as the best reaction time. However in the case of mustard bran, the 

pentose content increased significantly within 6 h, reaching the highest value at 24 h.  
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Table 4.3: Enzymatic production of pentoses from untreated and pretreated canola meal and mustard bran (on dry weight basis) 

Reaction 

Time* (h) 

  Pentose Content (g/100 g)   

Canola Meal Mustard Bran 

Untreated Alkali-pretreated Acid-pretreated Untreated Alkali-pretreated Acid-pretreated 

1 1.10 ± 0.29
aAB

 1.50 ± 0.19
aB

 0.81 ± 0.08
aA

 1.13 ± 0.15
aA

 1.46 ± 0.04
aB

 1.32 ± 0.02
aAB

 

6 1.43 ± 0.38
aA

 2.00 ± 0.10
bB

 1.34 ± 0.04
bA

 1.52 ± 0.16
bA

 2.51 ± 0.21
bC

 1.95 ± 0.12
bB

 

18 1.43 ± 0.06
aA

 2.28 ± 0.15
bcB

 1.89 ± 0.08
cB

 1.99 ± 0.12
cA 

2.59 ± 0.18
bB

 2.80 ± 0.12
cB

 

24 1.38 ± 0.12
aA

 2.54 ± 0.14
cB

 2.23 ± 0.17
cB

 2.41 ± 0.15
dA

 3.20 ± 0.11
cB

 3.01 ± 0.03
dB

 

Mean ± standard deviation; For canola meal and mustard bran, respectively, the different lower-case (for column) indicated significant 

difference between  various reaction time, and upper-case superscripts (for row) indicated significant difference between different 

pretreatments at the level α = 0.05, namely p < 0.05; n = 3. 

* Reaction time for enzyme hydrolysis. 
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4.3 UPLC-MS analysis of oligosaccharides and phenolics from the hydrolyzates of 

canola meal and mustard bran 

The mass spectra of the mixture of standard xylose and XOS mixture (Fig. 4.4) showed 

responses at an m/z of 173, 305, 437 and 569. The mass spectra (Fig. 4.5 and Fig. 4.6) 

showed the presence of diverse oligosaccharides at an m/z value of 305, 365, 487, 627 

and 701 for alkali-pretreated canola meal, 365 for untreated canola meal, acid-pretreated 

canola meal and untreated mustard bran, 305, 365 and 438 for alkali-pretreated mustard 

bran and 365, 487, and 569 for acid-pretreated mustard bran. The UPLC-MS data of 

hydrolyzates of alkali-pretreated substrates demonstrated that two disaccharides were 

detected. The major one was xylobiose with an m/z of 305 for its sodium adduct 

[X2+Na]
+
. Another disaccharide was [XGlcA+Na]

+ 
with an n m/z value of 365.18 which 

is probably a disaccharide of xylose and 4-O-methyl-α-D-glucuronic acid. This acidic 

oligosaccharide was detected in all the hydrolyzates. In addition to xylobiose, another 

neutral pentasaccharide at m/z value of 701 [X5+Na]
+
was also detected in hydrolyzates of 

alkali-pretreated canola meal. The mass spectrum of alkali-pretreated canola meal 

hydrolyzates also showed the presence of a trisaccharide and a tetrasaccharide containing 

4-O-methyl-α-D-glucuronic acid residue at m/z value of 487 [X2GlcA+Na]
+
and 627 

[X3GlcA+Na]
+
 respectively. Additionally, sodium adduct of molecular xylose (m/z 173) 

and hydrogen adduct of molecular glucuronic acid (m/z 211) were also observed in 

hydrolyzates of alkali-pretreated canola meal. Hydrolyzates of both untreated canola 

meal and acid-pretreated canola meal was not detected for any of these oligosaccharides 

except [XGlcA+Na]
+
. Hydrolyzates of alkali-pretreated mustard bran indicated the 

presence of two neutral oligosaccharides at m/z of 305 [X2+Na]
+
 and m/z of 438 
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[X3+Na]
+
, respectively. These two oligosaccharides were absent in hydrolyzates of acid-

pretreated mustard bran, however, the presence of a neutral tetrasaccharide at m/z of 569 

[X4+Na]
+
 was observed. Additionally, a trisaccharide containing glucuronic acid residue 

at m/z value of 487 [X2GlcA+Na]
+
 was also detected.   
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Fig. 4.4: UPLC-MS spectrum of standards of (A) xylose, xylooligosaccharides mixture, and (B) sinapine 
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Figure 4.5: UPLC-MS spectrum of oligosaccharides in the enzyme hydrolyzates 

obtained from untreated and pretreated canola meal 
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 Figure 4.6: UPLC-MS spectrum of oligosaccharides in the enzyme hydrolyzates 

obtained from untreated and pretreated mustard bran 
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4.4 Sinapic acid and its derivatives in the enzyme hydrolyzates  

4.4.1 Sinapine content of the enzyme hydrolyzates 

Reversed-phase HPLC-DAD results (Fig. 4.7) indicated the presence of phenolics in the 

enzymatic hydrolzates. The principal phenolic component in both canola meal and 

mustard bran was sinapine. At 0 h of reaction, no sinapine was detected in the enzymatic 

hydrolyzates of alkali-pretreated substrates (Table 4.4). The untreated canola meal and 

mustard bran contained much higher levels of sinapine (417.95 mg and 326.81 mg per 

100 g substrate, respectively) compared to 19.87 mg and 28.03 mg in the corresponding 

acid-pretreated canola meal and mustard bran. 

The contents of sinapine in the hydrolyzates of untreated, alkali-pretreated and acid-

pretreated canola meal (mg/100 g) were 303.85 to 417.95, 0 and 19.87 to 1167.67 

respectively, while for hydrolyzates of mustard bran (mg/100 g) were 18 to 389, 0 and 

28.03 to 68.63 respectively. An increase in sinapine content was observed in the 

hydrolyzates of acid-pretreated substrate in the initial hour of reaction (8.4 and 2.4 folds 

for canola meal and mustard bran respectively). However, the content of sinapine was 

significantly reduced as the reaction time increased to 24 h.  
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Fig. 4.7: Reversed-phase HPLC-DAD chromatograph of sinapine in enzyme hydrolyzates obtained from untreated canola meal and 

mustard bran 
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Table 4.4:  Sinapine content of the hydrolyzates obtained from canola meal and mustard bran (on dry weight basis) 

 

Reaction 

Time* (h) 

 Sinapine Content (mg/100 g)  

Canola Meal Mustard Bran 

Untreated Alkali-pretreated Acid-pretreated Untreated Alkali-pretreated Acid-pretreated 

0 417.95 ± 41.42
bB

 -- 19.87 ± 0.58
aA

 326.81 ± 2.61
cB

 -- 28.03 ± 2.13
aA

 

1 335.61 ± 17.38
aB

 -- 167.67 ± 6.33
cA

 388.68 ± 3.19
dB

 -- 68.63 ± 2.11
dA

 

6 307.88 ± 1.24
aB

 -- 133.11 ± 0.24
cA

 126.77 ± 1.74
bB

 -- 61.02 ± 1.69
cA

 

18 327.20 ± 8.84
aC

 -- 140.42 ± 3.87
cB

 22.23 ± 1.50
aA

 -- 64.74 ± 3.13
cdB

 

24 303.85 ± 13.69
aC

 -- 86.35 ± 4.50
bB

 18.12 ± 0.96
aA

 -- 50.64 ± 2.79
bB

 

Mean ± standard deviation; For canola meal and mustard bran, respectively, the different lower-case (for column) indicated significant 

difference between  various reaction time, and upper-case superscripts (for row) indicated significant difference between different 

pretreatments at the level α = 0.05, namely p < 0.05; n = 2. 

* Reaction time for enzyme hydrolysis. 



59 
 

4.4.2 Sinapic acid content of the enzyme hydrolyzates 

In contrast to sinapine, the content of sinapic acid was lower, which varied with the 

reaction time. The sinapic acid in enzymatic hydrolyzates of untreated and pretreated 

canola meal and mustard bran at various reaction times (0, 1, 6, 18 and 24 h) are 

indicated in Table 4.5. The content of sinapic acid in enzyme hydrolyzates (0 h) of 

untreated canola meal significantly decreased within an hour of enzyme hydrolysis and 

maintained through 1 to 24 h. In contrast to this, the sinapic acid content of enzyme 

hydrolyzates obtained from untreated mustard bran was found to increase through 1 to 24 

h. It was also observed that alkali pretreatment did not show any effects on sinapic acid 

content as indicated by its absence in the hydrolyzates. The content of sinapic acid was 

decreased significantly in the case of alkali-pretreated canola meal. It was absent in the 

hydrolyzates of the alkali-pretreated mustard bran. With respect to acid pretreatment, 

interestingly, there was no change in the concentration of sinapic acid after 1 h.  

4.4.3 Sinapoyl glucose content of the enzyme hydrolyzates 

The content of sinapoyl glucose in enzyme hydrolyzates (0 h) of untreated canola meal 

was decreased within an hour of enzyme hydrolysis but remained relatively unchanged 

through 1 to 24 h. In contrast to this, the sinapoyl glucose content of enzyme hydrolysates 

obtained from untreated mustard bran was found to increase from 1 to 24 h. No sinapoyl 

glucose was detected in the hydrolyzates of alkali-pretreated samples. With respect to 

acid pretreatment, interestingly, there was no change in the concentration of sinapoyl 

glucose in canola meal. 
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Table 4.5: Sinapic acid content of the hydrolyzates obtained from canola meal and mustard bran (on dry weight basis) 

 

 

Reaction 

Time* (h) 

 Sinapic Acid Content (mg/ 100 g)  

Canola Meal Mustard Bran 

Untreated Alkali-pretreated Acid-pretreated Untreated Alkali-pretreated Acid-pretreated 

0 43.62 ± 3.15
bC

 36.18 ± 1.05
bB

 9.82 ± 0.41
aA

 11.22 ± 0.67
aA

 16.26 ± 2.31
A
 -- 

1 20.76 ± 2.89
aB

 15.07 ± 0.12
aA

 9.63 ± 1.89
aA

 25.83 ± 2.80
bA

 -- 17.19 ± 1.56
aA

 

6 22.20 ± 1.71
aB

 13.86 ± 0.57
aA

 11.08 ± 2.02
aA

 97.65 ± 6.61
cB

 -- 17.96 ± 3.53
aA

 

18 22.25 ± 2.59
aB

 11.53 ± 0.26
aA

 11.13 ± 1.68
aA

 124.02 ± 4.00
dB

 -- 18.63 ± 0.35
aA

 

24 22.54 ± 2.58
aB

 10.19 ± 0.23
aA

 8.75 ± 0.64
aA

 125.64 ± 2.27
dB

 -- 21.60 ± 3.25
aA

 

Mean ± standard deviation; For canola meal and mustard bran, respectively, the different lower-case (for column) indicated significant 

difference between  various reaction time, and upper-case superscripts (for row) indicated significant difference between different 

pretreatments at the level α = 0.05, namely p < 0.05; n = 2. 

* Reaction time for enzyme hydrolysis. 
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Table 4.6: Sinapoyl glucose content of the hydrolyzates obtained from canola meal and mustard bran (on dry weight basis) 

 

Reaction 

Time* (h) 

 Sinapoyl Glucose Content (mg / 100 g)  

Canola Meal Mustard Bran 

Untreated Alkali-pretreated Acid-pretreated Untreated Alkali-pretreated Acid-pretreated 

0 34.79 ± 2.94
bB

 -- 9.65 ± 0.20
aA

 -- -- -- 

1 20.30 ± 0.91
aB

 -- 9.39 ± 0.09
aA

 20.41 ± 2.27
aB

 -- 13.52 ± 0.41
aA

 

6 17.39 ± 0.47
aB

 -- 9.75 ± 0.51
aA

 26.81 ±1.91
bB

 -- 12.95 ± 0.30
aA

 

18 18.06 ± 0.67
aB

 -- 9.28 ± 0.01
aA

 30.85 ± 2.45
cB

 -- 13.14 ± 0.17
aA

 

24 18.06 ± 0.61
aB

 -- 9.77 ± 0.03
aA

 32.51 ± 0.16
cB

 -- 13.57 ± 0.19
aA

 

Mean ± standard deviation; For canola meal and mustard bran, respectively, the different lower-case (for column) indicated significant 

difference between  various reaction time, and upper-case superscripts (for row) indicated significant difference between different 

pretreatments at the level α = 0.05, namely p < 0.05; n = 2. 

* Reaction time for enzyme hydrolysis. 
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4.5 Antioxidant activity of the enzyme hydrolyzates from canola meal and mustard 

bran 

The DPPH scavenging activity of enzymatic hydrolyzates of untreated and pretreated 

canola meal and mustard bran were evaluated with respect to their reaction times (0 to 24 

h) (Table 4.7). The scavenging activity was expressed as percentage inhibition rate 

(IR, %). At 0 h reaction, the percent IR of enzyme hydrolyzates of untreated, alkali-

pretreated and acid-pretreated canola meal were 60.83, 9.87 and 22.17 respectively, 

whereas the values in corresponding mustard bran substrates were 56.67, 5.22 and 5.87 

respectively. The result also indicated that the percentage IR increased significantly in the 

case of pretreated mustard and canola meal; however the increase was less apparent in the 

case of untreated substrates.  
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Table 4.7:  DPPH scavenging activity of the hydrolyzates obtained from canola meal and mustard bran 

 

Reaction 

Time* (h) 

 DPPH Scavenging Activity (Inhibition %)  

Canola Meal Mustard Bran 

Untreated Alkali-pretreated Acid-pretreated Untreated Alkali-pretreated Acid-pretreated 

0 60.83 ± 0.009
aC

 9.87 ± 0.40
aA

 22.17 ± 1.12
aB

 56.67 ± 0.18
dB

 5.22 ± 0.06
cdA

 5.87 ± 0.39
aA

 

1 71.37 ± 1.19
bC

 28.28 ± 0.67
bA

 57.26 ± 3.26
cB

 68.76 ± 0.90
eC

 5.99 ± 0.56
dA

 19.34 ± 0.74
bB

 

6 72.77 ± 2.44
bC

 26.64 ± 1.06
bA

 41.02 ±2.49
bB

 53.71 ± 1.09
cC

 3.93 ± 0.43
bcA

 18.33 ± 0.62
bB

 

18 73.06 ± 0.67
bC

 24.79 ± 0.68
bA

 55.26 ± 1.11
cB

 50.62 ± 1.60
bC

 2.64 ± 0.79
abA

 22.52 ± 0.19
cB

 

24 73.90 ± 2.37
bC

 24.85 ± 0.41
bA

 41.30 ± 0.50
bB

 47.34 ± 1.33
aC

 2.11 ± 0.54
aA

 17.96 ± 0.12
bB

 

Mean ± standard deviation; For canola meal and mustard bran, respectively, the different lower-case (for column) indicated significant 

difference between  various reaction time, and upper-case superscripts (for row) indicated significant difference between different 

pretreatments at the level α = 0.05, namely p < 0.05; n = 3. 

* Reaction time for enzyme hydrolysis. 
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4.6 Correlation between SADs and DPPH scavenging activity 

The content of sinapine and the sum of SADs in the enzyme hydrolyzates were plotted 

against DPPH scavenging activity of the hydrolyzates of untreated and acid-pretreated 

canola meal and mustard bran respectively. In the case of untreated canola meal, 

according to the Pearson correlation coefficient (r), a significant positive correlation (Fig. 

4.8) was found between the content of sinapine / the sum of SADs, and DPPH 

scavenging activity at the significance level of 0.01 (2-tailed, r = 0.76 and 0.81, 

respectively). A significant positive correlation (Fig. 4.9) was also found between the 

content of sinapine / the sum of SADs, and DPPH scavenging activity of acid-pretreated 

canola meal (r = 0.98 and 0.98 respectively). In the case of untreated mustard bran, the 

content of sinapine and the sum of them significantly positively correlated to the DPPH 

scavenging activity (r = 0.90 and 0.95, respectively, Fig. 4.10). A significant positive 

correlation (Fig. 4.11) was also found between the content of sinapine / the sum of SADs, 

and DPPH scavenging activity of acid-pretreated mustard bran (r = 0.92 and 0.96, 

respectively). Owing to the insignificant amount or the absence of sinapine, sinapic acid 

or sinapoyl glucose in the enzyme hydrolyzates of alkali-pretreated canola meal and 

mustard bran, no correlation analysis was conducted. 
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Fig. 4.8: Correlation between phenolics and DPPH scavenging activity of the enzyme 

hydrolyzates of untreated canola meal  

 

Fig. 4.9: Correlation between phenolics and DPPH scavenging activity of the enzyme 

hydrolyzates of acid-pretreated canola meal 
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Fig. 4.10: Correlation between phenolics and DPPH scavenging activity of the enzyme 

hydrolyzates of untreated mustard bran 

 

Fig. 4.11: Correlation between phenolics and DPPH scavenging activity of the enzyme 

hydrolyzates of acid-pretreated mustard bran 

40 

45 

50 

55 

60 

65 

70 

75 

0 100 200 300 400 500 

D
P

P
H

 s
ca

v
en

g
in

g
 a

ct
iv

it
y
 (

IR
, 

%
) 

Phenolics concentration (mg/100 g) 

Sinapine 

Sum of sinapine, sinapic 

acid and sinapoyl glucose 

0 

5 

10 

15 

20 

25 

0 20 40 60 80 100 D
P

P
H

 s
ca

v
en

g
in

g
 a

ct
iv

it
y
 (

IR
, 

%
) 

Phenolics concentration (mg/100 g) 

Sinapine 

Sum of sinapine, sinapic 

acid and sinapoyl glucose 

r = 0.90 
r = 0.95 

r = 0.96 

r = 0.92 



67 
 

5. DISCUSSION 

5.1 Evaluation of the efficacy of pretreatment of canola meal and mustard bran 

A large number of lignocellulosic materials were recently examined for the production of 

XOS and AXOS (Makaravicius et al., 2012; Otieno & Ahring, 2012). However, 

lignocelluloses are so recalcitrant by nature that sugars can be hardly produced without 

the prior pretreatment (Miller & Blum, 2010). Also, for the efficient production of 

oligosaccharides from agri-by-products such as canola meal and mustard bran, the 

hemicelluloses must be exposed to endoxylanase action. Since the complete extraction of 

hemicelluloses is time consuming and is often associated with environmental issues such 

as pollution, corrosion of equipment and production of large quantities of waste streams, 

several researchers recommended the use of a mild pretreatment method to make the 

hemicelluloses more accessible to enzymatic hydrolysis (Aachary & Prapulla, 2011; 

Barman et al., 2014). An efficient pretreatment should enhance high product yields for 

the following enzymatic reaction. The formation of degradation products from lignin and 

sugars, such as furfural and hydroxyl methyl furfural (HMF) should also be minimized 

during an efficient extraction. Four types of pretreatment methods including physical 

methods (e.g. mechanical comminution), physic-chemical methods (e.g. steam explosion), 

chemical methods (e.g. mild acid or alkali) and biological methods (microorganism such 

as fungi) are generally used for the production of oligosaccharides. In the present study, 

we chose mild alkali/acid pretreatment to expose hemicelluloses (mainly pentosan) for 

the enzyme hydrolysis. 
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5.1.1 Effect of pretreatments on xylose content              

Generally, the major pentose sugars in agri-by-products are D-xylose and L-arabinose. 

The total pentose content in the present study is a sum of the concentrations of xylose and 

arabinose. This parameter is used as an indicator for the total pentosan content of the 

substrates while pentosan is defined as polymers composed of pentose sugars. The weight 

of the pentosan in the sample was calculated by multiplying the total pentose content with 

a known factor (0.88), assuming concrete hydrolysis is total, where 0.88 accounts for the 

absence of water during the formation of xylosidic bond (Yang et al., 2005). In the 

present study, pretreated canola meal and mustard bran showed significantly higher 

relative content of xylose compared with untreated samples. Moreover, alkali-pretreated 

samples showed a distinct increase of relative xylose content. Previous studies indicated 

that a mild alkali pretreatment increases the relative content of xylose (Aachary & 

Prapulla, 2011), which might be attributed to the removal of cellulose and lignin. In order 

to confirm this assumption, the removal of glucose content during pretreatment was 

monitored.  

5.1.2 Effect of pretreatments on pentosan content  

Usually, the two major pentosans found in cell wall matrices are xylan and arabinoxylan. 

Pentosans come under the broad category of hemicelluloses, which in addition includes 

glucoronoxylan, xyloglucan and glucomannan. The increase in pentosan content 

observed in this study is also attributed to the removal of some cellulose and lignin 

components during the pretreatment. This is a further indication of the effectiveness of 

both alkali and acid pretreatments.  
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The pretreatment methods make the non-starch polysaccharides especially pentosan 

exposed more easily within the complicated lignin matrix which makes it more 

susceptible for endoxylanase action. Aachary and Prapulla (2009) reported that the xylan 

of raw corncob cell wall was contained within the lignin network through ester and ether 

lignin-carbohydrate linkages. The availability of xylan directly determined the pentose 

content liberated from certain plant tissues. The authors also compared scanning electron 

microscopy between untreated and alkali-pretreated corncob powder and showed that the 

pretreatment separated xylan from the lignin-saccharides complex making it more 

accessible for hydrolysis. Therefore, a relative increase in xylan content of corncob 

during pretreatment process can be obtained. In the current study, based on the changes in 

xylose and pentosan contents, it is assumed that such changes in lignin-saccharides 

complex occurred. 

About 41% and 46% increase in the pentosan content were observed during acid 

pretreatment of canola meal and mustard bran respectively. The increase in the pentosan 

concentration was more pronounced during alkali pretreatment as both canola meal and 

mustard bran showed ~ 41% and ~ 72% increase in pentosan content respectively. This 

clearly indicated the efficacy of alkali pretreatment over acid pretreatment in mustard 

bran in comparison to canola meal. This relative increase in pentosan content when 

compared to native substrates has a positive effect on the enzymatic hydrolysis.  

5.1.3 Effect of pretreatments on glucose and other monosaccharides  

One criterion for evaluating the effect of pretreatment is the decrease of glucose. The 

oligosaccharides especially XOS or AXOS produced from hemicelluloses are generally 
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low or non-calorific which makes these oligosaccharides desirable for functional foods 

applications. Therefore, the presence of calorific sugars like glucose is not advisable 

during the production of such low calorific functional oligosaccharides. The 

contamination by calorific sugars will be associated more with complex substrates like 

agri-by-products. In this context, a substrate which is low in glucose is suggested for 

enzymatic production of oligosaccharides. Even through the enzymes used in such 

processes are highly substrate-specific, the release of small fragments of cellulose and 

other polysaccharides might occur. This issue is solved to a certain extent when a 

pretreated substrate with less undesired biopolymers. In the present research, the results 

showed that the content of glucose in untreated canola meal and mustard bran were 

significantly decreased during alkali or acid pretreatment. The pretreated substrates with 

such low concentration of glucose are suitable for producing pentosan based 

oligosaccharides.  

5.1.4 Effect of pretreatments on other parameters 

The results indicated that alkali-pretreated substrates had a significantly lower content of 

protein than untreated canola meal and mustard bran. In this way, the efficiency of alkali 

pretreatment was also verified with respect to its protein. The proteins had been removed 

from the substrates during pretreatment along with glucose, which resulted in an apparent 

increase in the quantity of pentosan in alkali-pretreated canola meal and mustard bran. 

Acid-pretreated canola meal showed a higher concentration of protein than the 

corresponding untreated canola meal, whereas no significant difference was observed 

between the untreated and acid-pretreated mustard bran. This indicated that the acid 

pretreatment had relatively no effect on the decrease of protein. Thus, treating the 
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substrates with diluted alkali was more efficient than acid pretreatment. The 

concentration of lipid in the substrates was decreased considerably making the substrates 

suitable for enzyme hydrolysis. 

Recently, processes of alkali base are the most preferred pretreatment for agri-by-

products, mainly because the conditions for alkaline pretreatment are usually less severe. 

Such mild pretreatments are being carried out under lower temperatures, pressures and 

relatively longer times in comparison to other pretreatment strategies (Vancov & 

McIntosh, 2011). It is highly desired to develop and promote a mild pretreatment method 

because utility consumption and initial capital investment would be decreased as well as 

sugar degradation and inhibitor formation (McMillan, 1994). A study also showed that 

lime and ammonia can be used effectively at room temperature with relatively longer 

period (Kim & Holtzapple, 2005). Since sodium hydroxide is a stronger alkali as 

compared to lime and ammonia, it is more appropriate to apply at mild conditions such as 

a lower temperature and longer treatment time (Barman et al., 2014). The pretreatment 

carried out in the present study had distinct advantages over other pretreatment methods. 

In the present study, chemical analysis further identified the reasons for the increase of 

relative xylose, arabinose and pentosan content in pretreated canola meal and mustard 

bran along with decrease in protein, lipid and glucose, and proved the efficiency of these 

mild pretreatment methods to improve the relative content of pentosan especially the 

alkali pretreatment.  
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5.2 Production of oligosaccharides from pentosan component of canola meal and 

mustard bran 

Enzymatic production of oligosaccharides especially XOS and AXOS using hydrolytic 

enzymes is highly recommended in food industry owing to the limited undesirable side-

reaction products when compared to direct alkali or acid hydrolysis (Aachary & Prapulla, 

2011). Moreover, cost, technological innovation and equipment demands for the 

production of oligosaccharide are the challenges that the chemical and autohydrolysis 

methods have to face (Antizar-Ladislao & Turrion-Gomez, 2008). In this context, this 

study attempted to produce functional oligosaccharides from non-starch polysaccharide 

components specifically hemicelluloses of canola meal and mustard bran using a 

microbial endoxylanase.  

Endo-1, 4-β-xylanases are the crucial enzyme constituents of microbial xylanolytic 

systems, and exclusively attacks and breaks the β-1, 4-xylosidic linked xylan backbones 

to XOS. It was reported that xylanases can be produced from a variety of microorganisms, 

such as bacteria, yeasts and filamentous fungi (Haltrich et al., 1996). Fungi derived 

xylanases have been extensively studied (Pham et al., 1998) and a few studies were 

published for its application in the production of XOS (Aachary & Prapulla, 2009; 

Aachary & Prapulla, 2011; Akpinar et al., 2007; Yang et al., 2007). The best producers 

for both cellulolytic and xylanolytic enzymes are Trichoderma spp. such as T. reesei, T. 

harzianum, T. viride, and T. koningii (Wong & Saddler, 1992). In the present study, 

endo-1, 4-β-xylanase produced by Trichoderma longibrachiatum was used to hydrolyze 

the hemicelluloses of canola meal and mustard bran, with or without acid and alkali 

pretreatments.  
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The amount of pentose produced is used as an indicator of the approximate concentration 

of oligosaccharides. The amount of pentose released from untreated canola meal 

remained essentially unchanged over the 24 h indicating the need for alkali or acid 

pretreatment to render the carbohydrate accessible to enzymatic hydrolysis. This 

contrasted with the untreated mustard bran where enzymatic hydrolysis substantially 

increased the amount of pentose indicating great accessibility of its carbohydrates to 

enzymatic attack. The results also indicated that the enzymatic hydrolyzates of alkali-

pretreated canola meal and mustard bran contained more pentose and their yields 

increased with reaction period compared to acid pretreatment which corresponded to ~ 26% 

(at 18 h) and ~ 28% (at 24 h) conversion of original pentosan in substrates respectively. 

Previously, Chen et al. (1997) used this enzyme for the production of XOS from oat spelt 

xylan. The products observed at 23 h hydrolysis of the enzyme on oat spelt xylan were 

xylobiose, xylotetraose, and XOS with greater chain length. Ai et al. (2005) have 

reported that the native and immobilized xylanase of Streptomyces olivaceoviridis 

produced 3.9 mg/ml and 15.5 mg/ml of XOS respectively from pretreated corncob by 24 

h of reaction time.  A reaction time of 24 h can be a bottleneck in the development of an 

economically viable process. However, Aachary and Prapulla (2009) indicated a short 

reaction time (14 h) obtaining 81 ± 3.9% of XOS corresponding to 10.2 ± 0.14 mg/ml in 

the hydrolyzates. In this study, 18 h and 24 h were also found to be a better reaction time 

for the production of oligosaccharides from canola meal and mustard bran respectively. 

Optimization of reaction time with respect to yield is still recommended. 

Previously, Jeong et al. (1998) studied the effects of temperature and reaction time on the 

production of xylobiose (disaccharide) from xylan by the purified endoxylanase of 
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Bacillus subtilis and a temperature less than 60 °C was found to be the optimum for 

xylobiose production. Aachary and Prapulla (2011) reported a distinct effect of 

temperature on XOS production wherein a maximum amount of 10.38 ± 0.15 mg/ml 

XOS production was observed at 50 °C, which is the optimum temperature for hydrolytic 

activities of endoxylanases of most of the fungi. Beyond 50 °C, the XOS production was 

found to decrease probably due to the inactivation of xylanases at higher temperatures. 

This observation is in agreement with the studies on the enzymatic hydrolysis of corncob 

xylan for the production of XOS where a maximum XOS production was recorded at 

50 °C (Yang et al., 2005). Therefore, in the present study also, we selected 50 °C for 

enzyme hydrolysis (Aachary & Prapulla, 2009) as most of the endoxylanases were 

reported to be highly active at this temperature.   

5.3 UPLC-MS analysis of oligosaccharides and phenolics from canola meal and 

mustard bran 

All measurements were performed using aqueous enzymatic hydrolyzates obtained at 6 h 

of endoxylanase reaction. All the oligosaccharides were present as [M+Na]
+
 ions except 

for the molecular GlcA which was present as [M+H]
+
. The lower degree of 

polymerization the oligosaccharides had, the more stable the sodium adducts were  

(Becher et al., 2008). Standards of xylose, XOS (di-, tri- and tetra-) and sinapine were 

also analyzed (Fig 4.4). Based on the mass spectra, six different oligosaccharides were 

detected and identified in the enzyme hydrolyzates of untreated, alkali-pretreated and 

acid-pretreated canola meal and mustard bran (Fig. 4.5 and Fig. 4.6). In-source 

fragmentation of oligosaccharide ions were not found under the experimental condition.  
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The major oligosaccharides found in this study from both untreated and pretreated canola 

meal and mustard bran hydrolyzates were xyloglucuronic acids (Fig. 4.5 and Fig. 4.6). 

Glucuronoxylan (GX) is one of the major polysaccharides of plant cell walls (Selvendran, 

1985). It is connected by β-(1→4)-linkages with xylopyranose (Xyl) residues as the 

linear backbone which are frequently substituted by glucuronic acid (GlcA) residue or  its 

derivative (MeGlcA), and arabinofuranosyl (Ara) residues and/or acetyl groups (Shimizu, 

1991). Identification of neutral oligosaccharides composed of linear xylosyl  backbone of 

diverse DP (< 18) (Havlicek & Samuelson, 1972) together with acidic oligosaccharides 

of one and two MeGlcA residues’ substitution (Jacobs et al., 2001). 

Hydrolyzates of untreated and acid-pretreated canola meal and untreated mustard bran 

did not contain any other types of oligosaccharides except xyloglucuronic acid while 

hydrolyzates of alkali-pretreated canola meal and mustard bran, acid-pretreated mustard 

bran contain more types of oligosaccharides (5, 3 and 3 types respectively). This 

indicated the efficient effects of alkali pretreatment on canola meal and mustard for 

production of oligosaccharides. The better substrate for the production of 

oligosaccharides depends on the target oligosaccharides to be produced. Canola meal is 

more suitable for producing XGlcA, X2GlcA and X3GlcA while mustard bran is better 

source for producing xylooligosaccharides of different DP. 

Overall, the data indicated that the substrates, which were pretreated with alkali, gave 

better results in the enzymatic production of oligosaccharides in terms of a number and 

the variety of oligosaccharides produced. Generally, untreated substrates were not found 

to be suitable for this purpose. 
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5.4 Sinapic acid and SADs in the enzyme hydrolyzates 

Hydroxycinnamate conjugates characterize the species of brassicaceous plants 

(Bouchereau et al., 1991; Cartea et al., 2011). Through the shikimate/ phenylpropanoid 

pathway, Sinapic acid is produced and then converted into O-ester conjugates with the 

assistance of diverse enzymes (Milkowski and Strack, 2010). Sinapine, the choline ester 

of sinapic acid, can be applied as a chemotaxonomic marker for the classification of the 

Brassicaceae family (Bouchereau et al., 1991). Other sinapoyl esters might function 

within living plants including UV protection (Milkowski and Strack, 2010). Both canola 

and mustard are rich source of sinapic acid derivatives and other phenolics. Cell-wall 

degrading enzymes such as endoxylanases and cellulases help to improve the release of 

bound phenolics. One aspect of the present study was to assess the impact of 

endoxylanase enzyme on the content of endogenous phenolics of canola meal and 

mustard bran. 

In order to confirm the existence of other constituents in the hydrolyzates, further 

analysis of minor components namely, sinapic acid derivatives were carried out using 

UPLC-MS and reversed-phase HPLC-DAD. Enzyme hydrolyzates obtained from 

untreated, alkali-pretreated and acid-pretreated canola meal and mustard bran were used 

and compared with the fragmentation pattern of standard compounds (Fig. 4.5, Fig. 4.6 

and Fig 4.7) as sinapine was the principal phenolics identified in these hydrolyzates in 

HPLC-DAD analysis. Hydrolyzates from alkali-pretreated substrates did not show the 

presence of sinapine. The conditions used in the UPLC-MS were not sufficient to result 

in the fragmentation of sinapine and therefore only, molecular sinapine was detected at an 
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m/z 310, in the hydrolyzates of untreated and acid-pretreated canola meal and mustard 

bran.  

Compared to acid pretreatment, most of the sinapine was significantly decreased during 

alkali pretreatment. This was also reflected by the absence of sinapine from alkali-

pretreated substrates during enzymatic hydrolysis. On the other hand, alkali-pretreated 

mustard bran did not show any phenolics increase irrespective of reaction time. The 

decrease of sinapine was also observed in the case of untreated canola meal and mustard 

bran. Therefore, the pretreatment methods especially the alkali pretreatment significantly 

decreased the sinapine compared with untreated substrates. The content of sinapic acid 

and sinapoyl glucose of untreated and pretreated canola meal and mustard bran shared the 

same trend that their contents decreased significantly during the 1 hour and then stayed 

almost the same until 24 hours except for the content of untreated mustard bran which 

increased during the 24 hours.  

Enzyme application to increase phenolic compound have also been studied. There are a 

few reports on the use of enzymes to enhance the phenolics yield while extracting with 

water or organic solvents. Application of cell wall degrading enzymes was reported to 

improve the phenolic extraction from certain herbs (Weinberg et al., 1999), rye 

(Andreasen et al., 1999), grape pomace (Maier et al., 2007) defatted meal of grape seed 

(Tobar et al., 2005), grape by-products (Kammerer, 2005), blueberry processing waste 

(Wrolstad & Lee, 2004), apple peel (Kim et al., 2005), citrus peels (Li et al., 2006), 

blackcurrant juice residues (Landbo & Meyer, 2001), and blackcurrant pomace 

(Kapasakalidis et al, 2009). Even though, the present study mainly focused on the 

production of oligosaccharides from the hemicelluloses of canola meal and mustard bran 
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using an endoxylanase enzyme, optimization of pretreatment and enzyme hydrolysis 

(Yang et al., 2011) and the impact of endogenous phenolics would be of special interest. 

This would certainly open up new areas of research for the interaction of 

oligosaccharides and phenolics and the function of their interaction.  

5.5 Antioxidant activity of the enzyme hydrolyzates from canola meal and mustard 

bran 

The antioxidant activity (DPPH scavenging activity) of the hydrolyzates of canola meal 

and mustard bran were followed a decreasing trend as indicated:  

untreated substrates > acid-pretreated substrates > alkali-pretreated substrates 

The high antioxidant activity of untreated substrates could be attributed to their relatively 

high amount of phenolics. Although the content of sinapine, sinapic acid, and sinapoyl 

glucose of the hydrolyzates decreasesd during the reaction time, the inhibition rate of the 

antioxidant activity did not decrease with respect to the reaction time of enzyme 

hydrolysis owing not only to the release of liberation of oligosaccharides but also to the 

bound phenolics. Previously, Veenashri and Muralikrishna (2011) produced XOS from 

the non-starch polysaccharides of rice, ragi, wheat and maize brans using xylanase 

hydrolysis and phenolic acids was detected at the same time. The authors indicated that 

XOS of ragi showed relatively higher antioxidant activity than the XOS of rice, wheat 

and maize according to the results of FRAP and DPPH assays. In a similar line, Akpinar 

et al. (2010) investigated the autohydrolysis production of XOS and examined the 

antioxidant activity of the hydrolysis liquors. More studies are warranted in this direction, 
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to identify the phenolics attached to the oligosaccharides produced from canola meal and 

mustard bran. 

5.6 Correlation between SADs and DPPH Scavenging Activity  

Correlation analysis was carried out to establish the relationship between the content of 

phenolics and DPPH scavenging activity. The DPPH scavenging activity of the enzyme 

hydrolyzates of acid-pretreated and untreated canola meal and mustard bran had a 

significant positive linear correlation (p < 0.01) with their corresponding content of 

sinapine or the sum of SADs. In the case of canola meal, the correlation with DPPH 

scavenging activity from relatively the best to the least:  

SADs of the acid-pretreated (r = 0.98) = sinapine of the acid-pretreated (r = 0.98) > 

SADs of the untreated (r = 0.81)  > sinapine of the untreated  (r = 0.76) 

In the case of mustard bran, the correlation with DPPH scavenging activity from 

relatively the best to the least:  

SADs of the acid-pretreated (r = 0.96) > SADs of the untreated (r = 0.96) > sinapine 

of the acid-pretreated (r = 0.92) > sinapine of the untreated (r = 0.90)  

Similar significant positive correlations were found between sinapine/the sum of SADs 

and DPPH scavenging activity, because sinapine was the principal phenolic compound 

found in the hydrolyzates of untreated and acid-pretreated canola meal and mustard bran. 

Compared to sinapine, the contents of sinapic acid and sinapoyl glucose were much less, 

thus sinapine possibly contributed to a larger part of the DPPH scavenging activity. 
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Excellent linear correlations between antioxidant activity assays such as DPPH 

scavenging activity assay and total phenolic content (TPC) were reported (Huang et al., 

2005; Hassas-Roudsari et al., 2009), while a lack of correlation was also reported by 

other researchers (Costa et al., 2009; Terpinc et al., 2012). Wanasundara et al. (1995) 

analyzed canola meal and concluded that the TPC was not the critical factor in 

determining the antioxidant activity. Costa et al. (2009) reported that the TPC may be an 

indicator of potential antioxidant activity, but there is not necessarily a linear correlation. 

A recent study reported that the TPC of mustard seed meal and DPPH assay were least 

correlated (r = 0.494) at the significance level of 0.05 (Dubie et al., 2013). The reason of 

totally different results obtained by researchers might be related to the method (Folin–

Ciocalteu assay) and the material they used for the determination of TPC. The Folin-

Ciocalteu method cannot quantify and determine all phenolic compounds in the samples 

(Naczk & Shahidi, 2004). Ronald et al. (2005) reported that many substances such a 

sugar, aromatic amines, sulfur dioxide and ascorbic acid may interfere with Folin-

Ciocalteu assay leading to overestimation of TPC. They also stated that many organic 

substances could react with Folin-Ciocalteu reagent leading to elevated phenolic 

concentration. In the present study, instead of using TPC, the content of principal 

phenolic (sinapine) and the sum of SADs were used to be analyzed with DPPH 

scavenging activity for their correlation, which is more straight forward, accurate and 

precise. The positive correlations indicated that phenolics in the enzyme hydrolyzates 

contributed to and also affected the antioxidant activity of the hydrolyzates. 
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5.7 Conclusion 

Biotechnological utilization of underutilized agri-by-products has garnered much more 

attention in the broad scenario of sustainable development. According to the newly 

updated strategic plan from Canola Council of Canada, in order to ensure the industry’s 

growth, continued demand, stability and success, the target achievement will be 26 

million MT and 52 bu/acre by the year 2025, which almost double the yield of last year 

mentioned in section 2.1.1. Therefore, we can expect a remarkable increase of quantity of 

canola meal from the canola oil industry and an economic potential for the production of 

functional oligosaccharides (Canola Council of Canada, 2014b). This thesis has 

attempted to bridge certain gaps in the field of oligosaccharides typically from oilseeds 

by-products for use as a functional food component. The important observations made in 

this study are: 

 Pretreatment methods effectively increased in the pentosan content during mild 

acid as well as alkali pretreatment where in alkali pretreatment was found to be a 

more suitable approach. The alkali-pretreated canola meal and mustard bran 

contained 8.87 and 11.28 g/100 g of pentosan, respectively. Significant removal 

of protein, lipid and glucose were also reflected the efficacy of alkali pretreatment. 

 Using endo-1,4-β-xylanase from Trichoderma longibrachiatum and pentose 

content as an indicator for oligosaccharides production, alkali-pretreated canola 

meal (18 h) and mustard bran (24 h) indicated a relatively higher conversion rate  

(~ 26% and ~ 28%) of their original pentosan respectively.  
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 The UPLC-MS spectra of enzyme hydrolyzates obtained from canola meal and 

mustard bran demonstrated the presence of a disaccharide, composed of xylose 

and 4-O-methyl-α-D-glucuronic acid in all untreated and pretreated samples. 

Xylobiose was detected only in the hydrolyzates of alkali-pretreated canola meal 

and mustard bran. Alkali-pretreated canola meal produced a trisaccharide 

(X2GlcA), a tetrasaccharide (X3GlcA) and a pentasaccharide (X5) while alkali and 

acid-pretreated mustard bran produced xylotriose (X3) and xylotetraose (X4) 

respectively. 

 The analysis of enzymatic hydrolyzates indicated the presence of phenolics. The 

main phenolic compound in the hydrolyzates of canola meal and mustard bran 

was sinapine. 

 DPPH radical scavenging activity indicated that hydrolyzates of acid-pretreated 

substrates have more activity than alkali-pretreated substrates, which could be 

attributed to its relatively high sinapine content and the significant positive 

correlation with DPPH scavenging activity. 
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6. FUTURE RESEARCH 

Canola meal and mustard bran, as potential by-products for the production of functional 

oligosaccharides have been investigated in this study for the first time. A preliminary 

picture of the potential utilization of carbohydrate and phenolic components from these 

by-products encompassed the work by our research group on by-products utilization. In 

order to develop new value addition products from them, further research works still need 

to be carried out. 

 With the purpose of obtaining a high yield of oligosaccharides from canola meal 

and mustard bran, combinations of different kinds of hemicellulases, optimization 

of the reaction parameters for oligosaccharides production and purification of the 

crude hydrolyzates need to be further studied. 

 Further molecular structure characterization of the purified oligosaccharides, with 

respect to its monosaccharide composition and side branches, would help to 

understand the mechanism of its bioactive attributes especially with antioxidant 

efficacy.  

 Since there are only a few reports on the prebiotic efficacy of hemicelluloses 

derived oligosaccharides, more investigations are warranted in this direction to 

establish it as prebiotics, as it is still listed only as emerging prebiotics. Such 

research can also be extended to in-vitro microbial fermentation, animal and 

clinical trials in order to grasp the whole scope of these functional components for 

further application in food. 
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 The combination of prebiotics and probiotics, namely synbiotics, deserves to be 

further promoted for future research in order to explore and unfold the synbiotic 

relationships between gut microbiota, oligosaccharides and whole body 

physiology and metabolism. 

 The interaction between oligosaccharides and phenolics might contribute to 

unfold the mechanism of their complex bioactivities for phenolics present in 

substrates such as canola meal and mustard bran and the further applications. 
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