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PREFACE 

This thesis is presented as a combination of chapters and scientific papers (accepted and 

submitted). The research presented in this thesis involved investigation of factors 

impacting the degradability of canola meal protein as a protein source for ruminant use. 

The thesis consists of an introductory chapter detailing ruminant digestion of protein 

(Chapter 1 Part I) and a literature review detailing canola meal protein supplementation 

in the diets of ruminants (Chapter 1, Part II as submitted as Paper 1); a comparison of in 

vitro procedures to estimate rumen undegradable protein in oilseed meals, and 

modification of an existing in vitro procedure to improve correlation with a ruminal fluid 

reference procedure (Chapter 2 Part I); a survey of the ruminal protein digestibility of 

Australian produced oilseed meals (Chapter 2, Part II as submitted as Paper 2); and, 

several investigations of factors potentially contributing to observed variability of ruminal 

undegradable protein in Australian canola meal, principally including (i) production 

month, (ii) seed cultivar and harvesting conditions (Chapter 3), (iii) oil-extraction barrel 

dry-heat temperature, and (iv) post-extraction treatment with moist heat pressure (Papers 

3, 4 and 5). 

This thesis has been formatted in accordance with Charles Sturt University’s academic 

manual (see https://policy.csu.edu.au/download.php?id=555&version=1&associated). 

The thesis is predominantly in Australian (British) English style, with APA 6th 

referencing style for Chapters 1, 2, and 3. 

To address publishing requirements, formatting and reference styles followed for the 

manuscripts were:  

• Paper 1: 

http://anres.kasetsart.org/anres.files/01_Guideline%20for%20author%20(GFA)

%20ANRES.pdf;  

• Paper 2: http://www.publish.csiro.au/an/forauthors/AuthorInstructions; 

• Papers 3 and 4: 

http://www.ccsenet.org/journal/index.php/jas/submission/authorGuide; and  

• Paper 5: http://www.mdpi.com/journal/animals/instructions. 
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ABSTRACT 

Crushing of canola seed yields valuable commodities including high-value meal traded 

worldwide as a protein source. Due to its amino acid profile and high digestibility, canola 

meal is supplemented into dairy cattle feed to optimise milk protein synthesis and 

lactation output. This research primarily investigated factors impacting the degradability 

of canola meal protein as a protein source for ruminant use.  

Initial studies identified three in vitro protease procedures as effective alternatives to the 

16 h ruminal fluid reference procedure to estimate rumen undegradable protein (RUP) in 

oilseed meals. A modification of the Krishnamoorthy et al. (1983) procedure by air-

drying of RUP residues overnight then combustion of the entire filter paper avoids time 

expenditure, and N-loss attributed to subsampling, and may be used for routine estimation 

of RUP in canola meal and soybean meal without the requirement for ruminal fluid. 

This research included a benchmark quantitative survey of general and digestibility 

characteristics of protein (for ruminants) in Australian produced oilseed (i.e. canola, 

soybean, cottonseed, and flaxseed) meals. Ruminal protein digestibility differed between 

oilseed types and oil-extraction techniques. Research outcomes highlight opportunity to 

improve the quality of Australian oilseed meals by refining oil-extraction technique 

conditions. Monitoring of ruminal protein digestibility of oilseed meals may benefit 

future feed formulation for improved dairy cattle utilisation. 

To understand origins of the variability of protein digestibility for ruminant nutrition in 

expelled canola meal, variation during production and attributed to factors including 

subplot, geographical location, cultivar, seed breeder and herbicide tolerance traits was 

examined. Crude protein content in canola meal consistently varied between cultivars and 

necessitates analysis to determine if this is related to differences in mechanisms of N 

metabolism among cultivars. Outcomes imply digestible fibre-associated protein is 

contributing to differences in protein degradability between cultivars. The degree of moist 

heat pressure (MHP)-induced in vitro RUP formation in expeller meals was found to 

differ between cultivars, and in the conversion of rapidly degradable to intermediately 

degradable protein. Induced changes of canola meal by dry-heat and MHP treatment may 

impact the supply of proteins and AAs and subsequently the yield and composition 
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(protein and lipid) of milk produced by dairy cows. To the author’s best knowledge, the 

first reports of the microscopic structure of cold-press, expeller and moist heat pressure 

treatment canola meals are presented. 

Research findings may benefit meal producers by furthering knowledge of the: general 

nutritional and ruminal digestibility characteristics of canola meal; factors contributing to 

RUP levels in canola meal; and, effects of barrel dry-heat temperature and MHP treatment 

on (i) Maillard reaction product formation in canola meal, (ii) ruminal digestibility, 

molecular and microscopic structural characteristics of canola meal, and, (iii) microscopic 

characteristics of canola meal that favour resistance to enzymatic degradation. These 

advancements will enhance ration formulations and the predictions of animal 

performance, and assist production of canola meal with improved protein value for 

ruminants. 
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PART I: INTRODUCTION 
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1.1 Ruminant digestion of protein and contribution to dairy cattle production 

Recognition of protein supply and requirements of ruminants originated early last century 

(Forbes, 1924). Dairy cattle diets require sufficient protein and other nutrients to support 

lactation (including synthesis of milk components), while maintaining rumen health and 

efficiency of fermentative digestion. During lactation, dietary protein requirements vary 

and are influenced by changes associated with milk production, feed intake, body 

condition, and pregnancy (Jacobs, 2002).  

1.1.1 Metabolisable protein 

Lactating dairy cattle have high metabolisable protein (MP) requirements to satisfy amino 

acid (AA) demand during milk protein synthesis. Metabolisable protein originates from 

ruminal undegradable protein (RUP), ruminal synthesised microbial crude protein (MCP) 

and endogenous CP (NRC, 2001). Metabolisable protein consists of post-ruminal 

digested true protein and intestinally absorbed AA for protein synthesis, which is 

fundamental for metabolism, maintenance, growth, reproduction, and lactation. Feed 

evaluation systems used to estimate MP supply are summarised in Table 1.1. With 

continual variation in livestock feed prices, intestinally absorbed protein or AA are 

considered valuable indices to select between livestock feeds with different protein 

qualities (Paz et al., 2014). Given these requirements are interdependent on fermentable 

energy sources, additional systems considering such interrelationships were developed. 

Dissimilarities and limitations of each model have been reviewed elsewhere (Siddons et 

al., 1982; INRA, 1989b; Schwab et al., 2003; Martineau et al., 2013; Tedeschi et al., 

2015). Although established with limited data, the French Protéines vraies réellement 

Digestibles dans l'Intestin grêle “Protein digested in the intestine”, Cornell Net 

Carbohydrate and Protein System (CNCPS), Dutch ‘truly digested protein in the small 

intestine (SI)’/ ‘degraded protein balance’, and National Research Council (NRC)-2001 

models were reported as sensitive; although, Martineau et al. (2013) reported that the 

NRC-2001 model underestimated MP supply. Given existing computer models to 

formulate protein requirements approximate some variables, values are accepted as 

estimates.  
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Table 1.1 Feed evaluation systems to estimate metabolisable protein supply in 
ruminants.  

 
Characteristic Name Country Reference 

Protein Absorbable protein in the intestine  Switzerland Bickel and Landis 
(1987)  

 Metabolisable protein Hungary Varhegyi et al. 
(1998) 

 Rumen degradable protein 
Undegradable protein 

UK ARC (1980); (ARC, 
1984) 

Protein and 
energy 

Metabolisable protein  UK AFRC (1992, 1993) 

  USA NRC (1996) 

 Absorbed protein model  NRC (1985) 

 NRC-2001 Model   NRC (2001) 

 Cornell Net Carbohydrate and Protein System  Sniffen et al. (1992); 
Licitra et al. (1996); 
Fox et al. (2000); 
Higgs et al. (2015) 

 Amino acids absorbed from the small intestine/ 
protein balance in the rumen 

Nordic countries 
(Denmark, 
Norway, Finland, 
Sweden, Iceland) 

Madsen (1985) 

 Nordisk Kontaktorgan for Jordbrugsforskning - 
Nordikse Jordbrugsforskeres Forming  

 NKJ-NJF (1985) 

 NorFor   Volden (2011) 

 Apparently digestible protein leaving the stomach 
(ADPLS)  

Australia Corbett et al. (1987) 

 Commonwealth Scientific and Industrial Research 
Organisation model 

 CSIRO (1990, 2007) 

 Dutch ‘truly digested protein in the small 
intestine’/ ‘degraded protein balance’  

Belgium.  
The Netherlands 

Tamminga et al. 
(1994); Van 
Duinkerken et al. 
(2011) 

 Protéines vraies réellement Digestibles dans 
l'Intestin grêle “Protein digested in the intestine” 
(PDI) 

France INRA (1978, 1989a, 
2007) 

 Adapted from PDI Italy Susmel and Piva 
(1987) 

1.1.2 Rumen-degradable and undegradable protein  

Feed protein value for ruminants inversely relates to the degree of protein degradation in 

the rumen (Chalmers & Synge, 1954). Nitrogen from dietary rumen-degradable protein 

(RDP) and low molecular weight non-protein N (NPN) compounds for instance peptides, 

free AA, nucleic acids, amides, amines, and ammonia, are utilised for the synthesis of 

microbial protein, to form MP and AA for intestinal absorption (Tylutki et al., 2008). 

Protein synthesis by rumen microbes is dependent on growth rates, and thus, ruminal 
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availability of fermentable energy sources. Accordingly, diets with adequate RDP and 

relatively high-energy produce high yields of MCP. Deficiency of dietary RDP (or NPN) 

suppresses microbial activity, thereby reducing carbohydrate digestion and microbial 

yield. This ultimately decreases feed intake, resulting in poor animal performance. Excess 

RDP contributes to loss of N as urea (Nair et al., 2016).  

Dietary RUP evades fermentation in the rumen to supply metabolisable protein and 

absorbable AA to the SI for lactation and growth. Proportions of RDP and RUP vary 

among feeds; characteristically, feeds with increased moisture and protein have high 

RDP, for example, legume silages; while processed feeds have comparatively high RUP, 

particularly those that are dried (NRC, 2001). A classification system developed by 

Jacobs (2002) to define RDP and RUP capacity of livestock feeds is presented in Table 

1.2. To increase ruminant production, ample RDP is crucial for optimum microbial 

efficiency, while adequate RUP is required to optimise post-ruminal protein and AA 

absorption (NRC, 2001). 

Table 1.2 A classification system by Jacobs (2002) of rumen undegradable protein (RUP) 
and degradable protein (RDP) capacity of feedstocks. 

 
Classification RUP 

(% of CP) 
RDP 

(% of CP) 
High > 69 < 31 
Good 50 – 69 31 – 50 

Moderate 30 – 49 51 – 70 
Poor 10 – 29 71 – 90 

 

1.2 Utilisation of rumen undegradable protein supplements in dairy cattle 

production 

Global demand for animal-derived protein is projected to double by 2050 (FAO, 2017), 

in turn increasing requirements for more animal feed. To meet increased demand for dairy 

products, strategies include dietary modifications such as RUP supplementation to 

increase milk production without expanding animal populations (Hongerholt & Muller, 

1998; Paz et al., 2014). Considering MCP can sustain < 12 L of milk production per cow, 

achieving larger volumes requires RUP supplementation to meet additional protein 

demand. The NRC (1989) recommended the diets of high-producing dairy cows (35–40 

kg of milk per cow per d) in early lactation should contain 16–18 %CP on a DM basis, 
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with RUP constituting 37–38% of the total protein (NRC, 1989). Milk yield increases 

linearly at the rate of 1.85 kg for each percentage unit increase in RUP (NRC, 2001). 

Kalscheur et al. (1999) reported production of milk and fat-corrected milk increased 

linearly as RUP in the diet increased in early- (weeks 4–14 postpartum), but not in mid- 

(weeks 19–29), or late- (weeks 34–44) lactation Holstein cows. The inclusion of high-

RUP sources in high-producing dairy cattle diets is proposed to accelerate the flow of 

essential AA (EAA) to the SI for lactation (Baker et al., 1995; Wright et al., 1998). 

Accurate estimation of RUP-AA is necessary to meet, yet not exceed animal 

requirements. All 20 AA are necessary for milk protein synthesis, and at any one time, 

multiple AA can be rate limiting (Bequette & Nelson, 2006). Santos (2011) reported dairy 

cattle milk yield was higher in 22 of 127 lactation trials replacing soybean meal with high-

RUP sources. In those cases where there was minimal response to high-RUP it was 

attributed to reduced ruminal microbial synthesis, poor RUP-EAA, low digestibility of 

RUP-EAA in the SI, and sufficient high-RUP in control diets. Moate et al. (1999) reported 

RUP inclusion costs to surpass profits from increased milk production; however, cost-

effectiveness and availability of high-RUP oilseed meals and supplements have improved 

(Woodroofe & Cockbill, 2000; Mason, 2002; Purser & Woodroofe, 2004; Gozho et al., 

2009). 

1.3 Estimation of protein digestibility of feedstock 

To predict ruminal, intestinal and whole tract digestibility of protein in livestock feeds, a 

comprehensive range of in vivo, in situ and in vitro techniques are used, as detailed in 

Table 1.3. 

1.3.1 In vivo 

The in vivo procedure to estimate RUP in feedstock is considered the most reliable as it 

represents actual animal response (Mathis et al., 2001; Lopez, 2005). The procedure 

involves measurement of digesta flow and separation of microbial, endogenous and 

dietary protein in surgically cannulated animals. Due to cost, labour, and time constraints 

in vivo trials are considered inappropriate for routine analysis of large numbers of samples 

or small sample sizes. Sources of error include the use of flow rate markers, inherent 

animal variation, differences in diet formulation between studies, the frequency of 
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feeding, the variation of nutritional quality between batches of feed (Stern et al., 1997) 

and inter-laboratory procedural differences (Madsen & Hvelplund, 1994). 

1.3.2 In situ  

In situ procedures to estimate protein degradability of feed use the natural digestive 

processes of a living animal. The most commonly used procedure involves suspension of 

bags (polyester, nylon) containing the feedstuff(s) in the rumen of a cannulated animal 

then quantifying N disappearance at various time intervals (Ørskov et al., 1980; Setaelae, 

1983; Hvelplund, 1985; Lindberg, 1985; Nocek, 1988; Michalet-Doreau & Ould-Bah, 

1992; Huntington & Givens, 1995; Broderick & Cochran, 2000; Nozie`re & Michalet-

Doreau, 2000). In situ methods offer similar constraints to in vivo and generate values 

with high variability (Michalet-Doreau & Ould-Bah, 1992). In situ differences between 

laboratories can be very large and thus unacceptable (Givens et al., 2000). Additional 

sources of inconsistency and inaccuracy include the method of bag placement, sample 

particle size, bag material porosity, and loss of particles during washing (Stern et al., 

1983; Graham et al., 1985; Lindberg, 1985; Nocek, 1988; Michalet-Doreau & Ould-Bah, 

1992; Bornholdt et al., 1994; Dewhurst et al., 1995; Herold et al., 1996). In situ 

procedures omit protein in feed particles exiting the rumen with digesta flow (Stern et al., 

1997). To improve reproducibility and reduce error between studies standardisation of 

procedures is recommended (Madsen & Hvelplund, 1994; Givens et al., 2000). 

1.3.3 In vitro  

Established in vitro techniques to estimate ruminal protein degradation of feeds include 

measurement of protein solubilised in buffer (Pichard & Van Soest, 1977), ammonia 

production after a set digestion period in ruminal fluid (Ashes et al., 1979; Susmel et al., 

1993; Corrigan et al., 2009), residual protein following digestion in ruminal fluid (Susmel 

et al., 1993), ruminal fluid diluted in buffer (Goering & Van Soest, 1970; Crawford et al., 

1978; Raab et al., 1983; Ross et al., 2013), or cell-free enzymes (Krishnamoorthy et al., 

1983; Aufrère & Cartailler, 1988; Roe et al., 1990; Aufrère et al., 1991; Assoumani et al., 

1992; Cone et al., 1996; Licitra et al., 1998; Coblentz et al., 1999; Licitra et al., 1999; 

Mathis et al., 2001; Chumpawadee et al., 2005; Edmunds et al., 2012).  
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Table 1.3 In vivo, in vitro, and in situ procedures to estimate degradation of feed protein 
in ruminants. Adapted from Nocek (1988) and Lopez (2005). 

 Type Description  Reference 
Ruminal In vivo  Measure digesta flow and separation of microbial, 

endogenous and dietary protein in cannulated animal 
 Stern & Satter (1982) 

 In situ Feedstock in bag suspended a rumen cannulated 
animal 

 Ørskov et al. (1980) 

 In vitro Incubation in ruminal fluid  
• Kinetics of ammonia production after 

incubation in ruminal fluid: the inhibitor in 
vitro method 

• Kinetics of ammonia and gas production 
after incubation in ruminal fluid � 

Use of microbial markers  
Cell-free enzymes 

Nitrogen loss after incubation in cell-free 
enzymes (proteases) ��

Nitrogen solubility � 

  
Broderick (1987) 
 
Raab et al. (1983) 
 
 
Krishnamoorthy et 
al. (1983); Aufrère 
et al. (1991); Hristov 
& Broderick (1994); 
Ranilla et al. (2001)  
Krishnamoorthy et 
al. (1982); Nocek 
(1988); Sniffen et al. 
(1992); Licitra et al. 
(1996); White & 
Ashes (1999)  

Intestinal 
(post-
ruminal) 

In vivo Animals surgically prepared with cannula in the 
proximal duodenum and terminal ileum 

 Ørskov & McDonald 
(1979) 

 In situ Mobile-bag technique. Feed or rumen residues 
incubated in abomasum or proximal duodenum, then 
collected from ileum or faeces  

 Hvelplund (1985) 

 In vitro Ruminal fluid substrate disappearance  
• Three-step in situ and in vitro procedure. 

Incubation of ruminal fluid residue in HCl-
pepsin 1 h + incubation in NaOH-pancreatin 
pepsin 24 h 

Cell-free enzymes 
• Incubation in HCl-pepsin 1 h + incubation 

in NaOH-pancreatin pepsin 24 h 

 Calsamiglia & Stern 
(1995) 
McNiven et al. 
(2002) 

Total tract In vivo Measure digesta flow and separation of microbial, 
endogenous and dietary protein in cannulated animal 

 Stern & Satter (1982) 

 In situ Feedstock in bag suspended in rumen of cannulated 
animal, simulated abomasal digestion, bags	inserted	
into	a	duodenal	cannulae, and	collected	from	
faeces 

 Meyer et al. (2012) 

 In vitro Ruminal fluid substrate disappearance  
• Incubation in ruminal fluid 48 h + 

incubation in HCl pepsin 48 h 
• Incubation in rumen fluid 48 h + extraction 

in neutral detergent 
 

  
Tilley & Terry 
(1963) 
 
Goering & Van Soest 
(1970)  
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1.3.3.1 Nitrogen solubility  

Use of protein solubility as a measure of ruminal availability was founded when 

Henderickx & Martin (1963) observed a linear correlation of N solubility in 10% 

Burroughs’ buffer with in vitro ammonia production in ruminal fluid. Nitrogen solubility 

of a feedstuff is determined utilising solvents including: distilled and hot water (Little et 

al., 1963; Ling & Buttery, 1978; Waldo & Goering, 1979; Poos-Floyd et al., 1985; 

Dudley-Cash, 1999), bicarbonate-phosphate buffer (Poos-Floyd et al., 1985), borate-

phosphate buffer (Krishnamoorthy et al., 1982; Cone et al., 1996; Licitra et al., 1996), 

70% ethanol (Sprague & Breneman, 1969), 0.2% (Goh et al., 1980; Anderson-Hafermann 

et al., 1993) and 0.5% KOH (Jensen et al., 1995; Pastuszewska et al., 1998; Pastuszewska 

et al., 2003) sodium borate (Lee & Garlich, 1992), NaCl (Crooker et al., 1978; Poos-Floyd 

et al., 1985), 0.02 N NaOH (Craig & Broderick), McDougall’s artificial saliva (Wohlt et 

al., 1973; Crooker et al., 1978), Burroughs’ mineral mixes (Wohlt et al., 1973; Crooker 

et al., 1978; Poos-Floyd et al., 1985), and autoclaved ruminal fluid (Waldo & Goering, 

1979). The solubility of protein is influenced by pH, time, temperature, chemical 

composition, and ionic strength (Waldo & Goering, 1979). Variances between 

laboratories may include extraction times, the degree of agitation, particle size and the 

ratio of solvent to feed (Wohlt et al., 1973). Although research implies a positive 

correlation between buffer solubility and in vivo ruminal digestibility (Crawford et al., 

1978; Madsen & Hvelplund, 1985), or in situ estimated protein degradability (Madsen & 

Hvelplund, 1985), a poor association was shown in situ (Stern & Satter, 1984) and in vivo 

(Madsen & Hvelplund, 1985). A lack of correlation was attributed to potential microbial 

contamination of undigested residue (Madsen & Hvelplund, 1985), the variability of 

protein fraction degradability within feed types (Mahadevan et al., 1980; Nocek, 1988), 

and greater influence of protein configuration and structure on ruminal degradability than 

solubility (Wallace & Kopecny, 1983).  

To characterise ruminal degradability (Sniffen et al., 1992) developed the CNCPS model 

which uses buffers and solvents (Krishnamoorthy et al., 1982; Nocek, 1988; Sniffen et 

al., 1992; Van Soest, 1994; Licitra et al., 1996) to partition feeds into fractions of varying 

solubility, as detailed in Figure 1.1.  
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Figure 1.1 Protein fractionation according to the Cornell Net Carbohydrate and Protein 
System (CNCPS). Adapted from the NRC (2001) Feeds are partitioned into protein 
fractions based on characteristics of degradability according to the CNCPS as described 
by Sniffen et al. (1992) and Reis et al. (2010) Fraction A (instantaneously solubilised 
NPN (% of CP), may contain low molecular weight N compounds for instance peptides, 
amides, nitrate, NH3, free AA, nucleic acids, and oligopeptides); Fraction B is degradable 
protein comprising of Fraction B1 (soluble protein %CP, rapidly soluble in the rumen), 
Fraction B2 (intermediately degradable, calculated as total CP – (A + B1 + B3 + C), and, 
Fraction B3 (slowly degraded in the rumen, may contain cell wall associated protein, 
calculated as neutral detergent insoluble CP in neutral detergent fibre (NDF) minus acid 
detergent insoluble CP in acid detergent fibre (ADF)); and, Fraction C (ADICP, 
undegradable protein, may contain unavailable proteins associated with lignin and 
tannins, protein resistant to microbial and mammalian enzymes, and proteins affected by 
heat damage).  

Neutral detergent insoluble CP (NDICP) is cell wall associated CP that is insoluble in 

neutral detergent solution. NDICP is slowly degraded in the rumen and mostly escapes 

digestion in the SI depending on passage rate (Sniffen et al., 1992). Acid-detergent 

insoluble CP (ADICP, Fraction C) is within the ADF residue and includes proteins 

associated with tannin and lignin, the Maillard reaction, and heat-damage (Licitra et al., 

1996). The ADICP content is biologically unavailable due to high resistance to microbial 

and mammalian enzymes (Sniffen et al., 1992), and thus is considered as an indicator of 

protein damage from processing (Mustafa et al., 2000). Levels of ADICP exceeding 10% 

require feed CP to be adjusted accordingly (Van Soest, 1994). 

1.3.3.2 Ammonia nitrogen release  

Other in vitro techniques to estimate ruminal protein degradation involve measurement 

of ammonia production after a set digestion period in ruminal fluid (Britton et al., 1978; 

Ashes et al., 1979; Chamberlain & Thomas, 1979; Raab et al., 1983; Broderick, 1987; 

TOTAL

BORATE 
BUFFER

SOL 
A

B1

INSOL

B2
B3
C

NEUTRAL
DETERGENT

SOL 
A

B1
B2

INSOL

B3
C

ACID 
DETERGENT

SOL 
A

B1
B2
B3

INSOL

C



 

 

 

27 

Herold et al., 1996; Corrigan et al., 2009). Limitations include underestimation of true 

degradability (Broderick, 1982), associated with background levels of ammonia produced 

by microbial protein degradation, and from microbial utilisation (Miller, 1982). In 

response, procedures were developed with hydrazine sulfate and chloramphenicol to 

inhibit protein synthesis and AA deamination by ruminal microbes (Broderick, 1987). 

Broderick et al. (1988) reported differences in the extent of degradation relative to in situ 

values; however, feeds were ranked similarly.  

1.3.3.3 Ruminal fluid  

An alternative laboratory procedure incubates feedstuff in ruminal fluid (Susmel et al., 

1993) or ruminal fluid diluted in buffer (Goering & Van Soest, 1970; Ross et al., 2013), 

and then estimates digestion gravimetrically by substrate disappearance; however, 

ruminal fluid procedures are limited by availability and longevity of media, are costly as 

requiring surgically prepared animals (for the supply of ruminal fluid), and are 

inconsistent due to animal and feed variations (Lopez, 2005).  

1.3.3.4 Enzymatic procedure 

Enzymatic techniques are independent of animal-associated variables experienced in situ 

and in vivo, eliminate variability in activity of ruminal fluid inoculum, and simplify 

analytical methodology (Nocek, 1988; Jones & Theodorou, 2000; Lopez, 2005). For 

reproducibility, feed manufacturers prefer the use of enzymatic methods to monitor 

digestibility and quality (Madsen et al., 1997). Variation of results among inter-laboratory 

in vitro procedures (Givens et al., 2000) highlight requirement for an accurate, consistent, 

as well as costly “same-day” method to estimate RUP in feeds. Various commercial 

proteolytic enzymes have been used to simulate ruminal digestion of feed, including 

bacterial pronase E from Streptomyces griseus (Pedersen & Eggum, 1981; 

Krishnamoorthy et al., 1983; Laycock et al., 1985; Poos-Floyd et al., 1985; Nocek, 1988; 

Kopecný et al., 1989; Aufrère et al., 1991; Assoumani et al., 1992; Susmel et al., 1993; 

Tomankova & Kopečný, 1995; Licitra et al., 1998; Licitra et al., 1999; Chumpawadee et 

al., 2005; Edmunds et al., 2013), plant papain (Poos-Floyd et al., 1985; Tomankova & 

Kopečný, 1995), ficin (Poos-Floyd et al., 1985; Lindquist et al., 1989), and bromelain 

(Poos-Floyd et al., 1985; Tomankova & Kopečný, 1995), neutral fungal protease (Poos-

Floyd et al., 1985), soil fungus fromase; and rennin (chymosin), alcalase, trypsin, and 
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trypsin with fromase (Kopecný et al., 1989). To prevent inhibition of enzyme activity 

adequate enzyme concentration to saturate the substrate is necessary. Although extraction 

was reported as arduous, a protease preparation from mixed ruminal microorganisms was 

found suitable for predicting feed protein degradation (Mahadevan et al., 1987).  

Several in vitro proteolytic methods, including the Streptomyces griseus protease (SGP) 

procedure, developed to estimate RUP in oilseed meal have shown strong correlation to 

results from in vivo (Krishnamoorthy et al., 1983) and in situ studies (Roe et al., 1990; 

Licitra et al., 1998; Licitra et al., 1999; Chumpawadee et al., 2005). While in vitro SGP 

procedures are practiced globally (DairyOne, 2014; CVAS, 2016), method refinement 

and standardisation are needed to improve reliability (Edmunds et al., 2012). 

Efforts to improve the correlation of the SGP procedure to in vivo and in situ values 

include modifications to sample weight, buffer pH, the enzyme to protein ratio, incubation 

time, incubation volume, and enzyme concentration (see Figure 1.2). Analysis of alternate 

RUP residue drying and collection conditions were performed; but have been limited to 

forage analysis. For example, Coblentz et al. (1999) oven dried (100oC) the RUP residues 

of forages then subsampled from the filter paper. Edmunds et al. (2012) adapted 

procedures of Licitra et al. (1996, 1998) by collecting residues of forages in filter bags 

and then freeze-drying to produce results in close agreement with in situ bag values from 

cows (r2 = 0.71). The effects of such modifications on in vitro SGP procedure 

performance in concentrate and byproducts are unknown. 

1.3.3.5 Alternative techniques for analysis of protein degradability  

Throughout processing, protein digestibility may be reduced by the formation of 

compounds that inhibit digestive enzymes or by the modification of the protein molecule, 

for example, blocking of active AA side-chains, or the formation of crosslinks (Mauron, 

1990). During the oil extraction process, the heat-damaged protein formed within the 

meal from the Maillard reaction is of particular concern for ruminant nutritionists, as it 

contributes to RUP levels without providing nutritional benefit (Ross et al., 2013). 

Traditionally, acid detergent insoluble N (ADIN) was utilised to monitor heat-damage 

protein; however, it is theorised ADIN analysis does not quantitatively account for all 

Maillard reaction products (MRPs) (Van Soest, 1989). Consequently, it is of interest to 

quantify the production of MRPs during processing of oilseed meals, and in particular 
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canola meal, utilising other established techniques, for instance, pH, UV/Vis absorbance 

(Ajandouz et al., 2001), colourimetry and gel-electrophoresis (Liu et al., 2014). 

 

 

Figure 1.2 A diagram of key modifications of the in vitro Streptomyces griseus protease 
enzymatic procedure for estimation of ruminal protein degradation in forage (F), 
concentrates (C), and by-products (BP).  

To monitor changes in ruminal degradability, economical, high-throughput and non-

invasive alternatives to in vivo, in situ and in vitro ruminal-fluid procedures have been 

established. For example, proteolytic assays, mathematical modelling (Lopez, 2005), near 

infrared reflectance spectroscopy (White & Ashes, 1999), and molecular spectroscopy 

(Samadi et al., 2013; Theodoridou & Yu, 2013; Yu, 2013; Peng et al., 2014). Peng et al. 

(2014) used attenuated total reflectance-Fourier transform infrared molecular 

spectroscopy (ATR-FTIR) to define correlations between the extent of ruminal 

degradability and molecular structure characteristics. Previously, the resistance of protein 
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structure to enzymatic degradation has been qualified by confocal laser scanning 

microscopy (CLSM) (Jha et al., 2015) and scanning electron microscopy (SEM) (Zhang 

et al., 2009; Jha et al., 2015). Interrelationships of protein hydrophobicity and enzyme-

attachment are well established; however, the effect of processing conditions on feedstock 

protein hydrophobicity and ruminal degradability are not well understood.  

1.4 Conclusion 

Due to economic reasons, there is considerable interest in increasing milk production per 

cow through dietary modifications such as RUP supplementation. Requirement of an 

accurate, standardised, costly “same-day” procedure to estimate RUP is fundamental for 

ongoing monitoring of feedstock protein quality. Further evaluation of alternate drying 

and collection methods on in vitro SGP procedure performance may yield improved 

correlation to in vivo and in situ values. Opportunity also exists to further develop non-

invasive methods to monitor RUP formation and ruminal degradability of protein in 

feedstock, in particular concentrates and byproducts.  
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Abstract 

 

 Growth in food consumption demand since 2005 has steadily driven increases in canola 

production. Crushing of canola yields valuable commodities including high-value meal traded 

worldwide as a protein source. Due to its balanced amino acid profile and high digestibility, 

canola meal is supplemented into dairy cattle feed to optimise milk protein synthesis and 

lactation output. This review provides an overview of canola meal, including production 

techniques, protein characteristics, methods to quantify protein quality and factors contributing 

to variation of rumen-undegradable protein content. To assist dairy industries to reduce N 

wastes, current understanding of dairy cattle lactation performance in response to dietary 

supplementation of canola meal is consolidated. The effects of processing conditions, levels of 

rumen-undegradable protein, and lactation response of canola meal relative to other protein 

sources are evaluated. Novel physical and chemical treatments developed to increase post-

ruminal supply of canola meal protein for animal utilisation are examined. 

 

Introduction  
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The name canola (Canadian oil, double-zero rapeseed) denotes oilseed plant varieties 

including Brassica napus, B. rapa (B. campestris), and B. juncea cultivated to produce oil with 

< 2% erucic acid and < 30 micromoles of glucosinolates per g oil-free meal. The seed of these 

Brassica spp. is small, round and 1-2 mm in diameter. Whole seeds contain approximately 

37.2-49.6% oil (at 6% moisture) and 21-23% protein (seed dwt). Canola is an economically 

significant oilseed crop grown by 63 countries worldwide (Nadathur et al., 2017). Since 2005, 

increases in food consumption have driven the growth of canola production (ABARES, 2015). 

In 2016, a total of 67.8 million tons of canola was produced globally. Major producers of canola 

seed include the European Union, Canada, China, India, and Japan (USDA, 2016). Seasonal 

conditions affect canola yield; for instance, production in drought years declined by 0.6 t/ha 

(ABARES, 2015). To extract seed oil and generate meal, solvent-based and mechanical 

processes exist (DPI, 2014). Following oil-extraction, the residual meal contains 33.3-43.7% 

crude protein, depending on the extraction method used (Seberry et al., 2014). Crushing of 

canola yields valuable commodities, including: oil for retail, food service, manufacturing, and 

renewable fuel industries; and meal traded worldwide as a protein source for aquaculture, 

poultry, porcine, beef and dairy cattle industries (Nadathur et al., 2009; Newkirk, 2017). Canola 

meal protein isolates show potential in human food applications (Nadathur et al., 2017). 

 

Processing of canola meal 

 

In 2016, 38.3 million tons of canola meal was produced globally (USDA, 2016). 

Solvent-extraction production stages include seed handling, cleaning, air aspiration (exit temp. 

approx. 52oC), conditioning (30-78oC, 30-40 min), flaking, cooking (75-120oC, optimum 

approx. 88°C, 15-40 min), expelling, solvent-extraction (50-60oC, 90 min), desolventiser-

toasting using steam-injection to remove solvent (95-160oC, 30-60 min), cooling, air-blowing, 

granulating, then pelleting or storage as mash (Newkirk et al., 2003a; AOF, 2007; Newkirk, 

2009). Crushing plants in cooler climates may pre-heat (approx. 35°C) stored seed entering the 

flaking unit with grain dryers to prevent seed shattering (Unger, 1990). During cooking, seed 

flakes pass through a series of steam heated drum or stack-type cookers to thermally rupture 

oil cells, reduce oil viscosity and encourage coalescence of oil droplets. Phospholipid material 

removed from the extracted crude oil, termed “gum”, can be added to the meal at 1-2% after 

desolventiser-toasting. The gum functions reduce dustiness of meal and increase metabolisable 

energy values for dairy cattle maintenance and milk production (NRC, 2001). 
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Expeller oil-extraction uses moderate temperatures (95-135oC) to generate meal with 

36.8% protein and 8-15% oil (Leming and Lember, 2005; AOF, 2007; Newkirk, 2009). 

Increasing rotation speed in a pilot-scale screw press (0-40 kg/h, 0-18.2 rpm) enhanced press 

capacity, and reduced passage time, extraction yield and energy consumption (Bogaert et al., 

2018). Screw press geometry was sectioned into functional categories of feed, compression, 

and mixing/relaxation. High pressure in the compression sections lead to oil-extraction and the 

formation of hard cake. In the mixing sections, press-cake became friable due to a drop of 

pressure to zero. Inside the screw press cage an oil reflux phenomenon occurs. Double-press 

expelling has lower capital costs than solvent-extraction and is commonly practiced by smaller 

refineries, biodiesel plants, or in regions with limited canola access. During cold-press oil-

extraction, seeds are mechanically pressed at low heat (£ 65oC) from frictional forces in the 

barrel (Leming and Lember, 2005; AOF, 2007). Extrusion involves passing seed through a set 

of dies under high-pressure heat with steam (Woodroofe and Cockbill, 2000). 

 

Supplementation of canola meal protein in feed 

 

The value of canola and rapeseed meal protein as a feed source has been investigated 

in vivo in broiler chickens (Newkirk et al., 2003a; Toghyani et al., 2015), lamb (Stanford et al., 

1995), steers (Moshtaghi Nia and Ingalls, 1992), swine (Seneviratne et al., 2011), horses, 

aquaculture, beef and dairy cattle (as reviewed by Newkirk (2009)). Canola meal contains 

adequate protein concentrations and an AA profile suitable for ruminants (Brito and Broderick, 

2007). Martineau et al. (2013) reviewed the milk yield responses of dairy cattle to dietary 

inclusion of canola meal. Broadening existing knowledge of the effect of canola meal’s protein 

composition on dairy cattle milk production may assist dairy industries to reduce N wastes 

without compromising animal production. 

 

Protein characteristics of canola meal 

 

Trading standards to define the price of canola meal include percent protein, oil, 

moisture, fibre, glucosinolates, and contaminants (AOF, 2014; COPA, 2016). The protein 

content of canola meals vary with seasonal conditions, harvest year, and rainfall, and, inversely 

relate to oil levels (Si et al., 2003). Literature analysis revealed broad ranges of crude protein 

(CP, 32.9-45.9% dry matter (DM)), intestinal CP digestibility (71.6-77.4%), and total CP 
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digestibility (85.1-90.8%) in canola meals (see Table 1). Inconsistent CP content (34.8-45.9% 

at 10% moisture in oil-free meal) in Australian canola meal was associated with agronomic 

and processing technique variations (DPI, 2014). 

 

Solubility and fractionation  

Almost 90% of the proteins in canola are storage proteins, including 60% cruciferin 

(11S globulin) and 20% napin (1.7-2S albumin) and non-storage proteins, incorporating oil 

body proteins (caleosin, oleosin, and steroleosin), trypsin inhibitors, and lipid transfer proteins 

(Wanasundara, 2011). Literature analysis revealed soluble CP content in rapeseed and canola 

meal range from 24.6-34.8%, and Cornell Net Carbohydrate and Protein System fractions 

(%CP) in order of abundance, range from: intermediately degradable (B2, 34.4-61.8); rapidly 

degradable (B1, 7.54-34.1); non-protein N (A, 4.93-27.2); slowly degradable (B3, 0.80-20.9); 

and, undegradable (C, 3.32-13.7), see Table 2. In situ protein degradation parameters (%CP) 

Ørskov et al. (1980) indicate canola meal consists more so of potentially degradable CP (B, 

62.4-83.0) than rapidly degradable CP (A, 11.8-29.0) and undegradable CP (C, 1.50-14.6). 

 

Rumen degradable and undegradable protein 

Analysis of feed library data shows in vitro rumen degradable protein (RDP) and 

rumen-undegradable protein (RUP) content of canola meal ranged from 38.9-61.3 %CP and 

38.7-61.1 %CP (n = 391) (DairyOne, 2016), respectively. Literature analysis found the RUP 

content of canola meal varied broadly from 10.1-75.0 %CP (NRC, 2001; Purser and 

Woodroofe, 2004). In vitro RUP content of canola meal samples (n = 144) collected between 

2011-2014 from 12 Canadian (solvent-extraction (n = 11) and expeller (n = 1)) plants varied 

from 43-51% (Broderick et al., 2016). In situ RUP content of canola meal from seven Canadian 

processing plants ranged from 31.0-53.8 %CP (Jayasinghe et al., 2014). Paz et al. (2014) noted 

RUP of canola meal was lower in situ (24.3 %CP) than when measured in vitro by ammonia 

release (27.1-37.1 %CP). Ruminal degradability of canola and rapeseed meal protein has been 

evaluated in situ utilising steers (McKinnon et al., 1995; Homolka et al., 2007), non-lactating 

(Theodoridou and Yu, 2013a, b) and lactating dairy cattle (Johansson and Nadeau, 2006; 

Stockdale, 2008; Hristov et al., 2011). Comparisons between studies are challenged by inherent 

animal variation, differences in experimental design, feeding strategy and material. 

 

Monitoring of protein quality for ruminants 
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The protein content of canola meal is generally quantified by titration (AOAC, 2005a), 

N combustion (AOAC, 2005b) and near-infrared spectroscopy (AOF, 2008). To evaluate 

protein quality of rapeseed meal protein solubility in 0.2% (Anderson-Hafermann et al., 1993) 

and 0.5% KOH (Pastuszewska et al., 1998) have been used. Pastuszewska et al. (1998) reported 

strong correlation (r = 0.95) between 0.5% KOH solubility and available lysine, to develop a 

predictor of over-processing of oilseed meal. Using molecular spectroscopy correlation 

between changes in the protein structure of press-cake, extruded, and solvent-extracted canola 

meal with ruminal degradability in dairy cattle have been reported (Theodoridou and Yu, 

2013a; Peng et al., 2014). Amide II area and β-sheet height were found to be good predictors 

of digestible protein contents (Peng et al., 2014); and, the ratio of amide I to II positively 

correlated (R = 0.99, p < 0.01) with the immediately solubilised protein (A) and with slowly 

ruminally degraded protein (B3) (Theodoridou and Yu, 2013a). Studies of canola seed (Samadi 

et al., 2013), and tissue (Yu, 2013) characterised changes in molecular protein structure from 

dry heat and moist heat pressure treatments (MHP). Samadi et al. (2013) reported dry heating 

(120°C, 1 h) or MHP treatment (120oC, 1 h) of canola seeds increased (p < 0.0001) and 

decreased (p < 0.0001) the ratio of α-helix to β-sheet, respectively. The microscopic structure 

of solvent-extraction rapeseed meal was characterised by Yiu et al. (1983). 

 

Factors Contributing to Variation of Ruminal Undegradable Protein in Canola Meal 

 

Species 

In Canada and Australia, harvested canola (B. spp. napus, rapa, and juncea) seed is 

pooled to form heterogeneous lots (of species and cultivar) for trade and meal production 

(AOF, 2014; CCC, 2015). Theodoridou and Yu (2013b) observed a variance of RUP between 

solvent-extraction meals of B. napus (black and brown) and B. juncea (yellow), noting 

differences in meal starch, polysaccharide, cellulose, neutral detergent fiber, and lignin content. 

Although hundreds of canola cultivars are grown globally (AOF, 2015), limited knowledge 

exists of the ruminal protein digestibility within germplasm and resultant meals. 

 

Oil-extraction technique 

Deacon et al. (1988) proposed heat during expeller and solvent-extraction, unlike cold-

press, induced the formation of insoluble peptide chain and carbohydrate complexes, 

which contribute to greater RUP in these meals. During solvent-extraction, desolventiser-

toasting associated heat reduces the availability of digestible protein and AA (van Barneveld, 
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1998) and induces Maillard browning reactions (Newkirk et al., 2003a). Mustafa et al. (2000) 

reported stages prior to solvent oil-extraction had minimal effect on canola meal in vitro CP 

digestibility (IVCPD); where expelling increased CP and reduced IVCPD relative to initial 

seed and desolventiser-toasting decreased CP solubility and IVCPD compared to the prior 

solvent-extraction meal. Cooking of canola meal (90oC, 20-30 min) reduced digestible CP, 

and desolventiser-toasting decreased the uniformity, quality and digestible AA content 

(Newkirk et al., 2003a; 2003b). Broderick et al. (2016) reported in vitro RUP content of 

Canadian canola meal did not vary between 2011-2014 harvests; however, ranged by 8% 

among an expeller and 11 solvent-extraction plants. The CCC (2015) noted the effects of 

friction-associated heat (£ 160oC) during expelling can be minimised by low moisture content 

and short duration to retain protein quality; and, delayed cooling after extraction may affect 

protein quality. A low barrel temperature (53°C) was shown to affect the digestible nutrients 

of cold-press canola cake (Seneviratne et al., 2011), while, moderate expeller barrel 

temperatures (90-100oC) adversely effected ileal AA digestibility in broiler chicks (Toghyani 

et al., 2015). Deacon et al. (1988) reported extrusion of canola seed had nil effect on RUP or 

total tract CP disappearance and noted responses were subjective to proportions of albumins, 

globulins, and other proteins. Santos et al. (2012) later found extrusion of canola seed increased 

(p < 0.05) protein availability in the small intestine of ruminants relative to control seed.  

 

Approaches to increase post-ruminal protein 

Physical treatments function to protect dietary protein from ruminal degradation, and 

include micronization, microwave irradiation, dry heat, moist heat with or without pressure, 

and coating with resistant materials, for example, whey protein, and casein. Micronization 

applies infrared light to expose feeds to rapid surface and internal heating. Wang et al. (1997) 

reported micronization of canola meal reduced (p < 0.01) ruminal CP degradability. Microwave 

irradiation (4 min, 800W) of canola meal reduced (p < 0.001) in sacco ruminal degradation of 

CP, and increased resistance of cruciferin and napin subunits to ruminal degradation (Sadeghi 

and Shawrang, 2007). 

Dry heating of oilseeds denatures the protein matrix surrounding fat droplets, to protect 

dietary fatty acids from biohydrogenation by ruminal bacteria (Kennelly, 1996). Prolonged 

forced-air oven heat (110oC, 2 h) reduced (p < 0.05) protein degradability of canola meal (Mir 

et al., 1984). Short to moderate term dry heat (125oC, 10-30 min) reduced (p < 0.01) ruminal 

degradation of CP in canola meal without increasing indigestible protein (McKinnon et al., 
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1995). However, ruminal degraded protein content was similar when heifers were fed dry heat 

treatment high-RUP canola meal (55 %CP) relative to cold-press canola cake from biodiesel 

oil-extraction (Gozho et al., 2009). 

Moist heat pressure treatment (117 kPa 127oC, 15 min) decreased (p < 0.01) ruminal 

degradability and increased (p < 0.01) intestinal availability of canola meal protein relative to 

untreated meal (Moshtaghi Nia and Ingalls, 1992) and increased (p < 0.01) RUP-AA for small 

intestine digestion (Moshtaghi Nia and Ingalls, 1995). A cooker-extruder process of heat, 

pressure and shear force with carbohydrate addition increased canola meal RUP from 8 to 

50 %CP and was patented (Woodroofe and Cockbill, 2000). 

To increase RUP content in livestock feeds chemical treatments function to combine 

with or denature protein structure. Formaldehyde treatment reduces rumen degradability of 

oilseed meal by forming reversible cross-linkages with AAs and amide groups of protein. 

Acidic conditions of the abomasum may break linkages; however, formation of irreversible 

linkages may provide resistance to enzymatic digestion. Formaldehyde treatment (8 g/kg CP) 

of canola meal decreased (p < 0.05) protein degradability from 42.8 to 19.8% (Mir et al., 1984); 

and, formaldehyde treatment (15 g/kg meal) of canola meal reduced (p < 0.05) in situ ruminal 

protein degradability from 65.5 to 22.2% (Ha and Kennelly, 1984).  

Structural changes induced by acid treatment of canola meal can reduce susceptibility 

to intestinal enzymes and improve post-ruminal resistance. Spraying canola meal with glacial 

acetic acid (17.5 M/L), formic acid (19.5 M/L), or propionic acid (13.4 M/L) at either 2.5 or 

5% (v/w) followed by drying (105oC, 20 h), decreased (p < 0.05) CP solubility and ruminal 

degradability, with no adverse effect on true intestinal digestibility of RUP (Khorasani et al., 

1989). In comparison, spraying canola meal with formic acid or soaking with acetic acid (30 

mL/kg DM, air dry 3 h) did not affect CP digestibility (McKinnon et al., 1991). Subsequently, 

McKinnon et al. proposed acid and heat were required to decrease ruminal CP degradability. 

Alkali treatment (50% NaOH, 30 g/kg CP) of canola meal reduced (p < 0.05) ruminal 

protein degradation without negatively impacting true protein digestibility (Mir et al., 1984). 

Lignosulfonate (7%) then heat (95oC, 1 h) treatment of canola meal increased in vitro RUP 

from 30.9 to 63.3 %CP (Stanford et al., 1995); and, lignosulfonate then moist heat treatment 

canola meal increased in situ ruminal bypass protein from 32 to 70-79 %CP, with no adverse 

effect on intestinal digestibility (Mason, 2002). 

 

Dairy cattle lactation performance in response to canola meal supplementation 
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Comparisons with other feed sources 

Milk yield was indifferent when canola meal replaced soybean meal (Brito and 

Broderick, 2007; Jayasinghe et al., 2014), dried distillers grains with solubles (Jacobs, 2002), 

cottonseed meal (Sánchez and Claypool, 1983) and wheat-based dried distillers grains with 

solubles (Chibisa et al., 2012). The inclusion of rapeseed meal in cows fed grass silage-based 

diets increased (p < 0.001) milk yield by 3.1 kg/d relative to Fava bean (Puhakka et al., 2016). 

Replacing solvent-extraction soybean meal with solvent-extraction rapeseed meal in corn 

silage, alfalfa-based cattle diets increased (p < 0.05) milk yield by 1.1 kg/d (Broderick et al., 

2015). Supplementation with expeller rapeseed meal in cows fed clover-grass based diets 

increased (p < 0.01) energy-corrected milk yield by 2.1 kg/d relative to expeller soybean meal 

(Rinne et al., 2015). A meta-analysis by Martineau et al. (2013) of 49 isonitrogenous 

experiments substituting canola meal for other feed sources, for example, soybean meal, corn 

gluten meal, and cottonseed meal found canola meal increased lactation output by dairy cattle. 

Martineau et al. concluded inclusion of canola meal in dairy cattle diets could fulfil RDP and 

RUP needs, to in turn increase milk production. Huhtanen et al. (2011) partly related improved 

performance with the inclusion of canola meal to enhanced energy rather than protein. 

 

Impact of oil-extraction technique  

Studies report dietary inclusion of canola meal from different processing techniques 

can alter milk output in high-producing dairy cattle. For instance, replacement of solvent-

extraction canola meal with mechanical extraction canola or rapeseed meal, decreased (p < 

0.05) milk production by 2.2 and 2.1 kg/d, respectively (Hristov et al., 2011). Dietary inclusion 

of cold-press rapeseed meal increased (p < 0.05) milk yield by 3 kg/d relative to a protein 

supplement (Johansson and Nadeau, 2006). Milk yield by dairy cows was indifferent after 

dietary inclusion of extruded canola seeds (Neves et al., 2009), suggesting response in milk 

yield are due to protein and not energy.  

 

Contribution of rumen-undegradable protein 

Improved milk yield with canola meal supplementation has been attributed to the RUP-

AA profile of canola meal being complementary to microbial protein (Brito and Broderick, 

2007), as well as increasing metabolisable protein supply including essential AA, particularly 

histidine, lysine and methionine (Broderick and Colombini, 2010). However, Broderick and 

Faciola (2014) found milk yield by dairy cows was indifferent after dietary inclusion of 
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rapeseed meal with rumen-protected methionine and lysine, suggesting that increased supply 

of these particular AA does not fully explain the milk yield response. In addition, it appears 

that the RUP content of canola meal also does not necessarily impact milk yield response, as 

Purser and Woodroofe (2004) found milk yield by high-producing dairy cows was similar after 

long-term dietary inclusion of low-RUP (10.1 %CP) and high-RUP (70.0 %CP) canola meal.  

 

Impact of physical and chemical treatments  

A meta-analysis of 292 treatment means from 122 studies found the dietary inclusion 

of canola meal (3.49 kg/d) or heat-treatment canola meal (3.79 kg/d) produced larger (p < 0.01) 

daily milk yield responses than soybean meal (2.19 kg/d) (Huhtanen et al., 2011). Dietary 

inclusion of dry heat treatment (125oC, 20 min) canola meal increased (p < 0.05) milk yield in 

primiparous cows (Jones et al., 2001). Dietary inclusion of mechanically extracted heat-

pressure treatment or mechanically extracted canola meal pellets, increased (p < 0.05) dairy 

cattle production (34.0 and 33.3 kg milk/d, respectively) relative to a control supplement (30.5 

kg milk/d), and was related to improved use of metabolisable energy (Stockdale, 2008).  

Milk yields by dairy cattle were indifferent with dietary inclusion of solvent-extraction 

canola meal treated with (35.3 kg/d) or without (34.8 kg/d) MHP (hydrothermal cooking, 2% 

H20, 100oC, 120 min) (Wright et al., 2005). Likewise, Paula et al. (2018) found milk yield by 

dairy cattle was similar with dietary inclusion of solvent-extraction canola meal with (41.3 

kg/d) or without MHP treatment then extrusion (40.5 kg/d). In contrast, Gidlund et al. (2015) 

found replacement of control meal with MHP treatment solvent-extracted canola meal 

increased (p < 0.05) milk yield by 2.3 kg/day. The inclusion of lignosulfonate-treatment canola 

meal in dairy cattle diets did not affect milk yield (Neves et al., 2009; Santos et al., 2012), and 

was attributed to reduced AA availability (Rae et al., 1983). While, addition of lignosulfonate 

MHP canola meal in dairy cow diets increased milk yield by 1.8 kg/d (Mason, 2002). 

 

Conclusion 

 

Protein content in canola meal may vary with harvest year, rainfall, seasonal, soil 

conditions, and agronomic and processing technique. Analysis revealed canola meal mostly 

consists of potentially and intermediately degradable protein fractions and varies broadly in 

RUP content. Factors contributing to the latter include differences in quantification methods, 

species, and oil-extraction plants. Roles of oil-extraction conditions, cultivar, geographical 

location, seasonal and soil conditions to the variability of RUP in canola meal require 
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evaluation. Dairy cattle lactation studies suggest the dietary inclusion of canola meal can 

outperform numerous other protein sources. Lactation output was increased relative to control 

meals by short-term dry heat treatment, and mechanical extraction with and without heat-

pressure. Opportunity exists to study the impact of oil-extraction technique, and physical and 

chemical treatments on dairy cattle lactation output. Specifically, to broaden knowledge of: the 

mechanism of moist heat pressure; effects of double-pressing, gumming, and expeller barrel 

dry heat temperature range on protein degradability; and, examination of the molecular and 

microscopic structure of canola meals produced by alternative oil-extraction techniques to 

identify characteristics which promote resistance to enzymatic degradation. To assist dairy 

industries to reduce N wastes, this review consolidates current understanding of the effects of 

canola meal’s protein composition on dairy cattle milk production and summarises advances 

in oil-extraction techniques and treatments to increase lactation output. 
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Table 1 Protein composition canola meal from published literature. 
  
Component* NRC† Jayasinghe‡ Chrenkova§ Maxin¶ Shannak# Xin & Yu** 

Crude protein (%DM) 37.8, 1.10 
(n = 230) 

- 36.7, 3.84 40.1 35.8 40.4 

Buffer soluble protein (%CP) - - 25.5, 0.87 25.3 - 34.8 
ADICP (%CP) 2.40, 0.70 

(n = 19) 
- - 7.7 - 1.34 

NDICP (%CP) 6.30, 2.50 
(n = 16) 

- - 16.7 - 6.91 

In situ RUP (%CP) 26.6 32.3-53.8 - 52.2 17.8-30.3 - 
Intestinal CP digestibility - 71.6-77.4 - - - - 
Total CP digestibility - 85.1-90.8 - - - - 
In situ effective degradability CP - - - 47.5 - - 

* CP = crude protein; DM = dry matter; ADICP = acid-detergent insoluble CP; NDICP = neutral-detergent insoluble CP; RUP = rumen-
undegradable protein. 
† Mechanically extracted. Conducted in lactating dairy cattle. Mean, SD (NRC, 2001). 
‡ Conducted in lactating dairy cattle. SE of the mean was 1.32 (n = 7) (Jayasinghe et al., 2014). 
§ Solvent extracted rapeseed meal. Conducted in cows. Mean of three biological determinations, SD (Chrenkova et al., 2014). 
¶ Solvent extracted canola meal. Conducted in Holstein dairy cattle. Mean, SD (Maxin et al., 2013). 
# Expeller rapeseed meal. Conducted in steers (Shannak et al., 2000). 
** Conducted in vitro (Xin and Yu, 2013). 
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Table 2 Protein fractions of canola meal from feed libraries and published literature, as determined by the Cornell Net Carbohydrate and Protein 

System (CNCPS) developed by Sniffen et al. (1992) and in situ Ørskov et al. (1980) protein degradation parameters. 

Component Protein fraction Maxin* NRC† Jayasinghe‡ Chrenkova§ Shannak¶ Xin & Yu# Ramirez-
Bribiesca** 

CNCPS (%CP)         
A Non-protein N - - - 6.6, 1.67 7.2 27.2 14.1-18.2 
B1 Rapidly degradable true protein, 

Soluble CP - A 
- - - 19.2, 1.03 34.1 7.54 20.9-21.8 

B2 Intermediately degradable true 
protein, 100-A+B1+B3+C 

- - - 60.4, 0.68 51.9 48.1 34.4-37.2 

B3 Slowly degradable�cell-wall 
associated true protein, NDIP – 

ADIP 

- - - 2.50, 0.19 0.80 13.8 
 

12.9-20.9 

C Indigestible bound protein, 
ADICP 

- - - 11.6, 1.59 5.90 3.32 6.07-13.7 

 Heat-damaged protein and 
nitrogen associated with lignin 

       

In situ         
A Rapidly degradable CP 12.9, 1.07 23.2, 5.80 

(n = 22) 
17.8-26.6 - - - - 

B Potential degradable�CP 80.1,2.91 70.4, 7.00 
(n = 22) 

62.4-79.9 - - - - 

C Undegradable�CP - 6.40, 5.40 
(n = 22) 

1.50-14.6 - - - - 

Kd Degradation rate of (%/h) of B 0.06, 0.01 10.4 4.00-9.70 - - - - 
* Solvent extracted canola meal. Conducted in Holstein dairy cattle. Mean, SD (Maxin et al., 2013).  
† Mechanically extracted. Conducted in lactating dairy cattle. Mean, SD (NRC, 2001).  
‡ Conducted in lactating dairy cattle. SE of the mean was 1.32 (n = 7) (Jayasinghe et al., 2014). 
§ Solvent-extracted canola meal. Conducted in cows. Mean of three biological determinations, SD (Chrenkova et al., 2014). 
¶ Expeller rapeseed meal. Conducted in steers (Shannak et al., 2000). 
# Conducted in vitro (Xin and Yu, 2013).  
** Conducted in vitro with cold-press and solvent-extracted canola meal (Ramirez-Bribiesca et al., 2017). 
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CHAPTER 2 

PART I: COMPARISON OF IN VITRO 

PROCEDURES TO ESTIMATE RUMEN 

UNDEGRADABLE PROTEIN IN OILSEED MEALS 
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SUMMARY  

The present in vitro laboratory procedure to estimate rumen undegradable protein (RUP) 

involves incubation of samples of feedstuffs in ruminal fluid; however, for routine 

analysis this procedure is costly and inconsistent between experiments due to inherent 

ruminal-fluid donor animal variation. In this study, three existing in vitro Streptomyces 

griseus protease (SGP) procedures (Krishnamoorthy et al., 1983; Chumpawadee et al., 

2005; Edmunds et al., 2012) were compared against the in vitro 16 h ruminal fluid 

incubation reference procedure to assess precision and accuracy for estimating RUP in 

oilseed meals (canola meal, soybean meal and cottonseed meal). Utilising Australian 

produced canola meals (n = 6) results from Krishnamoorthy et al., Edmunds et al., and 

Chumpawadee et al. procedures showed strong correlation (r2 of 0.97, 0.93 and 0.95, 

respectively) with in vitro 16 h ruminal fluid incubation reference values. Determination 

coefficients for the Krishnamoorthy et al. (1983) procedure were reduced when soybean 

(0.88, n = 8) and cottonseed (0.77, n = 9) meals were included. Modification of the 

Krishnamoorthy et al. procedure by air-drying of RUP residues overnight then 

combustion of the entire filter paper increased correlation (rs) to 16 h ruminal fluid 

incubation values in canola meals from 0.95 to 0.96 (n = 6), and with addition of soybean 

meals from 0.79 to 0.90 (n = 8). The modification avoids time expenditure, and N-loss 

attributed to subsampling. The modified procedure could be utilised for routine estimation 

of RUP in canola meal and soybean meal without the necessity for ruminal fluid.  

2.1 Introduction 

Due to economic reasons, there is considerable interest in increasing ruminant production 

and in particular milk production per cow through dietary modifications such as rumen 

undegradable protein (RUP) supplementation (Hongerholt & Muller, 1998; Paz et al., 

2014). Dietary RUP evades fermentation in the rumen to supply metabolisable protein 

and absorbable AA to the small intestine for lactation and growth. The NRC (2001) 

reported milk yield increases linearly at the rate of 1.85 kg for each percentage unit 

increase in RUP. Supplementing dairy rations with readily available RUP sources, for 

example, soybean meal or canola meal is recommended due to their desirable essential 

AA profile and digestibility (Santos, 2011). The in vivo procedure to estimate RUP in 

feedstock is considered the most reliable as it represents actual animal response (Mathis 

et al., 2001; Lopez, 2005). However, in vivo trials are expensive, time-consuming, 
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laborious, and therefore are unsuitable for routine analysis of small quantities of sample 

(Stern et al., 1997). In situ methods offer similar constraints, require access to rumen-

cannulated animals (Lopez, 2005), and generate values with high variability (Michalet-

Doreau & Ould-Bah, 1992). An alternative laboratory procedure incubates feedstuff in 

ruminal fluid (Goering & Van Soest, 1970; Ashes et al., 1979; Ross et al., 2013); however, 

for routine analysis this procedure is costly and inconsistent between experiments due to 

inherent ruminal-fluid donor animal variation (Lopez, 2005).  

Several in vitro proteolytic methods, including the Streptomyces griseus protease (SGP) 

procedure, developed to estimate RUP in oilseed meal have shown strong correlation to 

results from in vivo (Krishnamoorthy et al., 1983) and in situ studies (Roe et al., 1990; 

Licitra et al., 1998; Licitra et al., 1999; Chumpawadee et al., 2005). While in vitro SGP 

procedures are practiced globally (DairyOne, 2014; CVAS, 2016), method refinement 

and standardisation is needed to improve reliability (Edmunds et al., 2012). Studies to 

date have modified the in vitro SGP procedure enzyme to protein ratio, incubation time, 

buffer and enzyme concentration (Lopez, 2005). Analysis of alternate RUP residue drying 

and collection conditions were performed; however, were limited to forage analysis. For 

example, Coblentz et al. (1999) oven dried the RUP residues of forages then subsampled 

from the filter paper. And, Edmunds et al. (2012) adapted procedures of (Licitra et al., 

1996; 1998) by collecting residues of forages in filter bags and then freeze drying to 

produce results in close agreement with in situ bag values from cows (r2 = 0.71). The 

effects of such modifications on in vitro SGP procedure performance in oilseed meals are 

unknown. A primary objective of this study was to compare in vitro SGP procedures with 

the in vitro 16 h ruminal fluid incubation procedure to assess precision and accuracy for 

estimating RUP content of oilseed meals. A second objective was to determine if alternate 

RUP residue collection and drying procedure modifications improved the correlation of 

the in vitro SGP procedure with 16 h ruminal fluid incubation values for oilseed meals.  

2.2 Materials and methods 

2.2.1 Oilseed meals 

Nine meal samples representing different oilseeds and oil-extraction techniques were 

collected from seven Australian producers and a distributor from late 2014 to early 2015. 

These included: canola meal (CM), expeller (CM1–4, n = 4), cold-press (CM5, n = 1) and 
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solvent-extraction (CM6, n = 1); soybean meal, expeller (OM1, n = 1) and solvent-

extraction (OM2, n = 1); and, solvent-extraction cottonseed meal (OM3, n = 1). Meals 

were ground in an electric miller (Breville Grinder, CG2B) and passed through a 1 mm 

sieve. Meals were stored at room temperature in the dark.  

2.2.2 Proximate analysis  

All oilseed meals were analysed in triplicate for DM content (AOAC 930.15), and crude 

protein content (CP; 6.24 x N) by Leco Dumas N combustion (AOAC 992.23). 

2.2.3 Enzymatic in vitro Streptomyces griseus protease procedures  

To determine the RUP content of the oilseed meals, three in vitro SGP procedures, 

published by Krishnamoorthy et al. (1983), Chumpawadee et al. (2005) and Edmunds et 

al. (2012), were compared to the in vitro 16 h ruminal fluid incubation (RFI) procedure 

of Ross et al. (2013). For the Krishnamoorthy et al. (1983) procedure, the meal (0.5 g) 

was weighed into a 125 mL Erlenmeyer flask and incubated at 39°C for 1 h in 40 mL of 

borate-phosphate (BP) buffer (pH 8.0). Streptomyces griseus protease (SGP, type XIV 

5.4 U/mg protein, Sigma P-5147, St Louis, MO, USA) solution (0.33 U per mL, 10 mL 

BP-buffer) was then added, and the meal was incubated at 39°C for 18 h. All flasks were 

then placed on ice to suspend proteolytic activity before filtering. The residue was 

collected on quantitative filter paper (22 µm pore, No. 541, Whatman), rinsed with 

distilled H2O and air-dried overnight. The dried residue was collected (subsampled) from 

the filter paper using a spatula, and the residual CP determined by Leco Dumas N 

combustion. The RUP as a percentage of CP was calculated as: 

RUP	(%	of	CP) = (CP	– undegraded	CP)/	CP	x	100           (1) 

For the Chumpawadee et al. (2005) procedure, the meal CP (0.2 g) was weighed into a 

125 mL Erlenmeyer flask and incubated at 39°C in 40 mL BP-buffer (pH 6.7). The SGP 

solution (0.33 U per mL, 10 mL in BP-buffer) was added, and the meal was incubated for 

18 h at 39°C. The residue was collected on filter paper (No. 541 Whatman), then rinsed 

with 250 mL distilled H2O and air-dried overnight. Post incubate CP was determined by 

Leco Dumas N combustion. Percent CP degradability was calculated as: 

%	CP	degradability	 = 	 [(initial	CP − 	post	incubate	CP)/	initial	CP] × 100    (2)  
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The RUP was calculated as:  

%	RUP	=	100	–	%CP	degradability	 	 	 						 (3) 

For the Edmunds et al. (2012) procedure, the meal (2.5 g) was weighed into a 250 mL 

Erlenmeyer flask and incubated at 39°C in 200 mL BP-buffer (pH 6.7 to 6.8) in a shaking 

water bath. The SGP solution (0.58 U/mL, 10 mL in BP-buffer) was added, and the meal 

was incubated for 24 h at 39°C. The residue was collected in FibreBags (38 µm pore, 10-

0128 Perten Instruments Australia Pty Ltd.), rinsed with 1.25 L distilled H2O, and freeze-

dried overnight. The residual CP was determined by Leco Dumas N combustion and RUP 

was calculated as:  

RUP	(g/	kg	CP) = (residual	CP	/	initial	CP)	x	1000)/	CP   (4) 

Meal samples were repeated in triplicate flasks over duplicate experiments, to give a total 

of six repeats per sample.  

The Krishnamoorthy et al. (1983) procedure was modified with different methods to 

collect the residue, viz. (i) subsampling the filter paper residue (traditional) (FR); (ii) 

combusting the filter paper as a whole (FP); or (iii) collecting the residue in a filter bag 

(38 µm pore) (FB). The procedure was also adapted with alternate residue drying 

methods, viz. (i) air-drying the residue overnight at room temperature (AD); (ii) vacuum 

oven-drying at 80oC for 10 h (VD); or (iii) freeze-drying for 48 h (FD). To assess a wide 

range of values, meals with the greatest (CM1) and lowest (CM5) RUP estimates were 

used. Samples were repeated in triplicate flasks over a single experiment, to give a total 

of three technical repeats per sample. 

2.2.4 In vitro 16 h ruminal fluid incubation procedure 

The oilseed meals (CM1–6, OM1–3, n = 9) were analysed in duplicate by Cumberland 

Valley Analytical Services (Maryland, U.S) to determine RUP utilising the method of 

Ross et al. (2013). The meal (0.5 g) was weighed into a 125 mL Erlenmeyer flask and 

incubated anaerobically under CO2 at 39°C for 16 h in 10 mL ruminal fluid (collected 

from high-producing dairy cattle fed total mixed rations) and 40 mL Van Soest buffer 

(pH 6.8). The residue was collected on tared filter paper, and residual CP determined by 

the Kjeldahl procedure.  
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2.2.5 Statistical analysis and calculations 

Statistical analyses of data were performed using the statistical software OriginLab v 95E 

(Origin, Northampton, MA, USA). Linear regression was used to compare RUP estimates 

from the three in vitro SGP procedures with the 16 h RFI procedure reference values as 

the dependent variable. Relationships were described using the regression coefficients 

(intercept, slope with standard error), Pearson coefficient of determination (linear, r2), 

Spearman’s rank correlation coefficient (monotonic, rs), and root mean square error 

(RSME) to define the standard deviation (SD) of the error. Statistical significance was 

declared at P<0.05 by Fisher LSD one-way ANOVA procedures. The total difference 

equalled the cumulative total between RUP estimates from the traditional or modified 

Krishnamoorthy et al. (1983) procedures minus 16 h RFI reference values. The mean 

difference was the sum of differences between RUP estimates from traditional or 

modified Krishnamoorthy et al. (1983) procedures minus 16 h RFI reference values per 

experimental replicate, divided by the total number of experimental replicates. The 

relative standard deviation (RSD) was calculated as:  

%	RSD = 100	x	standard	deviation/	mean	      (5) 

The Two Sample Equivalence Test (see 

originlab.com/fileExchange/details.aspx?fid=375), was used to calculate equivalence 

between two means where significant difference (P<0.05) of two means were defined as 

non-equivalence, and indifference (P>0.01) of two means were defined as equivalence, 

as described by Lakens (2017). 

2.3 Results 

2.3.1 Comparison of in vitro SGP and ruminal fluid incubation procedures to estimate 

RUP in oilseed meal 

The regression equations and associated statistics for each in vitro SGP procedure are 

presented in Table 2.1. For all three in vitro SGP procedures relationships with 16 h RFI 

procedure reference values were linear and had r2 and rS values greater (P<0.01) than 

0.90. The slope was closest to one for the Edmunds et al. (2012) procedure (0.86), and all 

intercepts differed (P<0.01) from zero. The SEintercept and RMSE values were lowest for 

the Krishnamoorthy et al. (1983) procedure. For the canola meal samples (n = 6) there 
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were high correlation of the Krishnamoorthy et al. (1983), Chumpawadee et al. (2005) 

and Edmunds et al. (2012) procedures to 16 h RFI procedure values (0.97, 0.95 and 0.90, 

respectively). Determination coefficients for the Krishnamoorthy et al. (1983) procedure 

were reduced when soybean (0.88, n = 8) and cottonseed (0.77, n = 9) meals were 

included. Differences in means of RUP estimates for all three in vitro SGP procedures 

with the 16 h RFI procedure reference values indicated non-equivalence (P<0.05). 

2.3.2 Improvement of Krishnamoorthy in vitro SGP procedure equivalence with 

ruminal fluid analysis 

The Krishnamoorthy et al. (1983) procedure was modified by substituting alternate 

collection and drying methods, as in Table 2.2. Mean RUP content from the high (CM1) 

and low (CM5) RUP estimate canola meals were consistently overestimated and 

underestimated by the modified in vitro SGP procedures relative to the 16 h RFI 

procedure, respectively. Collection of RUP residues on filter paper or by FibreBag, 

underestimated mean RUP of CM5 relative to 16 h RFI procedure values. Under all 

drying conditions, total and mean difference values were greatest for RUP collected by 

filter bag, mid-range for RUP residue collected on filter paper, and lowest for RUP 

collected on filter paper then combusted as a whole. The RSD values were most reduced 

in AD.FP modified samples. Under AD.FP and FD.FP conditions estimated RUP values 

for CM5 were equivalent to 16 h RFI procedure values. Analysis of repeated trial data, as 

in Table 2.1, shows use of the AD.FP modified Krishnamoorthy et al. (1983) in vitro SGP 

procedure, increased (P<0.01) rs correlation to 16 h RFI values in canola meals from 0.95 

to 0.96 (n = 6), and with addition of soybean meals from 0.79 to 0.90 (n = 8), while 

increasing slope, and maintaining low SEintercept and RMSE values. 
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Table 2.1 Parameters of RUP estimates from oilseed meals derived utilising the in vitro Streptomyces griseus protease (SGP) procedures of Edmunds 
et al. (2012), Chumpawadee et al. (2005), and Krishnamoorthy et al. (1983), and the modified air-dry and whole combusted filter paper (AD.FP) 
Krishnamoorthy et al. (1983) in vitro SGP procedure regressed against in vitro 16 h RFI procedure reference values. 

In vitro SGP procedure n Slope SEslope Intercept SEintercept r2 rs RMSE P 
Edmunds 6a 0.86 0.08 24.2  2.38 0.93 0.90 7.40 ** 
Chumpawadee 6a 0.64 0.04 25.7 1.32 0.95 0.96 4.12 ** 
Krishnamoorthy 6a 0.74 0.04 15.1 1.20 0.97 0.95 3.74 ** 
 8b 0.65 0.07 21.3 2.18 0.88 0.79 7.86 ** 
 9c 0.57 0.08 21.9 2.40 0.77 0.68 8.70 ** 
AD.FP 6a 0.84 0.06 24.9 1.71 0.95 0.96 5.32 ** 
 8b 0.78 0.05 28.0 1.51 0.94 0.90 5.46 ** 
 9c 0.65 0.08 28.9 2.52 0.76 0.69 9.13 ** 

aCanola meals (CM1–6, n = 6), bcanola and soybean meals (CM1–6, OM1, and OM2, n = 8), and ccanola, soybean and cottonseed meals (CM1–6, 
OM1–3, n = 9). Regression coefficients (intercept, slope with standard error (SE)), Pearson coefficient of determination (r2), Spearman’s rank 
correlation coefficient (rs), and root mean square error (RSME). ** P<0.01. 
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Table 2.2 Comparison of alternate in vitro RUP residue collection and drying method modifications of the Krishnamoorthy et al. (1983) in vitro SGP 
procedure with 16 h ruminal fluid incubation (RFI) reference values. 

Drying and  
collection  
condition 

Total 
difference 

 

Mean  
difference 

SD RSD (%) 
CM1 

 

RSD (%) 
CM5 

 

Equivalence 
(%) 

CM1 

Equivalence 
(%) 

CM5 

Equivalence 
(%) 

CM5 
AD.FP 43.8 14.6  1.11 1.70 0.05 –12.7 1.87† 0.47 
AD.FR 59.8 19.9  1.74 8.70 8.18 –8.17 11.8 0.63 
AD.FB 79.0 26.3  1.14 1.66 3.24 –12.2 14.2 0.71 
VD.FP 33.2 11.1  4.45 1.18 6.57 –8.25 2.82 0.46 
VD.FR 59.4 19.8  5.89 8.20 6.04 –7.93 11.9 0.64 
VD.FB 73.5 24.5  0.21 0.25 2.01 –12.1 12.4 0.67 
FD.FP 45.5 15.2  1.29 2.76 8.49 –12.8 2.39† 0.48 
FD.FR 54.5 18.2,  0.40 0.96 2.62 –12.1 6.04 0.54 
FD.FB 76.6 25.5  1.15 0.65 8.63 –12.6 13.0 0.68 
n 6 6  3 3 3 3 3 

Method modifications performed included: air-drying the residue overnight at room temperature (AD), by vacuum oven at 80oC for 10 h (VD), or by 
freeze-drying for 48 h (FD); and, collecting the residue by subsampling filter paper residue (traditional) (FR), combusting the filter paper as a whole 
(FP), or by collecting the residue in a filter bag (38 µm pore) (FB). Data are means of six (n = 6) or three determinations (n = 3). Canola meal with 
high (CM1) and low (CM5) RUP estimates were analysed. Total difference equaled the cumulative total between RUP estimates from traditional or 
modified Krishnamoorthy et al. (1983) procedures minus 16 h RFI reference values. Mean difference with standard deviation (SD) equaled the sum 
of differences between RUP estimates from traditional or modified Krishnamoorthy et al. (1983) procedures minus 16 h RFI reference values per 
experimental replicate, divided by the total number of experimental replicates. Relative standard deviation (RSD) was calculated as % RSD=100 x 
standard deviation/ mean. Significant differences (P<0.05) in means were defined utilising the Two Sample Equivalence Test. †P>0.01.  
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2.4 Discussion 

While all three in vitro SGP procedures tested had strong positive linear relationships 

with RFI RUP values, equivalence was not apparent. Greatest deviation of RUP estimates 

by the Edmunds et al. (2012) in vitro SGP procedure relative to in situ polyester-bag 

procedure RUP estimates was reported in forage samples at the lower and upper extremes 

of CP content. A longer SGP incubation time of 24 h was likely insufficient to offset 

reduced rates of degradation introduced by a lower ratio of SGP to protein concentration 

(Licitra et al., 1999). Reduction in the correlation of Krishnamoorthy et al. (1983) in vitro 

SGP procedure values to RFI RUP estimates with the addition of soybean meals was 

unforeseen, given the Krishnamoorthy et al. (1983) procedure was originally developed 

utilising soybean meal as a reference feed, and high correlation would be expected. 

Notably, all collection and drying condition modifications of the in vitro Krishnamoorthy 

et al. (1983) procedure tested herein overestimated RUP in the high-RUP meal relative to 

RFI reference values. Overestimation of RUP was observed by Licitra et al. (1999) when 

SGP concentration was increased above 2.4 U/mL at pH 6.7. Perhaps future analysis may 

trial lower concentrations of enzyme at a pH recommended by the manufacturer for 

optimal SGP activity (i.e. pH 7-8). Alternatively, this overestimation may be an 

underestimation, attributed to the use of ruminal fluid; specifically, limitation of ammonia 

for microbial growth can cause underestimation of protein degradation (Broderick, 1978).  

Modifications of the in vitro Krishnamoorthy et al. (1983) procedure involving the 

collection of the residue by filter paper or filter bag reduced estimated RUP in low-RUP 

estimate meal relative to RFI values. This finding was attributed to a loss of N 

components on the filter paper, and through larger pores of the filter bags during 

incubation. Even so, factors such as filter bag aperture size (Lindberg, 1985) and textile 

(Uden & Van Soest, 1984; Casali et al., 2009; Valente et al., 2011) are known to influence 

ruminal protein degradation estimates. Future comparisons of the influence of filter bag 

textile and pore sizes on RUP estimates, and correlation with 16 h RFI procedure values 

would be valuable to advancing in vitro SGP procedure refinement. Sizeable 

experimental error within replicates of vacuum dried samples collected on filter paper, 

but not filter bag, may be due to improved drying consistency and air circulation around 

the filter bag, which laid flat, in comparison to the filter paper residue collected as a mass 

at the tip of the filter-paper cone. Testing of longer filter paper residue drying times until 
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constant weight is achieved may reduce variability possibly introduced from residual 

moisture. 

Relative to the traditional procedure, the AD.FP modified Krishnamoorthy et al. (1983) 

in vitro SGP procedure was similarly correlated to RFI RUP estimates and had increased 

correlation with the addition of soybean meals. These results were attributed to 

combustion of the entire filter paper accounting for both soluble and insoluble protein 

otherwise lost using the traditional Krishnamoorthy et al. (1983) procedure. Future 

analysis may pursue evaluations with a larger set of meal samples. 

2.5 Conclusions 

Of the assessed in vitro SGP procedures, correlation and not equivalence to ruminal fluid 

procedure values was observed. Incubation factors including sample size, pH, and 

protease concentration likely influenced equivalence. Modification of the 

Krishnamoorthy et al. (1983) in vitro SGP procedure by air-drying of RUP residues 

overnight then combustion of the entire filter paper consistently improved correlation, 

and equivalence of low-RUP meal RUP estimates, to ruminal fluid incubation procedure 

values. The modification avoids time expenditure, and N-loss attributed to subsampling. 

This study also demonstrated that the Krishnamoorthy et al. (1983) procedure could be 

applied to canola meals, even though originally developed for soybean meal. The refined 

procedure could be utilised for routine estimation of RUP in canola and soybean meal 

without the necessity for ruminal fluid.  
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Summary text for the table of contents 

Oilseed meal, a by-product of oil production, is a protein source incorporated into dairy and feedlot rations. 

This study examined general and digestibility characteristics of protein in Australian produced oilseed 

meals for dairy cattle utilisation. Ruminal protein digestibility differed between oilseed types and oil-

extraction techniques. Research findings highlight opportunity to improve the quality of Australian oilseed 

meals by refining oil-extraction technique conditions. Monitoring of ruminal protein digestibility of oilseed 

meals may benefit future feed formulation for improved dairy cattle utilisation.  

Abstract. Initially, samples of Australian canola, soybean, cottonseed, and flaxseed meal produced by 

solvent-extraction, expeller and cold-press technologies collected in late 2014 to early 2015 were analysed 

for general chemical composition, protein and ruminal digestibility characteristics. The oilseed meals had 

levels of ash, neutral-detergent insoluble crude protein, total intestinal digested protein, B1, B2, B3 and C 

protein content similar to those in previous reports, but lower Fraction A (non-protein N) levels than in 

previous reports. Acid-detergent insoluble fibre, metabolisable energy, total digestible nutrients, ash (P < 

0.05), neutral-detergent fibre, in vitro dry matter digestibility, crude protein (CP), true protein, acid-

detergent insoluble CP, soluble protein, in vitro rumen-undegradable protein (RUP), total tract digested 

protein, Fraction A, B2, and C (P < 0.01) differed among oilseed types. Dry matter, the ratio of RUP to 

total tract digested protein (P < 0.05), CP, lipid, soluble protein, RUP, Fraction A, B1 and B2 (P < 0.01) 

differed among oil-extraction techniques. Utilising an in vitro simulated rumen proteolysis procedure by 

Krishnamoorthy et al. (1983), mean ranges of in vitro RUP were greater and varied more so in canola (18.8 

–70.1%) than soybean (40.3–54.0%), cottonseed (31.5–33.9%) and flaxseed (18.5–21.8%) meals. 

Estimated RUP was lower (P < 0.01) in cold-press than expeller and solvent-extraction oilseed meals. 
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Introduction 

Due to economic reasons, there is considerable interest in increasing milk production per cow 

through dietary modifications such as rumen-undegradable protein (RUP) supplementation (Hongerholt 

and Muller 1998; Paz et al. 2014). Dietary RUP evades fermentation in the rumen to supply metabolisable 

protein and absorbable amino acids (AA) to the small intestine for lactation. The NRC (2001) reported 

milk yield increases at the rate of 1.85 kg per percentage unit increase in RUP. Supplementing dairy rations 

with readily available RUP sources such as soybean or canola meal is recommended due to their desirable 

essential AA profile and digestibility (Santos 2011). Analysis of international DairyOne (2016) commercial 

feed library values accumulated between 2000 and 2016 showed that the normal range of RUP (as 

percentage of crude protein, % CP) was greater and more diverse in canola meal (38.8–61.1%, n = 391) 

than in soybean meal (26.2–51.1%, n = 725) and cottonseed meal (35.7–51.3%, n = 71). In comparison, a 

survey of Canadian canola meals from seven alternate oil-refineries reported that RUP ranged from 31.0–

53.8% CP (Jayasinghe et al. 2014). The consistency of RUP in Australian produced oilseed meals is 

unknown, and monitoring may benefit future feed formulation for improved dairy cattle milk production. 

The objectives of this research were to survey the general chemical characteristics and ruminal protein 

digestibility of Australian produced oilseed meals.  

Materials and methods 

Oilseed meals 

Sixteen meal samples representing different Australian grown oilseeds and oil-extraction 

techniques were collected from nine Australian producers and two distributors from late 2014 to early 

2015. These included canola meal (CM; expeller (CM1–4, n = 4), solvent-extraction (CM6, CM8, CM9, n 

= 3) and cold-press (CM5, CM7, n = 2); soybean meal, expeller (OM1, n = 1), solvent-extraction (OM2, 

OM3, n = 2); solvent-extraction cottonseed meal (OM4, OM5, n = 2); and cold-press golden and brown 

flaxseed meals (OM6, OM7, n = 2). Meals were ground in an electric miller (Breville Grinder, CG2B) and 

passed through a 1-mm sieve. Meals were stored at room temperature in the dark. 

Proximate analysis  
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All oilseed meals were analysed in triplicate for dry matter (DM; AOAC (1930) method 930.15), 

CP (6.24 x N) by Leco Dumas N combustion (AOAC (1998) method 992.23), ash (AOAC (1990) method 

942.05) and in duplicate for in vitro DM digestibility (IVDMD; Carro et al. 2002). Lipid was determined in 

duplicate by the Australian Oil Research Laboratory, Department of Primary Industries, Australia by FOSS 

utilising hexane at 135oC. Oilseed meals (CM1–6, CM9, OM1, OM2, and OM4, n = 10) were analysed for 

neutral-detergent fibre (ND; Van Soest et al. 1991) and acid-detergent fibre (ADF, AOAC (2000) method 

973.18) in duplicate by Cumberland Valley Analytical Services (Hagerstown, MD, USA). Results were 

utilised to calculate total digestible nutrients (TDN, (%) = 93.59 – (ADF x 0.936)) and metabolisable 

energy (ME, MJ per kg, NRC 1996).  

Rumen undegradable protein  

 The meals were analysed for RUP in triplicate, utilising an in vitro simulated rumen-proteolysis 

procedure by Krishnamoorthy et al. (1983) validated in vivo (R2 = 0.61). Briefly, the oilseed meal (0.5 g) 

was weighed into a 125-mL Erlenmeyer flask and incubated at 39°C for 1 h in 40 mL borate-phosphate 

buffer (pH 8.0). The Streptomyces griseus protease (Type XIV 5.4 U per mg protein, Sigma P-5147, St 

Louis, MO, USA) solution (0.33 U per mL, 10 mL borate-phosphate buffer) was added, and the oilseed 

meal was incubated at 39°C for 18 h. All flasks were placed on ice to suspend proteolytic activity before 

filtering. The residue was collected on quantitative filter paper (22 µm pore, No. 541, Whatman), rinsed 

with distilled H2O and air-dried overnight. Residual CP was determined as for CP. The RUP as a 

percentage of CP was calculated as: RUP(% of CP) = (CP – undegraded CP)/CP x 100.  

Protein degradation and soluble protein 

Meals were analysed in duplicate for soluble protein using the procedure of Licitra et al. (1996). 

Oilseed meals (CM1–6, CM9, OM1, OM2, and OM4, n = 10) were analysed in duplicate for non-protein N 

(NPN, AOAC 941.04), acid-detergent insoluble CP (ADICP, total N in residue from ADF procedure 

pressed and wrapped in foil), neutral-detergent insoluble CP (NDICP, total N in residue from NDF 

procedure pressed and wrapped in foil), total intestinal digested protein (TIDP), and total tract digested 

protein (TTDP) values (Ross et al. 2013) by Cumberland Valley Analytical Services. Results were utilised 

to calculate true protein (%): CP – NPN.  

Crude protein fractionation  
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Meals were partitioned into protein fractions based on characteristics of degradability according to 

the Cornell Net Carbohydrate and Protein System (CNCPS) as described by Sniffen et al. (1992) and Reis 

et al. (2010). Briefly, Fraction A is NPN; Fraction B is degradable protein containing B1 (soluble protein, 

rapidly soluble in the rumen), B2 (intermediate degradation, Total CP – (A + B1 + B3 + C), B3 (slowly 

degraded in the rumen, NDIN – ADIN) and Fraction C is undegradable protein (ADICP).  

Statistical analysis and calculations 

Statistical analyses of data were performed using the statistical software (OriginLab v 95E, Origin, 

Northampton, MA, USA). To establish differences, the one-way ANOVA mathematical model used for 

analysis was as follows:  

Yij = µ + Tj + eijj                                                                   (1) 

where Yij is an observation on the dependent variable ij, µ is the population mean for the variable, Tj is the 

effect of the condition (i = oilseed type or oil-extraction technique), as a fixed effect. The eij value is the 

random error associated with the observation ij. A post hoc Fisher least significant difference test was 

performed to determine the statistical significance of differences between individual means, declared at P < 

0.05. 

Results 

Proximate analysis 

General characteristics of Australian produced oilseed meals are presented in Table 1. These 

values agree with previous reports (NRC, 2001; AOF, 2007; Newkirk, 2009; DairyOne, 2016), except 

CM3, which had a greater percentage of NDF. The ADF, ash, ME (P < 0.05), CP, NDF and IVDMD (P < 

0.01) differed among oilseed types; and DM (P < 0.05), CP and lipid (P < 0.01) differed among oil-

extraction techniques. In canola meals, lipid and DM differed (P < 0.05) among oil-extraction techniques. 

In oilseeds meals and among canola meals, expeller meal had greater (P < 0.05) lipid (11.6%, 11.9%) and 

DM (92.4%, 92.8%) contents than did solvent-extraction meals (2.57% and 3.32%, 91.2% and 89.9%), 

respectively. IVDMD was lower (P < 0.01) in cold-press (67.2%) than expeller (75.9%) oilseed meals, and 

lower (P < 0.01) in solvent-extraction (65.8%) than expeller (76.2%) canola meals. 

Protein and digestibility characteristics of Australian produced oilseed meals 

Protein and digestibility characteristics of commercial Australian oilseed meals are presented in 

Table 2. The TDN (P < 0.05), true protein, ADICP, soluble protein, RUP and TTDP (P < 0.01) values 
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differed among oilseed types. The TDN and TTDP values were similar and greater (P < 0.05) in cottonseed 

(81.2%, 46.7%) and soybean (84.4%, 47.3%) than in canola meal (72.7%, 35.2%) samples, respectively. 

True protein was greatest (P < 0.01) in cottonseed (53.6%), soybean (48.6%), and then canola meals 

(37.5%). The ADICP content was greater (P < 0.01) in canola (2.38%), cottonseed (1.28%), and then 

soybean meals (0.58%). Soluble protein was greatest in flaxseed (83.4%), moderate in canola (66.6%), and 

lowest in soybean (41.4%) and cottonseed (48.0%) meals (P < 0.01). In oilseed meals and among canola 

meals, soluble protein, RUP (P < 0.01) and the ratio of RUP to TTDP (P < 0.05) differed among 

processing techniques. Soluble protein was greatest (P < 0.01) in cold-press (79.9%, 76.4%), expeller 

(61.9%, 65.7%) and then solvent-extraction meals (48.5%, 58.8%), respectively. In oilseed meals and 

among canola meals, the ratio of RUP to TTDP was greater (P < 0.05) in expeller (0.63, 0.64), solvent-

extraction (0.46, 0.52), and then cold-press (0.34) meals. The ratio of RUP to TTDP was similar (P > 0.05) 

in soybean (0.50), cottonseed (0.38) and canola oilseed meals (0.56). Using the Krishnamoorthy et al. 

(1983) in vitro Streptomyces griseus protease procedure, estimated RUP was found to be greater (P < 0.05) 

and more variable in canola (48.3%) and soybean (45.6%) than in cottonseed (32.7%) and flaxseed 

(20.1%) meals. In oilseed meals and among canola meals, RUP was lower (P < 0.01) in cold-press (22.3%, 

24.4%) than in expeller (55.6%, 56.0%) and solvent-extraction oilseed (44.3%, 54.0%) meals.  

CNCPS protein fractionation in Australian oilseed meals 

Cornell Net Carbohydrate and Protein System (CNCPS) protein fractions as a proportion of total 

CP in oilseed meals are presented in Table 3. All oilseed meals contained low levels of protein Fraction A. 

Fraction A was greater (P < 0.01) in solvent-extraction (1.56%) than cold-press (0.15%) and expeller 

oilseed meals (0.85%). Fraction B1 was greater (P < 0.01) in cold-press (70.2%) than expeller (36.4%) and 

solvent-extraction oilseed meals (25.2%). Fraction B2 was greater (P < 0.01) in solvent-extraction (67.2%) 

and expeller (54.6%) than cold-press oilseed meals (23.1%). Fraction B3 and C content were similar (P > 

0.05) between oil-extraction techniques. Fraction A and B2 were lower (P < 0.01) in canola (0.79%, 

48.6%) than in soybean meals (1.85%, 75.7%). Fraction C was greater (P < 0.01) in canola (6.08%), than 

in soybean (1.21%) and cottonseed meals (2.40%).  

Discussion 

Initial analysis of general characteristics of Australian oilseed meals showed mean DM, CP, ash, lipid, 

IVDMD and ME values similar to those of previously analysed oilseed meals (Bell 1993; NRC 2001; Petit 
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et al. 2002; AOF 2007; Newkirk 2009; Salamatazar et al. 2012; DPI 2014; DairyOne 2016). Unlike a 

previous report (AOF 2007), the CP contents of Australian expeller and solvent-extraction canola meals 

were similar. Greater lipid content in expeller than in solvent-extraction canola meals (AOF 2007, 2008; 

Oilseeds 2012), was likely due to the increased extraction efficiency of the oil-extraction technique (AOF 

2008; Seneviratne et al. 2010). A reduction of DM in solvent-extraction meal relative to expeller may be 

attributed to lower temperatures (115oC), and steam sparging during the solvent-extraction process, which 

can introduce moisture into the meal (DPI 2014). Increased NDF in Australian expeller canola meals (CM1 

and CM3) was previously reported (DPI 2014) and is associated with higher processing temperatures (160–

180oC) (McKinnon et al. 1995; Mustafa et al. 2000). Other studies have credited low NDF in Australian 

canola meals to breeding programs selecting for higher oil and protein contents, in turn, producing canola 

seed with reduced seed coat and fibre content (AOF 2007). Increased ADF and NDF in canola meals 

compared to other oilseed meals studied was expected, given canola seed is not dehulled during the oil-

extraction process, resulting in greater inclusion of fibre-rich seed coat into the meal (Matthäus 1998), and 

an increased indigestible meal content (Van Soest et al. 1991). Greater ME (P < 0.01) in soybean than 

canola meal was similarly reported by Bell (1993) and can be attributed to greater levels of TDN (DPI 

2014). Higher TDN is more favorable than high rumen-available N, which may prioritise energy to convert 

ammonia to urea for excretion rather than lactation (Cornell et al. 2006). Given in vitro IVDMD highly 

correlates with in vivo digestibility (rs = 0.92; Mahyuddin 2008), a greater IVDMD in expeller than cold-

press oilseed meals, and in expeller than solvent canola meals (P < 0.01), indicates that these meals offer 

greater nutritional quality (Getachew et al. 2004). 

Australian oilseed meals had mean NDICP, ADICP, RUP, TIDP and TTDP values similar to 

previously analysed meals (NRC 1996; Xin and Yu 2014). Levels of NDICP and TIDP were similar in all 

meals (P > 0.05), whereas the content of soluble protein, RUP and the ratio of RUP to TTDP differed (P < 

0.01). These results imply Australian oilseed meals contain similar levels of digestible fibre-associated 

protein (NDICP) content, which is known to contribute to RUP (Chrenkova et al. 2014). Soluble protein 

differed among oil-extraction techniques and oilseed types (P < 0.01). The majority of meals studied herein 

would supply sufficient levels of soluble CP to meet dietary requirements (25–40% of total CP) of lactating 

dairy cattle, as recommended by the NRC (2001). Lower soluble protein content in solvent meals and 

expeller meals than cold-press meals was likely associated with heat introduced during oil-extraction. Both 
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expelling and solvent-extraction techniques, unlike cold-pressing, involve heat, which decreases protein 

solubility by forming cross-linkages between and within peptides chains, and to carbohydrates (Deacon et 

al. 1988). Pastuszewska et al. (2003) found that prolonged heat introduced by toasting during solvent-

extraction (125oC, > 45 min) decreased meal soluble protein. These results highlighted opportunities to 

improve the quality of Australian oilseed meals by refining the temperature conditions of the oil-extraction 

technique. Less rumen-soluble B1 and more intermediately digested B2 protein in solvent-extraction than 

cold-press meal (P < 0.01) suggests that conditions during solvent-extraction affect solubility of rapidly 

and intermediately digested protein in oilseed meals. Compared with previous reports (Shannak et al. 2000; 

Chrenkova et al., 2014), similar levels of B1, B2, B3, C, and lower Fraction A content were present in all 

oilseed meals studied. Minimal unavailable C protein, such as, for example, indigestible Maillard reaction 

products, and significant levels of rumen-soluble protein in Australian oilseed meals would contribute to an 

increase in the intestinally digestible protein content of RUP, to increase levels of available metabolisable 

protein (Ross et al. 2013).  

In comparison to international DairyOne (2016) commercial feed library values, in vitro RUP estimates in 

Australian oilseed meals were broader for canola (31.5–64.5% vs 38.7–61.1%, n = 391) in the upper range 

for soybean (37.0–52.8% vs 26.3–51.1%, n = 725), and lower for cottonseed (29.3–34.3% vs 35.7–51.3%, 

n = 71) and flaxseed meals (18.4–24.8% vs 26.1–44.4%, n = 41). A broader range of in vitro RUP 

estimated for canola meal was similarly observed in relation to in situ values (31.0–53.8%) published by 

Jayasinghe et al. (2014). This variance may have been attributed to the inclusion of meal from three 

alternate oil-extraction techniques. For instance, heat during expelling and solvent-extraction, unlike cold-

press, induce the formation of insoluble peptide chain and carbohydrate complexes, which contribute to 

greater RUP in these meals (Deacon et al. 1988). The range of estimated RUP reported here might also 

have been due to differences in the source material (Theodoridou and Yu 2013). For example, RUP 

differed between solvent-extraction meal from Brassica juncea (yellow, 250.2 g per kg DM) and B. napus 

(black-brown, 185.3 g per kg DM) oilseed species. In Australia, greater than 185 B. napus cultivars are 

grown (AOF 2014). The influence of cultivar, oilseed harvest time, growth and storage conditions on RUP 

variability in canola meal are unknown. Knowledge of the degree of variation in factors that contribute to 

RUP in Australian oilseed meals may assist to improve end-product nutritional value. Historically, 

competitively priced canola meal with improved RUP, digestibility and availability of AA in the small 
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intestine was in high demand for dairy cattle feeding (Bell 1993). Here, expeller offered a higher RUP to 

TTDP ratio, followed by solvent-extraction, and then cold-press oil-extraction techniques (P < 0.05). While 

high RUP can increase the ratio, excessive heat can overprotect RUP resulting in reduced TTDP values. 

Also, numerous in vivo comparisons of canola meals with soybean or cottonseed meal (Sánchez and 

Claypool 1983; Brito and Broderick 2007; Christen et al. 2010; Broderick et al. 2015) have been 

conducted in lactating cows. It would be of commercial interest to perform in vivo lactation-output studies 

comparing other meal oilseed types, and a range of high to low RUP to TTDP ratio meals to determine a 

ratio suitable for improved lactation output. 

Conclusions 

Overall analysis revealed both oilseed type and oil-extraction technique significantly affected 

general, protein and ruminal digestibility characteristics of Australian produced oilseed meals. While the 

majority of samples contained adequate soluble and minimal unavailable protein, this study highlighted 

opportunities to improve the quality of Australian oilseed meal by refining the oil-extraction technique. 

Oilseed meal protein value may also be improved through better defining the degree of variation in RUP, 

introduced by factors including cultivar, oilseed harvest time, growth and storage conditions. It is also of 

commercial relevance to conduct in vivo comparative lactation output studies of other meal oilseed types, 

and a range of high to low RUP to TTDP ratio meals. 
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Table 1. Proximate analysis of 16 Australian oilseed meals produced by cold-press, expeller and 

solvent-extraction oil-extraction techniques 

ADF, acid-detergent fibre; CP, crude protein; DM, dry matter; IVDMD, in vitro dry matter digestibility; 

ME, metabolisable energy; NDF, neutral-detergent fibre; s.e.m., standard error of mean. Values within 

columns followed by different lowercase (oilseed type) and uppercase (oil-extraction technique) letters are 

statistically significantly different. *, P < 0.05; **, P < 0.01; n.s., not significant. 

Name Oilseed Oil-extraction 
technique 

DM CP Ash Lipid NDF ADF IVDMD ME 

   (%) (%DM) (%DM) (%DM) (%DM) (%DM) (%DM) (MJ per kg 
DM) 

CM1  Canola Expeller 91.3A 39.5cB 5.93a 9.49A 30.3a 23.3a 78.8a 11.5b 

CM2 Canola Expeller 93.8A 40.1cB 5.93a 10.5A 23.6a 21.3a 70.8a 11.9b 

CM3 Canola Expeller 93.4A 34.1cB 5.85a 18.6A 35.5a 31.8a 77.9a 10.0b 

CM4 Canola Expeller 92.4A 39.7cB 5.81a 9.39A 25.8a 20.7a 76.4a 11.9b 

CM5  Canola Cold-press 92.7AB 37.7cB 5.91a 10.1A 25.3a 22.4a 66.6a 11.6b 

CM6 Canola Solvent-extraction 91.1B 40.9cA 6.14a 3.24B 25.2a 18.6a 65.8a 12.3b 

CM7 Canola Cold-press 93.4AB 38.2cB 6.05a 10.3A - - 75.8a - 

CM8 Canola Solvent-extraction 91.4B 41.3cA 6.03a 4.27B - - - - 

CM9 Canola Solvent-extraction 87.4B 36.2cA 5.78a 2.47B 25.8a 18.6a 77.2a 12.3b 

OM1 Soybean Expeller 91.2A 46.2bB 5.79c 9.58A 15.3b 14.3b 74.1a 13.1a 

OM2 Soybean Solvent-extraction 91.5B 51.3bA 4.90c 1.74B 6.6b 4.5b 70.1a 14.8a 

OM3 Soybean Solvent-extraction 92.4B 50.7bA 5.07c 1.57B - - 69.4a - 

OM4 Cottonseed Solvent-extraction 91.5B 54.0aA 5.16c 2.38B 17.7ab 13.2b 78.0a 13.3ab 

OM5 Cottonseed Solvent-extraction 92.9B 52.4aA 5.25c 2.32B - - 77.7a - 

OM6 Flaxseed Cold-press 91.1AB 36.0dB 5.37b 6.59A - - 63.1b - 

OM7 Flaxseed Cold-press 90.7B 31.9dA 5.48b 7.83A - - 63.1b - 

Significance   * ** * ** ** * ** * 

s.e.m.   1.51 0.87 0.11 1.17 1.43 1.27 1.02 0.22 
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Table 2. Protein and digestibility characteristics of 16 Australian oilseed meals produced by cold-

press, expeller and solvent-extraction oil-extraction techniques 

ADICP, acid-detergent insoluble CP; CP, crude protein; DM, dry matter; NDICP, neutral-detergent 

insoluble CP; NPN, non-protein N; RUP, rumen-undegradable protein; TDN, total digestible nutrients; true 

protein, CP – NPN; TTDP, total tract digested protein, s.e.m., standard error of mean. Values within 

columns followed by different lowercase (oilseed type) and uppercase (oil-extraction technique) letters are 

statistically significantly different. *, P < 0.05; **, P < 0.01; n.s., not significant. 

 

 

 

 

 

             Name Oilseed Oil-
extraction 
technique 

Soluble 
protein 

 
 

RUP True  
protein 

NPN ADICP NDICP TDN Intestinal 
digested 
protein 

TTDP Ratio of 
RUP to 
TTDP 

   (%CP) (%CP) (%DM) (%DM) (%DM) (%DM) (%DM) (%DM) (%DM)  
CM1  Canola Expeller 18.5aB 69.1aA 38.1b 0.026 3.55a 6.74 71.8a 15.8 35.0b 0.79a 

CM2 Canola Expeller 55.5aB 44.9aA 38.9b 0.052 2.04a 2.70 73.7a 8.60 36.0b 0.51a 

CM3 Canola Expeller 55.6aB 47.3aA 32.5b 0.043 2.23a 2.33 63.8a 7.50 29.5b 0.54a 

CM4 Canola Expeller 34.4aB 62.8aA 38.3b 0.044 1.98a 3.26 74.2a 14.1 35.5b 0.72a 

CM5  Canola Cold-press 70.3aA 29.8aC 36.8b 0.017 2.07a 2.50 72.6a 6.50 34.4b 0.34b 

CM6 Canola Solvent-
extraction 

30.6aB 46.4aB 41.7b 0.045 2.44a 4.43 76.2a 12.2 38.5b 0.52b 

CM7 Canola Cold-press 70.0aA 19.0aC - - - - - - - - 

CM8 Canola Solvent-
extraction 

- 70.0aB - - - - - - - - 

CM9 Canola Solvent-
extraction 

29.3aB 45.6aB 36.2b 0.050 2.38a 3.99 76.2a 11.0 37.2b 0.52b 

OM1 Soybean Expeller 22.2bB 54.0aA 46.1a 0.050 0.65b 0.94 80.2b 18.5 44.7a 0.57a 

OM2 Soybean Solvent-
extraction 

22.8bB 40.4aB 51.1a 0.080 0.51b 0.83 89.4b 14.4 49.9a 0.43b 

OM3 Soybean Solvent-
extraction 

22.4bB 42.5aB - - - - - - - - 

OM4 Cottonseed Solvent-
extraction 

24.3bB 31.5abB 53.6a 0.050 1.28ab 1.36 81.2ab 16.4 46.7a 0.38b 

OM5 Cottonseed Solvent-
extraction 

20.1bB 33.9abB - - - - - - - - 

OM6 Flaxseed Cold-press 42.6abA 18.5bC - - - - - - - - 

OM7 Flaxseed Cold-press 44.7abA 21.8bC - - - - - - - - 

Significance   ** ** ** n.s. ** n.s.  * n.s. ** * 

s.e.m.   2.64 2.31 1.12 0.00 0.16 0.32 1.19 0.71 1.12 0.25 
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Table 3. CNCPS protein fractions of 10 Australian oilseed meals produced by cold-press, expeller 

and solvent-extraction oil-extraction techniques 

Calculated as described (Sniffen et al. 1992; Reis et al. 2010). A, non-protein N; B1, rapidly degraded true 

protein; B2 is intermediately degraded true protein, Total CP – (A + B1 + B3 + C); B3 is slowly degraded 

true protein, NDIN – ADIN; C, undegradable true protein, s.e.m., standard error of mean. Values within 

columns followed by different lowercase (oilseed type) and uppercase (oil-extraction technique) letters are 

statistically significantly different. *, P < 0.05; **, P < 0.01; n.s., not significant. 

 

 

 

Name Oilseed Oil-extraction 
technique 

CNCPS Fraction 
 

   A 
(%CP) 

B1 
(%CP) 

B2 
(%CP) 

B3 
(%CP) 

C 
(%CP) 

CM1  Canola Expeller 0.88bB 17.7B 64.3bA 8.12 9.03a 

CM2 Canola Expeller 0.59bB 54.9B 37.8bA 1.65 5.09a 

CM3 Canola Expeller 0.48bB 55.1B 37.6bA 0.29 6.53a 

CM4 Canola Expeller 0.80bB 33.6B 57.4bA 3.22 4.99a 

CM5  Canola Cold-press 0.15bB 70.2A 23.1bB 1.14 5.48a 

CM6 Canola Solvent-extraction 0.95bA 29.6B 59.1bA 4.81 5.70a 

CM9 Canola Solvent-extraction 1.71bA 27.6B 61.2bA 3.87 5.72a 

OM1 Soybean Expeller 1.50aB 20.7B 75.8aA 0.63 1.41b 

OM2 Soybean Solvent-extraction 2.20aA 20.6B 75.6aA 0.63 1.01b 

OM4 Cottonseed Solvent-extraction 1.40abA 22.9B 73.2abA 0.15 2.40b 

Significance   ** ** ** n.s. ** 

s.e.m.   0.14 3.97 3.93 0.56 0.54 
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CHAPTER 3 

CANOLA MEAL: FACTORS IMPACTING 

RUMINAL DEGRADABLE PROTEIN 
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Summary 

Expeller meals generated from bulk-handling canola (Brassica napus) seeds processed at 

an Australian oil-refinery from June to August 2015 were assessed for general nutritional 

and protein degradability characteristics. The levels of dry matter (DM) varied (P<0.01) 

between production months. In vitro rumen undegradable protein (RUP, % crude protein 

(CP)) and soluble protein (%CP), ranged by 6.8% and 9.9%, respectively; however, 

variability of these characteristics between months or sampling times was statistically 

insignificant (P>0.05). Factors potentially contributing to the ranges of soluble protein 

and in vitro RUP including subplot, geographical location, and cultivar were investigated 

utilising GRDC National Variety Trial canola seed collected from field experiments 

conducted at five locations across three States in Australia’s southern and eastern 

cropping zones from 2014 to 2017. Based on cultivar traits and analysis of means, the 

DM content of meals differed (P<0.05) between herbicide tolerance traits. The CP content 

of meals differed (P<0.01) among cultivars. In vitro RUP was positively correlated (rs = 

0.51, P<0.05) with the CP content of meal. Neutral-detergent insoluble CP (NDICP) 

content of meal was positively correlated with in vitro RUP (r2 = 0.45, P<0.05). The acid-

detergent fibre and insoluble CP, neutral-detergent fibre and NDICP content of meals 

differed (P<0.01) between cultivars, irrespective of treatment with moist heat pressure 

(MHP, 192 kPa, 3 min, 120oC). Treatment with MHP reduced means for CP (P<0.05), 

DM, soluble protein, and rapidly degradable protein (B1, P<0.01), and increased lipid, in 

vitro RUP, Fraction A, intermediately degradable protein (B2, P<0.01), NDICP and 

slowly degradable protein (B3, P<0.05) content. The effect of MHP treatment varied 

between cultivars, and was: positive for lipid, in vitro RUP, NDICP, and Fraction A; 

negative for CP, DM, soluble protein, and B1; and, varied from negative to positive for 

NPN, ADF, NDF, B2, B3, and undegradable protein (Fraction C). These findings suggest 

interrelationships between the CP content of canola meal and ruminal protein 

degradability; and, contribution of digestible fibre-associated protein to differences in in 

vitro RUP between cultivars types. In addition, research outcomes highlight the impacts 

of cultivar and MHP treatment on general and protein degradability characteristics of 

expeller canola meal, to benefit producers by detailing knowledge to improve protein 

quality of meal. 
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3.1 Introduction 

Since 2005, growth in food consumption demand has steadily driven increases in canola 

and rapeseed (Brassica spp. napus, rapa, and juncea) production (ABARES, 2015). In 

2016–2017, a total of 67.9 million tons (Mt) of rapeseed and canola was produced 

worldwide (USDA, 2017). The seed of these Brassica spp. contains approximately 37–

50% oil (seed at 6% moisture) and following oil extraction, the residual (oil-free) meal 

contains approximately 33–44% CP (Seberry et al., 2013; 2014). To extract oil from seed 

and produce meal, both solvent-based and mechanical for instance cold-press, expeller, 

and extrusion technologies exist. In 2016–2017, 37.5 Mt of rapeseed and canola meal was 

produced globally, with Australia contributing 0.44 Mt (USDA, 2016). 

Rapeseed and canola were introduced to Australia in the early 1960s and 1978, 

respectively (Colton & Potter, 2007), to become a predominant and economically 

significant $1.25 billion oilseed crop (ABARES, 2015). In general, harvested seed is 

pooled at local bulk handling storage receivable points, forming heterogeneous cultivar 

lots for trade. For consistency and reliability to the industry, a minimum of 35% seed 

protein is maintained (AOF, 2014). In Australia, canola meal is primarily produced by 

solvent-extraction, expeller, and to a lesser extent, cold-press techniques (DPI, 2014). 

Australian produced canola meal is largely consumed domestically, with a minor surplus 

for export (ABARES, 2015).  

For economic reasons, there is considerable interest in utilising canola meal as a protein 

supplement in dairy cattle rations to optimise milk protein synthesis and lactation output, 

due to its amino acid (AA) profile and high digestibility (Santos, 2011). If balanced to 

fulfil rumen-degradable protein, rumen undegradable protein (RUP) and RUP-AA 

requirements inclusion of canola meal in dairy cattle rations can increase milk production 

(NRC, 2001). Current literature reports the RUP content of canola meal varies broadly 

from 10.1–75.0 % of CP (NRC, 2001; Purser & Woodroofe, 2004). Known factors 

contributing to variation of RUP include plant species (Theodoridou & Yu, 2013), 

processing parameters (van Barneveld, 1998; Petit et al., 1999; Woodroofe & Cockbill, 

2000; Newkirk et al., 2003), chemical (Khorasani et al., 1989; McKinnon et al., 1991; 

Antoniewicz et al., 1992; Stanford et al., 1995; Mason, 2002) and physical treatments 

(McKinnon et al., 1991; Moshtaghi Nia & Ingalls, 1992; Wang et al., 1997; Jones et al., 

2001; Sadeghi & Shawrang, 2007) in particular moist-heat pressure (MHP). Broderick et 
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al. (2016) reported in vitro RUP content of canola meal collected between 2011–2014 

from 12 Canadian (solvent-extraction (n = 11) and expeller (n = 1)) production plants 

varied by 8%. While the protein content of canola meal is inversely related to oil levels 

in the meal, and known to vary with location, seasonal conditions, harvest year, and 

rainfall (Si et al., 2003), analysis of the impact of these factors on ruminal protein 

degradability is lacking. The impact of subplot, which may vary in soil composition, is 

also undetermined. Furthermore, of the 183 conventional and herbicide tolerant canola 

cultivars grown in Australia (AOF, 2015), limited knowledge exists on the ruminal 

protein degradability within germplasm and resultant heterogeneous meals. The major 

aims of this study were to: (i) characterise variation of protein degradability in 

commercially produced Australian expeller canola meal; (ii) investigate the contributions 

of subplot, geographical location, cultivar, seed breeder, and herbicide tolerance trait to 

variations in protein degradability of expeller meal; and, (iii) determine if the degree of 

MHP-induced RUP formation in expeller meals differs between cultivars.  

3.2 Materials and methods 

3.2.1 Experiment 1: evaluation of commercial canola meals 

A total of 12 x 2 kg samples of canola meal were collected from the MSM Milling expeller 

oil-refinery (Manildra, New South Wales (NSW), Australia 33.1811° S, 148.6880° E) at 

random on two separate days at mid and late month time points from June to August in 

2015. The samples were stored in the dark at room temperature (RT, ~21oC) in air-tight 

plastic bags.  

3.2.2 Experiment 2: factors affecting ruminal protein degradability of canola meals  

The seeds were sourced from canola harvested from the Australian Grains Research and 

Development Corporation (GRDC) National Variety Trials 2014–2017 (NVT, 

www.nvtonline.com.au), as detailed in Supplementary Table A3.1. The variety trials, 

based on randomised block design, had been undertaken at five locations across three 

States in southern and eastern Australia cropping zones, including regions of Minyip 

(2014–2015 36.397276oS, 142.554384oE; 2015–2016 36.433219oS, 142.479282oE) in 

Victoria (Vic), Mullaley (2015–2016 31.13283oS, 149.9584oE; 2016–2017 31.138494oS, 

149.979306oE) in NSW, and Lock (2016–2017 33.55572oS, 135.68634oE) in South 

Australia (SA). The crops were generally sown from late April to early May and harvested 
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from early October to early December. At each trial site, agronomic practices were 

consistent with management used by commercial canola growers. The geographical 

coordinates, soil characteristics and meteorological data for the growing periods 

confirmed substantial environmental variation among the three locations. To evaluate the 

impact of subplot canola seed of different cultivars (n = 3) was sourced from three 

subplots (10 m x 1.6 m and 9 m x 2.25 m in size) at the same site (Mullaley NSW 2015–

2016 and 2016–2017), noting a change of Pioneer cultivar from 44Y87CL to 44Y89CL 

between harvests by site trial coordinators. To evaluate the impact of geographical 

location, canola seed of different cultivars (n = 3) was sourced from three subplots at the 

same site, as duplicated at two different geographical locations (Mullaley NSW 2015–

2016 and Lock SA 2014–2015). To evaluate the impact of cultivar, seed breeder, and 

herbicide tolerance trait, pooled subplot composites of canola seed from each cultivar 

were sourced from the same site (Minyip Vic) in 2014–2015 (n = 11) and 2015–2016 (n 

= 8), and then from the site at Mullaley NSW in 2016–2017 (n = 8). All of the samples 

of seed (~500 g) were stored in the dark coloured air-tight containers at RT. 

3.2.2.1 Preparation of canola expeller meal 

To prepare meals, for each canola sample 1 metric cup of seed was separately and evenly 

spread on a metal tray, dry-oven pre-heated (5 min, 95oC), rested (2 min, RT) and then 

passed separately through a primed bench-top screw-press expeller (Model.DSZYJ-

200A/B, 220V, 50 Hz, 50 rpm) at a pre-heated temperature of 100oC. The meals were 

individually ground in an electric mill (Breville Grinder, CG2B) and passed through a 1 

mm sieve. The experiment was repeated to generate duplicate biological samples. The 

meals were stored in air-tight containers in the dark at RT. 

3.2.3 Experiment 3: moist heat pressure treatment of canola meals 

The expeller meals of eight cultivars of canola from the Mullaley NSW 2016–2017 

harvest were evaluated for response to MHP. The MHP treatment was completed by 

placing each meal (40.0 ± 0.1 g) in a separate flat rectangle polypropylene container and 

autoclaving using a steriliser (Atherton Centenary Series, Melbourne, Australia) set on 

the Hard Goods Dry Cycle No. 1.1, for 3 min (192 kPa, 120oC). For each duplicate meal, 

an independent sterilising cycle was performed. 
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3.2.4 General nutritional characteristics  

The meals were analysed for dry matter (DM, AOAC 930.15), lipid (% AsIs, AOAC 

992.06), CP (6.25 x N) by Leco Dumas N combustion (AOAC 992.23), and soluble 

protein (Licitra et al., 1996) contents.  

3.2.5 In vitro rumen undegradable protein 

The meals were analysed for RUP utilising an in vitro simulated rumen proteolysis 

procedure by Krishnamoorthy et al. (1983) validated in vivo (R 2 = 0.61). The meal (0.5 

g) was weighed into a 125 mL Erlenmeyer flask and incubated at 39°C for 1 h in 40 mL 

borate-phosphate (BP) buffer (pH 8.0). Streptomyces griseus protease (Type XIV 5.4 

U/mg protein, Sigma P-5147, St Louis, MO, USA) solution (0.33 U per mL, 10 mL BP-

buffer) was added, and the meal was incubated at 39°C for 18 h. All flasks were placed 

on ice to suspend proteolytic activity before filtering. The residue was collected on 

quantitative filter paper (22 µm pore, No. 541, Whatman), rinsed with distilled H2O and 

air-dried overnight. Residual CP was determined by combusting the whole filter paper by 

Leco Dumas N combustion. The RUP, as a percentage of CP, was calculated as follows: 

RUP	(%	of	CP) = (CP– undegraded	CP)/	CP	x	100  (1) 

3.2.6 Protein fractionation 

The meals from Experiment 3 were analysed for non-protein N (NPN, tungstic acid 

(Licitra et al., 1996)), acid detergent fibre (ADF) and insoluble N (ADIN), neutral 

detergent fibre (NDF) and insoluble N (NDIN) contents by the Australian Oil Reference 

Laboratory (Department of Primary Industries, NSW, Australia). Results were utilised to 

calculate True protein, where True protein (%) = CP % – NPN %. 

The meals were partitioned into protein fractions based on characteristics of degradability 

according to the Cornell Net Carbohydrate and Protein System (CNCPS) as described 

(Sniffen et al., 1992). Using CNCPS, Fraction A is NPN, Fraction B is degradable protein 

containing B1 (soluble protein, rapidly soluble in the rumen), B2 (intermediate 

degradation, total CP – (A + B1 + B3 + C)), and B3 (slowly degraded in the rumen, NDIN 

– ADIN), and Fraction C is undegradable protein (ADICP). 
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3.2.7 Statistical analysis 

Statistical analyses of data were performed using the statistical software OriginLab v 95E 

(Origin, Northampton, MA, USA). To establish differences, the one-way ANOVA 

mathematical model used for analysis was:  

	Yij	=	µ	+	Tj	+	eijj         (2) 

where, Yij is an observation on the dependent variable ij; µ is the mean for the variable, 

Tj is the effect of condition (i = subplot, geographical location, cultivar, breeder, herbicide 

tolerance trait, or MHP treatment), as a fixed effect. The independent experimental runs 

were replications and eij value corresponded to the random error associated with the 

observation ij. A post-hoc Fisher Least Significant Difference test was performed to 

determine the (statistical) significance of differences between individual means, declared 

at P < 0.05. The Spearman correlation coefficient (rs) with a two-tailed test of significance 

(P<0.05) was used to define strength and association of relationships between dependent 

variables e.g. general nutritional characteristics and in vitro RUP. Polynomial regression 

was performed to determine the coefficient of determination (R2), using the equation:  

Yi	=	β0	+	β1xi	+	β2x2i	+	εi         (4) 

Effect size attributed to MHP treatment is represented as standardised mean difference 

(SMD). 

3.3 Results 

3.3.1 Experiment 1: evaluation of commercial canola meals  

General nutritional and protein degradability characteristics of canola meal from a 

commercial expeller oil-refinery (Experiment 1) are presented in Table 3.1. The mean 

DM, CP, and lipid contents were 89.9%, 30.7%, and 11.2%, respectively. The DM and 

CP contents differed (P<0.05) among months, and CP content differed (P<0.05) between 

sampling time points. The mean soluble protein and in vitro RUP contents were 14.1% 

and 57.4 %, respectively. There was no difference (P>0.05) in either soluble protein or in 

vitro RUP contents between months and sampling time points.  

3.3.2 Experiment 2: factors affecting effective protein degradability of canola meals 
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3.3.2.1 Subplot 

The general nutritional and protein degradability characteristics of expeller meals 

generated from the seed of different canola cultivars sourced from subplots at the same 

site over two growing seasons are presented in Tables 2 and 3, respectively. For both 

growing seasons, subplot had no effect (P>0.05) on CP, lipid, soluble protein and in vitro 

RUP contents. The DM content of the expeller meals did not differ (P>0.05) between 

subplots in 2016–2017 but did (P<0.01) in 2015–2016. The DM content of canola meal 

from different cultivars varied (P<0.01) in 2016-2017 but was similar (P>0.05) in 2015-

2016. These observations may be due to a change of Pioneer cultivar from 44Y87CL to 

44Y89CL between harvests by site trial coordinators. Between the cultivars, CP (P<0.01), 

lipid (P<0.05) and soluble protein (P<0.05) contents varied in both of the growing 

seasons. For both harvests, in vitro RUP was similar (P>0.05) between cultivars. 

3.3.2.2 Geographical location 

The general nutritional and protein degradability characteristics of expeller meals 

generated from the seed of different canola cultivars from two different geographical 

locations are shown in Table 3.4. The CP, lipid (P<0.05), soluble protein and in vitro RUP 

contents differed (P<0.01) between geographical locations. Similarly, when assessing 

meals of the same cultivar, CP (P<0.05) and soluble protein (P<0.01) content differed 

between geographical locations. Between cultivars, DM content of meal was reduced 

(P<0.01) in Pioneer 44Y87CL, compared to ATR Singray and Hyola 559TT. 

3.3.2.3 Cultivar 

The general nutritional and protein degradability characteristics of expeller meal 

generated from pooled subplot composites of canola seed (per cultivar) for the growing 

seasons 2014–2015, 2015–16 and 2016–2017 are presented in Tables 3.5–3.7. Across all 

growing seasons studied the CP content of the meals differed between cultivars (P<0.01). 

In addition, differences between cultivars were observed for DM (2015–2016, P<0.05), 

lipid (2015–2016 (P<0.01), 2016–2017 (P<0.05)), soluble protein (2014–2015 (P<0.01), 

2016–2017 (P<0.05)), and in vitro RUP (2014–2015, 2016–2017, P<0.01) contents; 

however, these were inconsistent between seasons. The overall means of CP, DM, lipid, 

soluble protein and in vitro RUP contents of in expeller meals generated from canola seed 

collected from NVT between 2014–2015 to 2015–2016 harvests in Minyip Vic (n = 19, 
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see Table 3.8), were 35.7%, 93.4%, 14.5%, 70.5% and 18.4 %CP, respectfully. The CP, 

lipid, soluble protein, and in vitro RUP contents of the canola meals were consistent 

(P>0.05) between breeder and herbicide tolerance traits, unlike DM (P<0.01), which was 

greater in Triazine Tolerance than Clearfield. The overall means of CP, DM, lipid, soluble 

protein and in vitro RUP in expeller meals generated from canola collected from NVT 

between 2014–2015 to 2016–2017 harvests at Minyip Vic and Mullaley NSW (n = 27, 

see Table 3.9), were 34.5%, 93.2%, 15.0%, 69.8% and 16.7%CP, respectfully. The CP, 

lipid, soluble protein, and in vitro RUP contents of the canola meals were consistent 

(P>0.05) between breeder and herbicide tolerance traits, unlike DM (P<0.05) which was 

greater in Triazine Tolerance than Clearfield herbicide tolerance traits.  

Table 3.1 Average general nutritional composition, soluble protein and in vitro protein 

degradability of canola meal produced by expeller oil-extraction during the months of 

June to August 2015 at the MSM Milling Oil Refinery Manildra New South Wales. 

 
Month Sampling 

point during 
month 

Dry matter 
(% AsIs) 

Crude 
protein 

(% DM) 

Lipid 
(% AsIs) 

Soluble 
protein 
(% CP) 

RUP 
(% CP) 

June Mid 89.0b 30.0Deb 11.5 10.0 56.5  
Late 90.0b 30.6BDEb 11.3 13.0 59.0 

July Mid 90.4a 30.9ABDab 11.9 13.3 58.0 
 Late 90.4a 30.7CDab 10.7 16.5 57.2 
August Mid 89.7ab 30.9ABCa 11.0 16.4 58.7 
 Late 89.9ab 31.3Aa 11.1 15.2 55.2 
PMONTH  * * NS NS NS 
PSAMPLING  NS * NS NS NS 
Mean (SEM)  89.9 (0.17) 30.7 (0.14) 11.2 (0.17) 14.1 (0.87) 57.4 (0.72) 
Range  89.2–91.1 29.9–31.3 10.0–12.5 12.0–21.9 53.4–60.2 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower 
(PMONTH) and upper (PSAMPLING) case superscript letters denote statistical differences 
within columns. SEM = standard error of mean; PMONTH = difference between production 
months; PSAMPLING = difference between sampling points during months; **P < 0.01; *P 
< 0.05; NS = not significant (P>0.05). 
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Table 3.2 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction from 
three different canola cultivars grown and harvested from three different subplots at the same location of Mullaley New South Wales during 2015–
2016.  

 
Cultivar  Subplot Dry matter Crude protein Lipid Soluble protein RUP  

  (% AsIs) (% DM) (% AsIs) (% CP) (% CP) 
ATR Stingray 1 93.6B 32.5 18.1 74.9 20.6  

2 93.7A 32.7 16.3 75.3 18.7  
3 93.1C 33.0 18.2 75.2 19.7 

Hyola 559TT 1 93.5B 32.3 15.3 74.7 19.2  
2 93.9A 32.5 15.0 74.1 18.8  
3 93.3C 33.1 15.4 75.6 19.4 

Pioneer 44Y87CL 1 93.5B 31.2 17.1 74.1 19.9  
2 93.8A 29.2 17.5 73.9 19.8  
3 93.0C 29.4 17.8 72.7 20.0 

Mean (SEM) ATR Stingray 93.5 (0.13) 32.7a (0.26) 17.5a (0.54) 75.1a (0.20) 19.7 (0.53) 
 Hyola 559TT 93.8 (0.13) 32.7a (0.43) 15.2b (0.56) 74.8b (0.17) 19.1 (0.48) 
 Pioneer 44Y87CL 93.1 (0.14) 30.0b (0.38) 17.4a (0.49) 73.6b (0.44) 19.9 (0.30) 
 All 93.5 (0.07) 31.8 (0.25) 16.7 (0.39) 74.5 (0.35) 19.6 (0.26) 
Range  93.0–94.0 28.8–33.3 13.8–19.4 72.1–76.7 17.3–21.2 
PSUBPLOT ** NS NS NS NS 
PCULTIVAR NS ** * * NS 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower (PCULTIVAR) and capital (PSUBPLOT) case superscript letters 
denote statistical differences within columns. SEM = standard error of mean; PCULTIVAR = difference between cultivars; PSUBPLOT = difference between 
subplots (1, 2 and 3); **P < 0.01; *P < 0.05; NS = not significant (P>0.05).  
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Table 3.3 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction from 
three different canola cultivars grown and harvested in three different subplots at the same location at Mullaley NSW in 2016–2017.  

 
Cultivar Subplot Dry matter Crude protein Lipid Soluble Protein RUP 
 

  (% AsIs) (% DM) (% AsIs) (% CP) (% CP) 
ATR Stingray 1 94.2 34.2 20.5 66.1 20.9  

2 93.7 33.6 16.7 63.5 23.7  
3 94.0 34.7 17.5 63.9 22.6 

Hyola 559TT 1 94.5 33.7 19.0 62.7 20.8  
2 94.7 33.8 19.5 62.7 19.6  
3 94.6 33.8 17.9 58.9 22.2 

Pioneer 44Y89CL 1 94.2 32.5 14.5 62.1 21.6  
2 94.0 32.9 14.0 63.6 19.6  
3 93.4 32.9 13.3 64.4 19.7 

Mean (SEM) ATR Stingray 94.0b (0.10) 34.2a (0.20) 18.2a (0.80) 64.5 (0.60) 22.4 (0.54) 
 Hyola 559TT 94.6a (0.07) 33.8a (0.10) 18.8a (0.44) 61.4 (0.85) 20.9 (0.63) 
 Pioneer 44Y89CL 93.9b (0.20) 32.7b (0.10) 13.9b (0.33) 63.3 (0.72) 20.3 (0.69) 
 All 94.2 (0.11) 33.5 (0.17)  17.0 (0.60) 63.1 (0.51) 21.2 (0.40) 
Range 93.3–94.9 32.3–34.8 13.1–20.6 58.5–66.8 18.0–23.8 
PSUBPLOT NS NS NS NS NS 
PCULTIVAR ** ** ** * NS 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower (PCULTIVAR) case superscript letters denote statistical 
differences within columns. SEM = standard error of mean; PCULTIVAR = difference between cultivars; PSUBPLOT = difference between subplots (1, 2 
and 3); **P < 0.01; *P < 0.05; NS = not significant (P>0.05).  
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Table 3.4 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction from 
cultivars grown and harvested in diverse geographical locations at Lock South Australia in 2014–2015 and Minyip Victoria in 2015–2016. 

 
State Cultivar Dry matter Crude protein Lipid Soluble protein RUP  

  (% AsIs) (% DM) (% AsIs) (% CP) (% CP) 
South Australia ATR Stingray 93.5A 33.9bB 19.9a 57.2bB  18.9b 
South Australia Hyola 559TT 93.4A 35.4bB 17.1a 46.4bB 18.1b 
South Australia Pioneer 44Y87CL 92.8B 35.1b 16.1a 46.1bB 19.6b 

Victoria ATR Stingray 93.3A 36.9aA 14.9b 76.8aA 21.6a 
Victoria Hyola 559TT 93.1A 36.8aA 13.5b 74.5aA 20.9a 
Victoria Pioneer 44Y87CL 92.9B 34.9a 14.5b 75.2aA 22.3a 

Mean SA (SEM)  93.2 (0.16) 34.8 (0.31) 17.7 (0.76) 49.9 (2.45) 18.9 (0.73) 
Mean Vic (SEM)  93.1 (0.09) 36.2 (0.45) 14.3 (0.91) 75.5 (0.65) 21.6 (0.35) 
Total mean (SEM)   93.2 (0.09) 35.5 (0.33) 16.0 (0.76) 62.7 (4.04) 20.2 (0.56) 
Total range   92.8–93.7 33.8–37.3 12.1–20.2 44.3–77.8 16.6–22.5 
PCULTIVARa_SA x CULTIVARa_Vic  NS * NS ** NS 
PCULTIVAR  ** NS NS NS NS 
PSA x Vic NS * * ** ** 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower (PSA x Vic) or upper case (PCULTIVAR, PCULTIVARa_SA x 

CULTIVARa_Vic) superscript letters denote statistical differences within columns. SEM = standard error of mean; PSA x VIC = differences between SA and 
Vic geographical locations; PCULTIVAR = difference between cultivars; PCULTIVARa_SA x CULTIVARa_Vic = difference between similar cultivars. **P < 0.01; 
*P < 0.05; NS = not significant (P>0.05).  
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Table 3.5 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction from 
cultivars grown and harvested at the same location at Minyip Victoria in 2014–2015.  

 
Cultivar Dry matter Crude protein Lipid Soluble protein RUP 
  (% AsIs) (% DM) (% AsIs) (% CP) (% CP) 
ATR Stingray 93.7 39.4a 12.2 77.1a 16.8cd 
ATR Bonito 93.7 36.9bc 14.9 74.4b 18.9acd 
Nuseed Diamond 93.4 34.4d 14.4 73.6b 19.3ac 
Hyola 50 93.5 37.6b 13.2 74.2b 17.4c 
Hyola 404RR 93.7 37.4b 14.1 74.1b 18.0cb 
Pioneer 44Y89CL 93.1 36.1c 13.0 73.3bc 18.0cb 
Monola 314 TT 93.4 37.3b 13.9 72.7bc 19.8ab 
Banker CL 93.2 34.8d 12.1 71.2c 21.1a 
Pioneer 44Y87CL 93.2 37.1bc 12.7 75.1bc 18.2bc 
Hyola 559TT 93.2 39.2a 12.6 74.2b 18.5bc 
IH51 RR 93.4 37.5bc 12.9  74.8b 19.0abc 
PCULTIVAR NS ** NS ** ** 
Mean (SEM)  93.4 (0.06) 37.0 (0.33) 13.3 (0.25) 74.0 (0.33) 18.6 (0.27) 
Range 92.8–93.9 33.8–39.6 11.1–15.2 70.8–77.8 15.6–21.5 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower case (PCULTIVAR) superscript letters denote statistical 
differences within columns. SEM = standard error of mean; PCULTIVAR = difference between cultivars; **P < 0.01; *P < 0.05; NS = not significant 
(P>0.05).
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Table 3.6 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction from 
cultivars grown in different subplots the at same location at Minyip Victoria in 2015–2016.  

 
Cultivar DM CP Lipid Soluble protein RUP 
  (% AsIs) (% DM) (% AsIs) (% CP) (% CP) 
ATR Stingray 93.7abc 33.3bcd 18.1ab 64.9 18.3 
ATR Bonito 93.7abc 33.1cd 18.8ab 66.0 18.0 
Nuseed Diamond 93.4abc 34.5abc 14.6bde 66.7 17.5 
Hyola 404RR 93.5abc 33.1bcd 16.4bd 64.7 18.9 
Pioneer 44Y89CL 92.9bcd 34.3abc 14.0de 66.2 17.9 
Banker CL 93.3bcd 33.9bc 15.8abde 66.0 17.5 
Hyola 559TT 93.6b 34.8ab 17.5bc 65.0 17.5 
IH51 RR 92.8d 34.0b 14.2cde 66.6 19.1 
PCULTIVAR * ** ** NS NS 
Mean (SEM) 93.3 (0.09) 33.9 (0.16) 16.2 (0.47) 65.8 (0.30) 18.1 (0.28) 
Range  92.6–93.7 33.0–35.0 13.4–19.5 63.1–67.2 16.3–20.2 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower case (PCULTIVAR) superscript letters denote statistical 
differences within columns. SEM = standard error of mean; PCULTIVAR = difference between cultivars; **P < 0.01; *P < 0.05; NS = not significant 
(P>0.05). 
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Table 3.7 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction 
with moist heat pressure for 3 min from different canola cultivars grown and harvested from Mullaley New South Wales in 2016–2017. 

Cultivar MHP Dry matter Crude protein Lipid Soluble protein In vitro RUP 
   (% AsIs) (% DM)  (% AsIs)  (% CP)  (% CP)  

ATR Bonito – 93.0 33.1a 18.6ab 68.8abd  12.8bc 
 + 90.5 32.2A 22.2A 37.9D 25.5AB 
ATR Stingray – 92.9 33.2a 16.2bc 64.2de 15.5a 
 + 90.9 32.8A 18.7BC 44.6ABC 27.9AB 
Banker CL – 92.6 33.7ac 17.4abc 68.6ab 12.2bc 
 + 91.2 33.0A 18.3BC 48.1AB 24.8AB 
Garnett – 92.6 31.7cd 13.8e 67.1cd 11.7c 
 + 92.0 31.4B 15.1D 44.4ABC 25.8AB 
Gem – 93.1 32.5bcd 15.8bce 69.2abc 12.3bc 
 + 92.0 32.1AB 19.3B 45.0AB 25.5AB 
Hyola 559TT – 92.9 33.0ab 16.5bd 68.4abc 13.6b 
 + 91.3 32.8A 19.9B 39.9AB 27.5AB 
Nuseed Diamond – 93.0 33.2ab 16.7cde 68.2abc 11.8c 
 + 91.4 32.8A 17.4C 45.7AB 19.8BC 
Pioneer 44Y89CL  – 92.5 32.1d 15.2cde 70.9bc 12.1bc 
 + 91.2 31.6B 16.1D 44.3B 23.8B 
PCULTIVAR  NS ** * * ** 
Mean (SEM)  92.8 (0.08)  32.8 (0.17)  16.1 (0.40)  68.2 (0.54) 12.7 (0.34)  
Range   92.3–93.3 31.5–33.8 12.7–19.4 63.1–71.3 10.9–15.7 
PMHP  NS * ** * ** 
Mean (SEM)  91.2 (0.12) 32.3 (0.16) 18.4 (0.56)  43.7 (0.89) 25.0 (0.71) 
Range   90.2–92.0 31.3–33.2 14.8–22.4 36.8–49.6 18.0–28.3 
PMHPT  ** * ** ** ** 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein, MHP = moist heat pressure. Lower (PCULTIVAR) and upper (PMHP) 
case superscript letters denote statistical differences within columns. SEM = standard error of mean; PCULTIVAR = difference between cultivars; PMHP 
= difference between cultivars treated with MHP; PMHPT = difference between cultivars treated with and without MHP; **P < 0.01; *P < 0.05; NS = 
not significant (P>0.05). 
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Table 3.8 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction from 
different cultivars grown and harvested from 2014–2015 to 2015–2016 at Minyip Victoria (n = 19). 

Herbicide tolerance or  
seed breeder 

Dry matter Crude protein Lipid Soluble protein RUP 
 

(% AsIs) (% DM) (% AsIs) (% CP) (% CP) 
Triazine Tolerance 93.6a 36.3 15.4 70.6 18.3 
Conventional 93.4ab 35.5 14.1 71.5 18.0 
Round-up ready 93.3ab 35.5 14.4 69.8 18.7 
Clearfield 93.1b 35.2 13.5 70.3 18.5 
PHERBICIDE ** NS NS NS NS 
Nuseed 93.6AB 35.5 15.3 70.8 18.4 
Pacific 93.5A 36.4 14.8 70.4 18.0 
Pioneer 93.0C 35.8 13.2 71.5 18.0 
Heritage 93.3AC 34.3 13.9 68.6 19.3 
Bayer 93.1BC 35.8 13.5 70.2 19.1 
PBREEDER ** NS NS NS NS 
PCULTIVAR ** NS NS NS NS 
Mean (SEM) 93.4 (0.05) 35.7 (0.33) 14.5 (0.34) 70.5 (0.70) 18.4 (0.20) 
Range 92.6–93.9 33.0–39.6  11.1–19.5 63.1–77.8 15.6–21.5 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower (PHERBICIDE) and upper (PBREEDER) case superscript letters 
denote statistical differences within columns. SEM = standard error of mean; PHERBICIDE = difference between breeders; PHERBICIDE = difference 
between herbicide tolerance traits; **P < 0.01; *P < 0.05; NS = not significant (P>0.05). 



 

 105 

3.3.3 Correlation of general nutritional characteristics with protein degradability  

In expeller meals of canola seed from the 2014–2015 and 2015–2016 harvests at Minyip 

Vic (n = 19, see Figure 3.1a and Table A3.2), in vitro RUP did not (P>0.05) correlate 

with any general nutritional characteristics studied. In expeller meals of canola seed from 

2014–2015 to 2016–2017 harvests at Minyip Vic and Mullaley NSW (n = 27, see Figure 

3.1b and Table A3.2), in vitro RUP was negatively correlated (rs = –0.35) with lipid 

content, and positively correlated (P<0.05) with DM (rs = 0.39) and CP (rs = 0.51) content.  

3.3.4 Impact of moist heat pressure 

Further analysis of nutritional and protein characteristics revealed ADF, NDF, NDICP 

and Fraction C (ADICP) differed (P<0.01) between cultivar expeller meals, irrespective 

of treatment with MHP (see Figure A3.1 and Table 3.10). The MHP treatment reduced 

means for CP (P<0.05), DM, soluble protein, and B1 (P<0.01), and increased lipid, in 

vitro RUP, Fraction A, B2 (P<0.01), NDICP and B3 (P<0.05) contents (see Table 3.7 and 

3.10). The effect size attributed to MHP treatment varied between cultivars, and was 

positive for lipid, in vitro RUP, NDICP, and Fraction A (see Table A3.3 and A3.4); 

negative for CP, DM, soluble protein, and B1; and, varied from negative to positive for 

NPN, ADF, NDF, B2, B3, and C. 
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Table 3.9 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction from 
cultivars grown and harvested in 2014–2015 and 2015–2016 from Minyip Victoria and in 2016–2017 from Mullaley New South Wales (n = 27).  

Herbicide tolerance or 
seed breeder 

Dry matter Crude protein Lipid Soluble protein RUP 

  (% AsIs) (% DM) (% AsIs) (% CP) (% CP) 
Triazine Tolerance 93.3a 35.1 15.9 69.5 16.6 
Conventional 93.2ab 34.3 14.3 70.0 15.5 
Round-up ready 93.3a 35.5 14.4 69.8 18.7 
Clearfield 93.0b 34.5 14.3 70.2 16.7 
PHERBICIDE * NS NS NS NS 
Nuseed 93.3 34.4 15.6 69.4 16.1 
Pacific 93.4 35.8 15.0 70.1 17.3 
Pioneer 92.9 34.9 13.7 71.4 16.6 
Heritage 93.1 34.1 15.1 68.6 16.9 
Bayer 93.1 35.8 13.5 70.2 19.1  
PBREEDER NS NS NS NS NS 
PCULTIVAR * NS NS NS NS 
Mean (SEM) 93.2 (0.56) 34.9 (0.30) 15.0 (0.28) 69.8 (0.54) 16.7 (0.40)  
Range 92.3–93.9 31.5–39.6  11.1–19.5 63.1–77.8 10.9–21.5 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. Lower (PHERBICIDE) and upper (PBREEDER) case superscript letters 
denote statistical differences within columns. SEM = standard error of mean; PHERBICIDE = difference between breeders; PHERBICIDE = difference 
between herbicide tolerance traits; **P < 0.01; *P < 0.05; NS = not significant (P>0.05). 
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Table 3.10 Cornell Net Carbohydrate and Protein System protein fractions of canola meal produced by expeller oil-extraction with moist heat pressure 
treatment for 3 min from different cultivars of canola grown and harvested from Mullaley New South Wales in 2016–2017. 

Cultivar MHP NPN ADF NDF NDICP Fraction A Fraction B1  Fraction B2 Fraction B3  Fraction C 
  (% DM)  (% DM) (% DM)  (% CP)  (% CP)  (% CP)  (% CP)  (% CP)  (% CP)  
ATR Bonito – 3.67 15.8e 19.9e 6.11d 3.54 65.2 25.1 1.54 4.58d 
 + 3.77 15.6C 18.8A 7.03BD 6.72 31.1 55.1 2.15 4.87CD 
ATR Stingray – 3.72 21.1b 25.5bc 8.36a 3.70 60.5 27.5  1.51 6.84a 
 + 3.73 18.5B 24.5AB 9.53AB 5.78 38.8 45.9 3.21 6.32BC 
Banker CL – 3.76 16.9d 21.9d 5.89a 3.39 65.2 25.5 0.97 4.92cd 
 + 3.40 16.3C 21.3BD 6.16D 6.29 41.9 45.7 1.40 4.77D 
Garnett – 3.66 23.3a 28.8a 7.76ac 3.93 63.1 25.2 0.81 6.95a 
 + 3.45 22.9A 28.1A 8.31BC 7.03 37.3 47.3 0.92 7.39AB 
Gem – 3.51 18.7c 23.2b 6.87cd 3.98 65.2 23.9 1.02 5.85b 
 + 3.61 18.7B 24.0BC 8.17BC 6.07 39.0 46.8 1.87 6.29BC 
Hyola 559TT – 3.70 17.3d 22.3d 6.88cd 3.57 64.8 24.8 1.70 5.18c 
 + 3.40 15.7C 21.3CD 7.32CD 7.57 32.3 52.8 2.54 4.77D 
Nuseed Diamond – 3.70 20.5b 25.0b 6.44bd 3.58 64.6 25.4 0.35 6.10b 
 + 3.86 19.3B 25.1ABC 7.32CD 5.14 40.5 47.0 1.32 6.00C 
Pioneer 44Y89CL – 3.95  23.2a 28.0a 7.50abc 3.05 67.8 21.7 0.76 6.74a 
 + 3.32 23.3A 28.7A 8.32BC 7.42 36.8 47.4 0.76 7.56A 
PCULTIVAR  NS ** ** ** NS NS NS NS ** 
Mean (SEM)  3.71 (0.05)  19.6 (0.70) 24.3 (0.76) 6.98 (0.21) 3.59 (0.12) 64.6 (0.60) 24.9 (0.48) 1.08 (0.13) 5.89 (0.23) 
PMHP  NS ** ** ** NS NS NS NS ** 
Mean (SEM)  3.57 (0.07) 18.8 (0.74) 24.1 (0.87) 7.77 (0.27) 6.50 (0.28) 37.2 (1.05) 48.5 (0.95) 1.77 (0.23) 6.00 (0.28) 
PMHPT  NS NS NS * ** ** ** * NS 

MHP = moist heat pressure. NPN = Non-protein nitrogen, ADF = acid-detergent fibre, NDF = neutral-detergent fibre, NDICP = neutral-detergent insoluble crude protein. 
The protein fractions were calculated as previously described (Sniffen et al. 1992), whereby B3 (NDIN – ADIN), and B2 (Total CP – (A + B1 + B3 + C)). A = non-protein 
N, B1 = rapidly degraded true protein, B2 = intermediately degraded true protein, B3 = slowly degraded true protein, C = undegradable true protein. Lower (PCULTIVAR) 
or upper (PMHP) case superscript letters denote statistical differences within columns. SEM = standard error of mean; PCULTIVAR = difference between cultivars; PMHP = 
difference between cultivars treated with MHP; PMHPT = difference between cultivars treated with and without MHP; **P < 0.01; *P < 0.05; NS = not significant (P>0.05). 
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Figure 3.1 Scatter plot representative of relationships of in vitro rumen undegradable 
protein (RUP, % crude protein (CP)) with lipid, CP, soluble protein (Sol) and dry matter 
(DM) contents of expeller meal from canola collected in (a) 2014–2015 to 2015–2016 
harvests in Minyip Victoria (n = 19), and (b) 2014–2015 to 2016–2017 harvests at Minyip 
Victoria and Mullaley New South Wales (n = 27). Pair-wise Spearman and Pearson’s 
correlation coefficients are presented, *P < 0.05. A 95% confidence level ellipse is shown.  

3.4 Discussion 

This study initially characterised variation of protein degradability in commercially 

produced Australian expeller canola meal throughout production months of June to 

August in 2015. The ranges of CP, DM, lipid, soluble protein and in vitro RUP contents 

throughout production months were similar to previous reports for Australian expeller 

canola meals (AOF, 2007c, 2008). In comparison, the CGC (2007) reported broader 

variation of Western Canadian canola CP (15.5–31.5%) contents during the 2006–2007 

harvest months, and Broderick et al. (2016) found Canadian expeller canola meal 

collected from 2011–2014 (n = 1) had greater DM (94.9%) and soluble protein (25.5–

27.3% CP) contents and reduced in vitro RUP (44.1–47.1%CP). They attributed some 

variation to changes in experimental techniques over time. In this study, the decrease of 

DM content over time requires further investigation to evaluate contributions of field 

temperature at harvesting time, storage conditions (e.g. relative humidity), and 

temperature during oil-extraction. Secondly, this study investigated the contributions of 
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factors (i.e. subplot, geographical location, and cultivar) to observed variations of soluble 

protein (12.0–21.9% = 9.9%) and in vitro RUP (53.4–60.2% = 6.8%) throughout 

production.  

Analysis of means for subplot for the 2015–2016 and 2016–2017 harvests revealed ranges 

of CP, DM, lipid, soluble protein, and in vitro RUP contents were similar to previous 

reports for Australian expeller canola meals (AOF, 2007c, 2008). Subplot did not 

(P>0.05) affect CP, lipid, soluble protein or in vitro RUP contents of the expeller canola 

meal; though, differences of DM may be due to the inclusion of different Pioneer cultivars 

by trial coordinators between harvest years studied. 

Examination of the contribution of geographical location on general nutritional and 

protein degradability characteristics of expeller meal required analysis in consecutive 

harvest years to be conclusive. Preliminary mean analysis revealed ranges of the CP, DM, 

lipid, soluble protein and in vitro RUP contents were similar to previous reports for 

Australian expeller canola meals (AOF, 2007c, 2008). Between geographical locations 

the CP, lipid (P<0.05), soluble protein and in vitro RUP (P<0.01) contents of expeller 

canola meals differed. These results were unsurprising given the substantial differences 

in soil type, rainfall (mm), incidence of frost, sowing and harvest times for the different 

geographical locations (see Table A3.1). Prichard et al. (2000) reported positive 

associations of lipid and negative associations of protein in canola from wetter Australian 

areas; and, large differences in oil and protein concentrations within individual genotypes 

of canola grown in different locations. In comparison, Si et al. (2003) reported harvest 

year and location effects on canola meal CP were stronger than the rainfall effect; with 

location influencing protein levels by 5 to 10 percentage points. Australian canola 

growers have experienced nutritional problems with the crop due to growth on diverse 

soil types including highly calcareous soils in SA, and hard-setting acidic soils in NSW 

(AOF, 2007a). Sulfur is crucial for canola in the synthesis of oil and protein (AOF, 

2007b), and canola is highly responsive to N (AOF, 2007b) an essential nutrient for 

protein formation and plant growth. Brennan and Bolland (2007) observed N application 

decreased oil and increased protein concentrations in south-western Australian canola. In 

this study, substantially reduced soluble protein content of canola meals derived from 

different geographical locations, may be attributed to differences in storage time, which 

has been shown to reduce the protein solubility of other seed types, for example lotus 

(Luo et al., 2016) and wheat (Radha et al., 2014). Similarly, Broderick et al. (2016) 
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reported the N solubility of canola meal collected from distant geographical locations in 

Canada between 2011–2014 varied with time, although this was attributed to differences 

in experimental technique rather than seed source. Martinez et al. (2016) reported location 

and genotype impacted on the solubility of Faba bean protein concentrate; however, noted 

the differences were not substantial enough to warrant variety screening and separation 

before processing.  

Analysis of means for cultivar for 2014–2017 harvests revealed ranges of CP, DM, lipid, 

soluble protein, and, in vitro RUP contents were similar to previous reports for Australian 

expeller canola meals (AOF, 2007c, 2008). The CP content of canola meals varied 

(P<0.01) among cultivars. Si et al. (2003) similarly reported protein levels in canola meal 

of early and mid-season maturity groups varied among genotypes, although growing 

location had larger effects than genotype. Given variety types of barley (Porker & 

Wheeler, 2013) and wheat (Brill et al., 2013) differ in their ability to convert N to grain 

protein, similar differences may exist in canola, to contribute to observed differences in 

meal CP levels. Analysis of means for cultivar for the 2014–2016 harvests, also found 

DM differed (P<0.01) between herbicide tolerance traits. The finding was unexpected and 

necessitates further investigation utilising of a larger pool of samples to provide surety. 

Less variation of in vitro RUP content of canola meal based on subplot (17.3–23.8%), 

and geographical location (16.6–22.5%) harvests, but greater variation between cultivars 

(10.9–21.5%), implied the variation of in vitro RUP was associated with genotype more 

so than environment. In vitro RUP was positively correlated (rs = 0.51, P<0.05) with the 

CP content of meal, and these findings suggest interrelationships between the CP content 

of canola meal and ruminal protein degradability exist. The indigestible protein (Fraction 

C (ADICP) e.g. Maillard reaction products), and plant carbohydrate (ADF and NDF) 

contents of canola meals differed (P<0.01) between cultivars and did not correlate with 

in vitro RUP values. In contrast, NDICP, which contributes to RUP (Chrenkova et al., 

2014), differed (P<0.01) between cultivars and correlated with in vitro RUP (r2 = 0.45, 

P<0.05). These results infer digestible fibre-associated protein contributes to differences 

in in vitro RUP between cultivars. Theodoridou and Yu (2013) similarly observed 

variance of in situ RUP between solvent-extraction meals of canola species B. napus and 

B. juncea , and theorised origins of difference may be due to the thickness of seed coat, 

fibre percentage in hulls, embryo size, and seed oil and protein contents (Stringam et al., 

1974; Bell & Shires, 1982; Bell, 1993; Rahman & McVetty, 2011), which would impact 
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on meal starch, polysaccharide, cellulose, NDF, and lignin contents (Slominski & 

Campbell, 1990).  

Treatment with MHP induced numerous changes in meal general nutritional and protein 

degradability characteristics of expeller canola meal. Thermal denaturation has 

previously been reported to reduce protein solubility (Kinsella, 1979), and ruminal 

protein degradability in canola meal (Moshtaghi Nia & Ingalls, 1992). In this study, 

cultivars were also found to respond differently to MHP treatment. Compared to results 

reported by Shannak et al. (2000) for expeller rapeseed meal, levels of protein Fraction A 

(NPN) and B2 were lower, B1 was higher, and B3 and C were similar. Positive increases 

of Fraction A, and of B2 as B1 decreased, suggest MHP induces protein hydrolysis and 

conversion of rapidly degradable to intermediately degraded protein. Notably, the effect 

was more noticeable in Clearfield cultivar meals than the other herbicide tolerant types 

studied, to imply this parameter may impact on protein response to MHP. Opportunity 

exists to study underlying mechanisms of RUP formation in canola meal in response to 

processing and MHP-treatment.  

3.5 Conclusion 

To understand origins of the variability of protein digestibility for ruminant nutrition in 

expelled canola meal, this study investigated variation during production and attributed 

to factors including subplot, geographical location, cultivar, seed breeder and herbicide 

tolerance traits. Although broad ranges of soluble (9.90%) and in vitro rumen-degradable 

protein (6.80%) content in commercially produced expeller canola meals were observed, 

variation over time was non-significant. Further research on the impact of harvest year, 

environment, particularly rainfall, incidence of frost, soil type and nitrogen and sulfur 

content, on resultant degradable protein content of canola meal is recommended. Further 

exploration of differences in mechanisms of N metabolism among cultivars may assist to 

validate observed variation of CP content among their respective meals. Outcomes infer 

digestible fibre-associated protein is contributing to observed differences in protein 

degradability between cultivars. This study also demonstrated the degree of MHP-

induced in vitro RUP formation in expeller meals differed between cultivars, and in the 

conversion of rapidly degradable to intermediately degradable protein. Findings may 

benefit meal producers by providing knowledge to improve the RUP in canola meal for 

use in ruminant rations. 
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Appendix 

Figure A3.1 Photographs of expeller meals generated from the seed of different Brassica 
napus canola cultivars (n = 8) (a) without and (b) with moist heat pressure treatment for 
3 min. The solid black scale bar represents 10 mm. Canola seed was harvested at Mullaley 
New South Wales in 2016–2017.
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Table A3.1 Summary of National Variety Trial canola seed samples for investigation. 
Cultivar Harvest Year SiteA Sown Harvest TypeB Release  

Year 
Breeder Weather event Seed  

lipid % 
Seed  
CP % 

Meal  
CP %B 

SoilC Rainfall  
(mm)D 

ExperimentE 

ATR Stingray 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-T 2011 Nuseed Pty Ltd Frost, Extreme heat 38.6 24.8 40.8 C 250 2.3 
ATR Bonito 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-T 2013 Nuseed Pty Ltd Frost, Extreme heat 42.2 22.1 39.1 C 250 2.3 
Nuseed Diamond 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-C 2013 Nuseed Pty Ltd Frost, Extreme heat 41.8 20.7 36.2 C 250 2.3 
Hyola 50 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-C 2007 Pacific Seeds Frost, Extreme heat 39.1 23.4 38.9 C 250 2.3 
Hyola 404RR 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-RR 2010 Pacific Seeds Frost, Extreme heat 42.5 22.6 40.2 C 250 2.3 
Pioneer 44Y89CL 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-I 2014 Pioneer Hy-Bred Frost, Extreme heat 38.9 22.4 37.1 C 250 2.3 
Monola 314 TT 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-T 2014 Nuseed Pty Ltd Frost, Extreme heat 37.1 24.6 39.4 C 250 2.3 
Banker CL 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-I 2014–2015 Heritage Seeds Frost, Extreme heat 38.4 23.5 38.5 C 250 2.3 
Pioneer 44Y87CL 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-I 2013 Pioneer Hy-Bred Frost, Extreme heat 36.5 24.6 39.0 C 250 2.3 
Hyola 559TT 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-T 2012 Pacific Seeds Frost, Extreme heat 40.9 24.4 42.0 C 250 2.3 
IH51 RR 2014–2015 Minyip Vic 06/05/14 05/11/14 Mid-RR 2015 Bayer CropScience Frost, Extreme heat 38.1 23.3 38.0 C 250 2.3 
ATR Stingray 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-T 2011 Nuseed Pty Ltd Frost 46.1 18.9 - C 547 2.3 
ATR Bonito 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-T 2013 Nuseed Pty Ltd Frost 46.6 19.5 - C 547 2.3 
Nuseed Diamond 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-C 2013 Nuseed Pty Ltd Frost 43.5 21.4 - C 547 2.3 
Hyola 404RR 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-RR 2010 Pacific Seeds Frost 47.7 19.3 - C 547 2.3 
Pioneer 44Y89CL 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-I 2014 Pioneer Hy-Bred Frost 43.7 19.3 - C 547 2.3 
Banker CL 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-I 2014–2015 Heritage Seeds Frost 44.9 20.6 - C 547 2.3 
Hyola 559TT 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-T 2012 Pacific Seeds Frost 46.1 19.3 - C 547 2.3 
IH51 RR 2015–2016 Minyip Vic 26/04/16 05/12/16 Mid-RR 2015 Bayer CropScience Frost 43.8 19.8 - C 547 2.3 
ATR Stingray 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-T 2011 Nuseed Pty Ltd Frost, Extreme heat 39.9 - - SL 501 2.1, 2.3, 3 
ATR Bonito 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-T 2013 Nuseed Pty Ltd Frost, Extreme heat 41.1 - - SL 501 2.3, 3 
Banker CL 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-I 2014–2015 Heritage Seeds Frost, Extreme heat - - - SL 501 2.3, 3 
Nuseed Diamond 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-C 2013 Nuseed Pty Ltd Frost, Extreme heat - - - SL 501 2.3, 3 
Pioneer 44Y89CL 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-I 2014 Pioneer Hy-Bred Frost, Extreme heat - - - SL 501 2.1, 2.3, 3 
Hyola 559TT 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-T 2012 Pacific Seeds Frost, Extreme heat 42.2 - - SL 501 2.1, 2.3, 3 
Garnet 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-C 2007 Nuseed Pty Ltd Frost, Extreme heat - - - SL 501 2.3, 3 
Gem 2016–2017 Mullaley NSW 6/05/2016 1/12/2016 Mid-T 2011 Nuseed Pty Ltd Frost, Extreme heat 39.5 - - SL 501 2.3, 3 
ATR Stingray 2014–2015 Lock SA 01/05/14 28/10/14 Mid-T 2011 Nuseed Pty Ltd Frost, Extreme heat 41.2 - 41.8 S  270 2.2 
Hyola 559TT 2014–2015 Lock SA 01/05/14 28/10/14 Mid-T 2012 Pacific Seeds Frost, Extreme heat 41.0 - 42.1 S  270 2.2 
Pioneer 44Y87CL 2014–2015 Lock SA 01/05/14 28/10/14 Ear-I 2013 Pioneer Hy-Bred Frost, Extreme heat 38.7 - 41.0 S  270 2.2 
ATR Stingray 2015–2016 Mullaley NSW 12/05/15 24/11/15 Mid-T 2011 Nuseed Pty Ltd Extreme heat 41.8 21.3 39.9 SL, S 465 2.1, 2.2 
Hyola 559TT 2015–2016 Mullaley NSW 12/05/15 24/11/15 Mid-T 2012 Pacific Seeds Extreme heat 42.1 20.8 38.9 SL, S 465 2.1, 2.2 
Pioneer 44Y87CL 2015–2016 Mullaley NSW 12/05/15 24/11/15 Mid-I 2013 Pioneer Hy-Bred Extreme heat 41.2 20.8 36.8 SL, S 465 2.1, 2.2 
A Regions of Minyip iic (2014–2015 36.397276oS, 142.554384oE; 2015–2016 36.433219oS, 142.479282oE), Mullaley NSW (2015–2016 31.13283oS, 149.9584oE; 
2016–2017 31.138494oS, 149.979306oE), and Lock SA (2016–2017 33.55572oS, 135.68634oE). 
B Mid maturing Triazine (Mid-T), mid maturing Conventional (Mid-C), mid maturing Roundup Ready (Mid-RR), early and mid-maturing Imidazolinone (Ear-I, Mid-I).  
C Soil types were abbreviated as clay (C), sandy loam (SL), and sand (S).  
D 2016 Minyip unavailable in National Variety Trial report (www.nvtonline.com.au). Sourced from Commonwealth of Australia, Bureau of Meteorology 
www.bom.gov.au 

    

E Experiment 2.1 (subplot), 2.2 (geographical location), 2.3 (cultivar), and 3 (moist-heat pressure treatment).     
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Table A3.2 Linear and polynomial equations to describe relationships of in vitro rumen undegradable protein with lipid, crude protein, soluble 
protein and dry matter content of expeller meal from canola collected from (a) 2014–2015 to 2015–2016 harvests at Minyip Victoria (n = 19), and 
(b) 2014–2015 to 2016–2017 harvests in Minyip Victoria and Mullaley New South Wales (n = 27). R = Pearson’s correlation coefficient; R2 = 
coefficient of determination.  

 Parameter Equation R R2 
a Dry matter (% AsIs) Y = 94.64624 – 0.06923x –0.26072 0.06798 
 

 
Y = 104.6486 –1.15403x + 0.02929x2                                 0.11023 

 Crude protein (% DM) Y = 39.64643 – 0.21439x                              –0.13045 0.01702 
 

 
Y = 33.25491 + 0.47879x – 0.01871x2                                 0.01747 

 Lipid (% AsIs) Y = 20.10312 – 0.30541x –0.1798 0.03233 
 

 
Y = -8.48112 + 2.79466x – 0.08369x2                                 0.04076 

 Soluble protein (% CP) 

 (% DM) 

Y = 69.10893 + 0.07577x 0.02133 4.55181x10–4 
   Y = 49.0678 + 2.24931x – 0.05868x2                                 0.0014 
b DM (% AsIs) Y = 91.99879 + 0.07228x                              0.51183 0.26197 
 

 
Y = 88.91224 + 0.47809x – 0.01285x2                             0.31026 

 CP (% DM) Y = 28.1858 + 0.39844x                              0.53047 0.28140 
  Y = 11.49491 + 2.59291x – 0.06951x2                                 0.33132 
 Lipid (% AsIs) Y = 19.28251 – 0.25784x                              –0.35967 0.12936 
  Y = 9.01089 + 1.09264x – 0.04277x2                                 0.15012 
 Soluble protein (% CP) 

 (% DM) 

Y = 65.05167 + 0.28448x                              0.20812 0.04332 
  Y = 70.13022 – 0.38324x – 0.02115x2                                 0.04471 
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Table A3.3 General nutritional composition, soluble protein and in vitro protein degradability of canola meal produced by expeller oil-extraction 
with moist heat pressure treatment for 3 min from of canola cultivars grown and harvested at Mullaley New South Wales in 2016–2017. Effect size 
attributed to moist heat pressure is represented as standardised mean difference (SMD). 

Cultivar SMDDM SMDCP SMDLipid SMDSolCP SMDRUP 

ATR Bonito –8.28 –2.19 3.17 –28.3 33.8 

ATR Stingray –4.34 –2.05 1.46 –13.2 44.5 

Banker CL –5.67 –2.75 1.68 –58.6 100.3 

Garnett –3.84 –1.39 0.92 –10.2 13.4 

Gem –4.03 –5.42 4.38 –10.0 18.8 

Hyola 559TT –5.65 –1.13 7.46 –23.2 11.0 

Nuseed Diamond –60.6 –28.2 2.18 –42.7 10.2 

Pioneer 44Y89CL  –5.55 –4.17 1.77 –45.0 30.8 

SMD Effect Size Range –60.6 to –3.84 –28.2 to –1.13 0.92 to 7.46 –58.6 to –10.0 10.2 to 100.3 

DM = dry matter, CP = crude protein, RUP = in vitro rumen-undegradable protein. 
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Table A3.4 Cornell Net Carbohydrate and Protein System protein fractions of expeller meal with moist heat pressure treatment for 3 min from canola 
cultivars grown and harvested at Mullaley New South Wales in 2016–2017. Effect size attributed to treatment is represented as standardised mean 
difference (SMD).  
 
Cultivar  SMDNPN SMDADF SMDNDF SMDNDICP SMDA SMDB1 SMDB2 SMDB3 SMDC 

ATR Bonito 0.49 –1.74 –7.96 3.79 5.29 –44.0 18.4 4.36 2.99 

ATR Stingray 0.08 –5.00 –0.01 4.33 10.7 –22.8 19.7 16.6 –3.05 

Banker CL –1.38 –14.6 –0.67 0.92 5.78 –27.5 382.8 0.97 –1.07 

Garnett –1.40 –0.79 –0.61 1.68 5.86 –9.34 8.66 0.21 2.20 

Gem 0.41 –0.25 2.20 4.78 3.18 –8.57 10.7 2.04 3.02 

Hyola 559TT –5.13 –1.81 –0.73 0.72 27.0 –23.6 15.1 2.79 –1.21 

Nuseed Diamond 0.41 –1.46 1.39 3.77 1.72 –16.7 28.6 1.63 –0.28 

Pioneer 44Y89CL  –3.04 4.00 0.80 2.36 8.95 –29.5 117.0 –0.21 2.57 

SMD Effect Size Range –5.13 to 0.49 –14.6 to 4.00 –7.96 to 2.20 0.72 to 4.78 1.72 to 27.0 –44.0 to –8.57 –8.66 to 382.8 0.21 to 16.6 –3.05 to 3.02 

NPN = Non-protein nitrogen, ADF = acid-detergent fibre, NDF = neutral-detergent fibre, NDICP = neutral-detergent insoluble crude protein. The protein fractions 
were calculated as previously described (Sniffen et al. 1992), whereby B3 (NDIN – ADIN), and B2 (Total CP – (A + B1 + B3 + C)). A = non-protein N, B1 = 
rapidly degraded true protein, B2 = intermediately degraded true protein, B3 = slowly degraded true protein, C = undegradable true protein.  

 



  

 122 

CHAPTER 4 

RESEARCH PAPER 

MANUSCRIPT 3 (ACCEPTED) 



  

 123 

  

Journal of Agricultural Science; Vol. 10, No. 10; 2018 
ISSN 1916-9752 E-ISSN 1916-9760 

Published by Canadian Center of Science and Education 

1 

Effect of Dry Heat Temperature and Moist Heat Pressure on Canola 
Meal for Ruminant Utilisation. 

Part I: Nutritional, Protein Solubility and Degradability 
Characteristics 

Rebecca Alice Louise Heim1 & Gaye Louise Krebs2 

1 ARC Industrial Transformation Training Centre for Functional Grains, Graham Centre For Agriculture and 
Innovation, Charles Sturt University, Wagga Wagga, NSW, Australia 
2 School of Animal and Veterinary Sciences, Charles Sturt University, Wagga Wagga, NSW, Australia 
Correspondence: Rebecca Alice Louise Heim, ARC Industrial Transformation Training Centre for Functional 
Grains, Graham Centre For Agriculture and Innovation, Charles Sturt University, Wagga Wagga, NSW, Australia. 
Tel: 1-614-3046-9171. E-mail: rebarnett@csu.edu.au 
 
Received: April 2, 2018      Accepted: July 6, 2018      Online Published: September 15, 2018 
doi:10.5539/jas.v10n10pxx          URL: https://doi.org/10.5539/jas.v10n10pxx 
 
Abstract 

The effects of a range of barrel dry heat temperatures (20 to 180 oC), and moist heat pressure (MHP) (120 oC 15 
min 192 kPa) on general nutritional, protein solubility, and in vitro protein degradability characteristics of canola 
meal were investigated. Increasing dry heat temperature was negatively correlated with meal crude protein (CP), 
soluble CP, neutral detergent fibre, acid detergent insoluble CP, and rapidly degradable (B1 Fraction) protein; and 
positively with NPN, intermediately degradable (B2 Fraction) protein, dry matter, lipid, carbohydrate, and in vitro 
rumen-undegradable protein. Relative to control meal, MHP increased in vitro rumen-undegradable protein, and 
in vitro CP digestibility; and decreased soluble protein, and 0.5% KOH solubility. Positive increases of Fraction A 
and B2, as B1 decreased, suggest barrel temperature induces protein hydrolysis and conversion of rapidly to 
intermediately degraded protein, respectively. The changes observed may have a great effect on ruminal 
degradation and supply of protein and AA for ruminant utilisation. 
Keywords: Brassica napus, canola meal, dairy cow, expeller, rumen-undegradable protein 
1. Introduction 

Due to economic reasons, there is interest in increasing milk production per cow, through dietary modifications 
such as rumen-undegradable protein (RUP) supplementation (Paz et al., 2014; Thanh & Suksombat, 2015). Dietary 
RUP passes through the rumen to form a potential direct source of protein to satisfy post-ruminal AA requirements 
during lactation (NRC, 2001). Canola (rapeseed, Brassica spp. napus, rapa, and juncea) meal is a derivative of 
seed oil production utilised as a protein supplement in dairy cattle feed (Sánchez & Claypool, 1983), due to its 
desirable AA profile and digestibility (Santos, 2011). Current literature reports RUP in canola meal ranges from 
10.1 to 75.0% CP (NRC, 2001; Purser & Woodroofe, 2004). Factors contributing to variation of RUP include 
species (Theodoridou & Yu, 2013), processing conditions (Newkirk et al., 2003), and physical and chemical 
treatments (McKinnon et al., 1991). To extract seed oil and generate meal, solvent-based and mechanical (e.g., 
cold-press, expeller, and extrusion) processing technologies exist. Expeller extraction utilises dry heat (95 to 135 
oC) (Newkirk, 2009), and, cold-press extraction mechanically presses seeds by frictional force (£ 65 oC) (Leming 
& Lember, 2005). Deacon et al. (1988) proposed heat of expeller extraction establishes cross-linkages among and 
within peptides chains, and to carbohydrates to increase RUP. Toghyani et al. (2014) detailed the effects of expeller 
barrel dry heat temperature (90, 95, 100 oC) on ileal AA digestibility of canola meal in broiler chickens. 
To reduce ruminal degradation, and accordingly, increase the post-ruminal supply of canola protein, other heat 
treatments have been evaluated. Dry heating (125 oC 10 min) of canola meal increased digestible RUP without 
compromising intestinal digestibility (McKinnon et al., 1995). Dry heating (125 oC 20 min) of expeller canola 
meal reduced rumen degradability, and when fed to primiparous cows increased milk production (Jones et al., 
2001). Moist heat pressure (MHP, autoclaving, 117 kPa 127 oC 15 or 30 min) treatment of canola meal induced 
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partial protein denaturation to decrease the ruminal protein degradability and increase ruminal bypass-AA for 
digestion and absorption in the small intestine (Moshtaghi Nia & Ingalls, 1992, 1995). Wright et al. (2005) reported 
dietary inclusion of MHP solvent-extraction canola meal (2% H2O 100 oC 120 min) increased milk production in 
dairy cows by 0.5% kg per d. Although, Khalili et al. (1999) found the dietary inclusion of control and MHP 
rapeseed cold-press cake elicited similar milk responses in mid-lactation dairy cattle. 
Limited knowledge exists of the effects of low, moderate and high expeller barrel dry heat, and the effects of MHP, 
on the general nutritional and protein degradability characteristics of canola meal for ruminant utilisation. The 
hypothesis tested in the current study was that the general nutritional, protein solubility and degradability of 
expeller-extracted canola meal would differ depending on the processing and treatment conditions. The objectives 
of this study were to investigate the effects of barrel dry heat temperature range and MHP on general nutritional, 
protein solubility and degradability characteristics of canola meal. 
2. Method 

2.1 Canola Meal and Suspension Preparation 

2.1.1 Canola Seed 
Commercial bulk-handling canola seed was provided by MSM Milling (Manildra, NSW, Australia). The 
heterogeneous seed lot was stored at room temperature (RT, ~21 oC), in an air-tight hessian polypropylene bag 
within a dark and dry cupboard. 
2.1.2 Barrel Dry Heat and Moist Heat Pressure of Canola 
To prepare canola meals, seed (~200 g) was passed separately through a primed bench-top screw-press expeller 
(Model.DSZYJ-200A/B, 220V, 50 Hz, 50 rpm) at a barrel dry heat temperature of either 20 oC (RT, cold-press) or, 
a pre-heated temperature of 60, 80, 100, 120, 140, 160 or 180 oC (expeller), then repeated two more times (n = 3 
× 8, 24). The meals were individually ground in an electric mill (Breville Grinder, CG2B) and passed through a 1 
mm sieve. The MHP treatment was completed by placing each meal (30 g) in a separate flat rectangle 
polypropylene container and autoclaving using a steriliser (Atherton Centenary Series, Melbourne, Australia) set 
on the Hard Goods Dry Cycle No. 1.1, for 15 min (192 kPa 120 oC). For each triplicate meal, an independent 
sterilising cycle was performed. The meals were stored in the dark at RT. 
2.1.3 Preparation of Canola Meal Suspensions 
The meals were ground (< 5 µM) by placing 5 g of meal in a stainless-steel screw-top grinding jar (50 mL) with a 
ø 25 mm grinding ball. The jar was positioned in a mill (MM301, Retsch, GmbH, Hann, Germany) and shaken for 
30 s (frequency 20 per s) followed by a 15 s rest, thrice. To generate suspensions, ground meal (200 mg) was added 
to deionised H2O (10 mL) and shaken for 30 min using a Heidolph Multi Reax set at 10. The suspensions were 
stored in the dark at 4 oC. 
2.2 General Nutritional Characteristics 
The meals were analysed for dry matter (DM, AOAC 930.15), lipid (%DM, AOAC 992.06), CP (6.25 × N) by 
Leco Dumas N combustion (AOAC 992.23), and carbohydrate (%DM, (Masuko et al., 2005)). To determine the 
quantity of carbohydrate (% DM), each meal suspension (40 µL) was added separately to deionised H2O (10 µL), 
concentrated sulphuric acid (150 µL) and 5% phenol in deionised H2O (30 µL) in a clear flat bottom non-absorbent 
96 F Microwell microplate (Nunc, #269620). The plate was incubated for 5 min at 90 oC in a shallow water bath, 
rested for 5 min at RT, wiped dry, placed in a CLARIOstar 5.20 R5 microplate reader, shaken at 500 rpm for 10 s 
and measured for Abs490nm. Values were corrected by deducting an average of blank measurements. A standard 
curve (0 to 10 nmol) was established with a 1 M stock solution of D-mannose (Sigma) prepared in deionised H2O. 
2.3 Protein Solubility and Fractionation 

The meals were analysed for soluble protein (Licitra et al., 1996) and solubility in 0.5% KOH (Pastuszewska et 
al., 1998). The latter was performed by stirring samples of the meal (5 g) in 0.5% KOH (33.3 mL) for 20 min, 
centrifuging at 1250 ×g for 10 min, and quantifying the protein in the supernatant by Leco Dumas N combustion. 
The meals were analysed in duplicate (n = 2 × 8, 16) for NPN (tungstic acid (Licitra et al., 1996)), acid detergent 
fibre (ADF), neutral detergent fibre (NDF), ADIN and neutral detergent insoluble N (NDIN) by the Australian Oil 
Reference Laboratory (Department of Primary Industries, NSW, Australia). Results were utilised to calculate true 
protein: %, CP – NPN. The meals were partitioned into protein fractions based on characteristics of degradability 
according to the Cornell Net Carbohydrate and Protein System (CNCPS) as described (Sniffen et al., 1992). Using 
CNCPS, Fraction A is NPN, Fraction B is degradable protein containing B1 (soluble protein, rapidly soluble in the 
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rumen), B2 (intermediate degradation, Total CP – (A + B1 + B3 + C)), B3 (slowly degraded in the rumen, NDIN 
– ADIN), and Fraction C is undegradable protein (ADICP). 
2.4 In Vitro Protein Degradability 

2.4.1 Rumen Undegradable Protein 
The meals were analysed for RUP utilising an in vitro simulated rumen proteolysis procedure by Krishnamoorthy 
et al. (1983) validated in vivo (R2 = 0.61). The meal (0.5 g) was weighed into a 125 mL Erlenmeyer flask and 
incubated at 39 °C for 1 h in 40 mL borate-phosphate (BP) buffer (pH 8.0). Streptomyces griseus protease (Type 
XIV 5.4 U/mg protein, Sigma P-5147, St Louis, MO, USA) solution (0.33 U/mL, 10 mL BP-buffer) was added, 
and the meal was incubated at 39 °C for 18 h. All flasks were placed on ice to suspend proteolytic activity before 
filtering. The residue was collected on quantitative filter paper (22 µm pore, No. 541, Whatman), rinsed with 
distilled H2O and air-dried overnight. Residual CP was determined by combusting the whole filter paper by Leco 
Dumas N combustion. 

RUP(% of CP)=(CP–Undegraded CP)/CP×100                    (1) 
2.4.2 Intestinal Digestion of Protein in Ruminants 
The meals were analysed in duplicate (n = 2 × 8, 16) for in vitro CP digestibility utilising the HCl-pepsin pre-
digestion procedure of Calsamiglia & Stern, (1995) validated in vivo (r = 0.91). In a 50 mL Falcon tube sample 
(15 mg CP) was suspended in 10 mL pH 1.9, 0.1 N HCl solution of 1 g/L pepsin (Sigma P-7012), vortexed, and 
incubated at 38 oC for 1 h in a shaking H2O bath. Pancreatin solution (13.5 mL: 0.5 M KH2PO4 pH 7.8 containing 
3 g/L pancreatin, Sigma P-7545) and 1 N NaOH (0.5 mL) was added, and the tube was vortexed, incubated at 38 
oC for 24 h in a shaking H2O bath, vortexing every ~ 8 h. To cease the reaction TCA (3 mL) was added, the tube 
was vortexed, rested (15 min), and then centrifuged (10,000 ×g, 15 min). The supernatant was analysed for soluble 
N, as described. Results were utilised to calculate % pepsin-pancreatin digestion of protein: 

%IVCPD=TCA–soluble N/initial N×100                          (2) 
2.5 Statistical Analysis 

Statistical analyses of data were performed using the statistical software OriginLab v 95E (Origin, Northampton, 
MA, USA). To establish differences, the one-way ANOVA mathematical model used for analysis was: 

Yij=µ+Tj+eijj                                   (3) 
where, Yij is an observation on the dependent variable ij; µ is the population mean for the variable, Tj is the effect 
of treatment (i = MHP and/or barrel dry heat temperature), as a fixed effect. The independent barrel runs at each 
temperature were experimental replications and eij value is the random error associated with the observation ij. A 
post-hoc Fisher Least Significant Difference test was performed to determine the statistical significance of 
differences between individual means, declared at P < 0.05. Normal distribution was established by performing an 
Anderson-Darling test, P > 0.05. The Spearman correlation coefficient (rs) with a two-tailed test of significance (P 
< 0.05) was used to define strength and association of relationships between dry heat temperature and dependent 
variables. Polynomial regression was performed to determine the Coefficient of Determination (R2), using the 
equation: 

Yi=β0+β1xi+β2x2
i+εi                               (4) 

3. Results 
The effects of dry heat (20 to 180 oC) with MHP on general nutritional characteristics of canola meal are presented 
in Table 1 (Table A1 and Figure A1). The DM content of MHP meals (rs = 0.78) and control meals (R2 = 0.95) 
increased with temperature and the average DM content was higher (P < 0.05) in MHP meals (94.1%) than in the 
control (93.3%) meals (without MHP). The CP content of the all meals decreased with temperature (R2 = 0.90, 
0.89); however, the average CP content did not differ (P > 0.05) between the control (33.2%) and MHP meals 
(34.1%). Greatest CP for control meal was at 60 and 80 oC, and from 60 to 100 oC for MHP meals. Lipid content 
also increased with dry heat temperature (R2 = 0.98, 0.95). The average lipid content was similar (P > 0.05) in 
MHP (19.7%) and control meals (17.3%). Lipid extraction was most efficient at 80 and 100 oC for control, and 
from 60 to 100 oC for MHP meals. Carbohydrate content increased with temperature (rs = 0.95, 0.50, P < 0.05), 
with the average carbohydrate content similar in the control (11.5%) and MHP meals (11.5%). 
BP-buffer pH 6.7 soluble protein content was least at 160 and 180 oC in control meals, and similar in all MHP 
treatment meals (Table 1). The buffer soluble protein content was lower (P < 0.01) in the MHP meals (14.2%) 
compared to the control (75.1%) and decreased with temperature in control meals (R2 = 0.83). The effect of 



  

 126 

 

jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 10; 2018 

4 

increasing dry heat temperature (20 to 180 oC) on 0.5% KOH soluble protein was similar in the control and MHP 
canola meals (rs = –0.08 and –0.16, respectively), and average 0.5% KOH soluble protein was higher (P < 0.01) 
in the control (55.3%) than MHP meals (33.2%). For all meals RUP content increased with dry heat temperature 
(R2 = 0.87 and rs = 0.68, respectively), and the average RUP was lower (P < 0.01) in the control (32.3%) than MHP 
meals (64.4%). For all meals IVCPD did not correlate (P > 0.05) with dry heat temperature (rs = 0.34 and 0.08, 
respectively); and, IVCPD was lower (P < 0.01) in the control (10.1%) than MHP meals (12.0%). 
 
Table 1. General nutritional composition, soluble protein, and in vitro protein degradability of canola meals 
produced at increasing barrel dry heat (20 to 180 oC) with moist heat pressure (MHP) 

 MHP 
Barrel Dry Heat (oC) 

SEM PBT PMHP rs R2 
20  60 80 100 120 140 160 180 

DM (% AsIs) – 92.2e 92.3e 92.6e 92.8de 93.3cd 93.8bc 94.4b 95.1a 0.212 ** 
NS 

0.77* 0.95 
 + 92.2cd 92.3cd 92.6abcd 92.8bcd 93.1abc 93.2bc 94.4b 95.2a 0.193 * 0.78* 0.37 
CP (% DM) – 33.1bcde 34.7acd 35.1ac 34.4cd 33.8de 32.8e 31.2fg 30.4g 0.473 ** 

NS 
–0.62* 0.90 

 + 33.2bc 34.7ab 35.4a 34.6ab 33.9b 32.6c 30.9d 30.5d 0.076 ** –0.61* 0.89 
Lipid (% DM) – 15.6d 13.8e 12.6f 13.1ef 15.1d 18.4c 21.6b 27.9a 1.022 ** 

NS 
0.70* 0.98 

 + 19.2c 16.1d 16.2d 16.7d 19.3c 20.7c 23.5b 26.1a 0.711 ** 0.75* 0.95 

Carbohydrate (% DM) 
– 11.3de 11.4de 11.4e 11.4e 11.5cd 11.5cb 11.6ab 11.7a 0.025 ** 

NS 
0.95* 0.93 

+ 11.5bc 11.4c 11.5abc 11.4bc 11.6ab 11.5abc 11.5ab 11.6a 0.022 * 0.50* 0.32 

Soluble protein (% CP) 
– 77.1a 78.4ab 75.3ab 76.2ab 77.2ab 74.4b 71.7c 67.9c 4.222 ** 

** 
–0.75* 0.83 

+ 15.8 16.3 13.1 14.6 13.0 14.7 11.6 14.8 4.129 NS –0.24* 0.09 

Solubility 0.5% KOH (% CP) 
– 57.2 54.9 56.2 53.6 55.1 52.8 54.2 58.3 2.874 NS 

** 
–0.08* 0.24 

+ 36.0 34.0 32.8 29.4 33.4 35.2 33.2 31.6 2.945 NS –0.16* 0.11 
RUP (% CP) – 26.4f 25.8f 27.4ef 32.2c 29.1ed 30.0d 39.0b 46.9a 2.423 ** 

** 
0.79* 0.87 

 + 66.6a 65.4ab 65.3ab 65.9a 64.4ab 64.1ab 63.5ab 60.1a 2.448 ** 0.68* 0.00 
IVCPD (%) – 9.78 10.1 10.7 9.82 10.8 9.80 10.4 10.5 0.180 NS 

** 
0.08 0.05 

 + 11.8 11.9 11.9 11.6 12.1 11.6 10.9 11.6 0.007 NS 0.34 0.11 

Note. MHP = moist heat pressure (120 oC 15 min 192 kPa), DM = dry matter, CP = crude protein, RUP = in vitro 
rumen-undegradable protein, IVCPD = in vitro crude protein digestibility. Means in rows with unlike superscripts 
differ (P < 0.05). SEM = standard error of mean; rs = pair-wise Spearman correlation coefficient; R2 = coefficient 
of determination; PBT = difference between barrel temperatures; PMHP = difference between non- and MHP 
treatment samples; **P < 0.01; *P < 0.05; NS = not significant. 
 

Table 2. Cornell Net Carbohydrate and Protein System protein fractions of canola meals produced at increasing 
barrel dry heat (20 to 180 oC) 

 Barrel Dry Heat (oC) 
SEM PBT rs R2 

Population 
Mean  20 60 80 100 120 140 160 180 

NPN (% DM) 0.095c 0.087cd 0.082d 0.083d 0.095c 0.107b 0.114b 0.119a 0.004 ** 0.73* 0.87 0.10 
ADF (% DM) 17.5 18.7 16.6 17.1 18.0 17.6 16.5 16.8 0.254 NS –0.41 0.13 17.3 
NDF (% DM) 22.5ac 23.4ab 21.2d 19.6e 23.0ab 20.7d 20.8d 19.7e 0.369 ** –0.61* 0.37 21.4 
ADICP (% DM) 1.73 1.88 1.57 1.62 1.80 1.70 1.51 1.61 0.037 NS –0.53* 0.17 1.68 
NDICP (% DM) 2.03abcd 2.16ab 1.86bcd 1.81cd 2.07bc 1.80cd 1.89c 1.93abcd 0.034 ** –0.33 0.19 1.94 
A (% CP) 0.042f 0.039ef 0.038e 0.037c 0.042d 0.046c 0.049b 0.053a 0.001 ** 0.74* 0.92 0.04 
B1 (% CP) 77.1d 78.3a 75.3bc 77.5b 75.9c 75.5c 71.6e 69.0f 0.768 ** –0.76* 0.86 75.1 
B2 (% CP) 16.8e 15.5f 19.5c 17.2de 17.8cd 18.6c 22.2b 24.7a 0.738 ** 0.81* 0.82 19.0 
B3 (% CP) 0.894 0.720 0.849 0.437 0.893 0.308 1.30 0.982 0.103 NS 0.23 0.14 0.80 
C (% CP) 5.21 5.43 4.39 4.81 5.36 5.24 4.86 5.24 0.106 NS 0.05 0.06 5.07 

Note. NPN = Non-protein nitrogen, ADF = acid-detergent fibre, ADICP = acid-detergent insoluble crude protein, 
NDF = neutral-detergent fibre, NDICP = neutral-detergent insoluble crude protein. The protein fractions were 
calculated as previously described (Sniffen et al., 1992), whereby B3 (NDIN – ADIN), and B2 (Total CP – (A + 
B1 + B3 + C)). A = non-protein N, B1 = rapidly degraded true protein, B2 = intermediately degraded true protein, 
B3 = slowly degraded true protein, C = undegradable true protein. Means in rows with unlike superscripts differ 
(P < 0.05). SEM = standard error of mean; rs = pair-wise Spearman correlation coefficient; R2 = coefficient of 
determination; PBT = difference between barrel temperatures; **P < 0.01; *P < 0.05; NS = not significant. 
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For all meals ADF and ADICP contents were similar between dry heat temperatures, whereas NPN, NDF and 
NDICP contents varied (P < 0.01, Table 2). Overall, NPN (R2 = 0.87) was positively and NDF (rs = –0.61) and 
ADICP (rs = –0.53) were negatively associated with dry heat temperature, but ADF (rs = –0.41) and NDICP (rs = 
–0.33) were not (P > 0.05). Dry heat did not alter (P > 0.05) protein Fraction B3 (0.80%) and C (5.07%) but did 
alter (P < 0.01) A (0.04%), B1 (75.1%) and B2 (19.0) (P < 0.01, Table 2). Fraction A (R2 = 0.92) and B2 (R2 = 
0.82) were positively and B1 (R2 = 0.86) was negatively associated with dry heat temperature. 
4. Discussion 

In this study, the effects of expeller barrel dry heat and MHP on general, protein solubility, and in vitro protein 
degradability characteristics of canola meals were investigated. Initial analysis of the general nutritional 
characteristics of cold-press (20 oC) and expeller (100 oC) meals, respectively, were similar values to those 
published for CP (33.1 vs. 36.4 to 45.0% (Leming & Lember, 2005; Seneviratne et al., 2011), 33.2 vs. 31.6 to 38.4% 
(AOF, 2007; Seneviratne et al., 2011)), DM (92.2 vs. 90.4 to 93.7% (Seneviratne et al., 2011), 93.3 vs. 88.3 to 
98.2% (AOF, 2007; Leming & Lember, 2005)), and lipid levels (16.9 vs. 9.60 to 24.4% (AOF, 2007; Leming & 
Lember, 2005; Seneviratne et al., 2011), 18.4 vs. 8.5 to 17.0% (AOF, 2007)). Leming & Lember, (2005) reported 
cold-press canola meal (expelled at 60 oC) contained less DM (91.7 vs. 95.3%), CP (30.6 vs. 36.1%), and more 
lipid (17.8 vs. 11.6%) compared to meal expelled at barrel temperatures of 98 to 112 oC. Here, DM, lipid and CP 
were similar between meals produced at 60 oC compared to 100 oC. Higher barrel temperatures would remove a 
higher amount of moisture and contribute to increases in DM. A reduction in moisture by heat evaporation may 
further catalyse the Maillard browning reaction (Bharate & Bharate, 2014). A decline in CP at higher temperatures 
(≥ 160 oC, P < 0.01) is indicative of increased retention of CP in extracted oil (thereby decreasing the CP content 
of the meal), or the degradation of thermolabile proteins at higher temperatures (Jung et al., 2012). A reduction of 
carbohydrate (11.5%) levels compared to a prior report (15% (Newkirk, 2009)), may be explained by a variance 
of carbohydrate levels among canola and rapeseed types (Naczk & Shahidi, 1990). 
These results differed from other studies reporting little association between barrel dry heat and general nutritional 
characteristics (Toghyani et al., 2014) and decreases in meal lipid at higher processing temperatures (Clandinin et 
al., 1956). While MHP had no effect on CP, lipid and carbohydrate contents, DM increased (control 93.3% vs. 
MHP 94.1%, P < 0.05). In comparison, Samadi et al. (2013) reported MHP of canola seed had no effect on DM 
and CP, but reduced carbohydrate and increased lipid (control 94.9%, 25.2%, 29.0%, 41.8% vs. autoclave (120 oC 
1 h) treated 94.9%, 25.0%, 26.4%, 44.6%, respectively). Increased lipid in meal processed at higher barrel 
temperatures may have further catalysed Maillard reactions since lipid is a known proactive contributor to these 
reactions in other systems (Farmer, 1996). 
Although protein solubility of expeller and cold-press meals in 0.5% KOH or borate buffer were similar, 
Smulikowska et al. (2006) reported a reduction of protein solubility of expeller meal compared to cold-press 
rapeseed meal. A negative association of BP-buffer protein solubility with dry heat temperature suggests the 
formation of insoluble complexes at higher temperatures. Based on the soluble protein classifications outlined by 
Pastuszewska et al. (2003), the expelled meals (55.3%) were very well processed and of high nutritional value (55 
to 60% solubility); however, the MHP meals (33.2%) were over processed and declined in nutritional value (< 45% 
solubility). The in vitro RUP values of the cold-press (26.4%) and expeller (average 32.2%) meals were higher 
than previous reports by Kaldmäe et al. (2010) (10.8%) and Shannak et al. (2000) (17.8%), respectively, 
particularly at higher dry heat temperatures. Heat during the expelling process can induce the formation of 
insoluble peptide chain and carbohydrate complexes, which contribute to greater RUP in these meals (Deacon et 
al., 1988). Consequently, the positive association of RUP with dry heat temperature (P < 0.01) suggests the 
formation of insoluble complexes under higher temperature conditions. The application of MHP (15 min 192 kPa 
120 oC) considerably increased the formation of RUP (32.3 vs. 64.4%, P < 0.01). Moshtaghi Nia & Ingalls, (1992) 
similarly reported the application of MHP (15 min 117 kPa 127 oC) increased RUP (69.9 vs. 25.6%). Heating of 
meal was theorised to promote protein denaturation and reduce solubility to favour more rumen escape of un-
denatured protein to the lower gastrointestinal tract (Van Soest, 1994). Levels of IVCPD were similar to those 
reported by (Mustafa et al., 2000) (9.78% vs. 16.4% CP). Notwithstanding dry heat temperature associated 
variances in ruminal protein availability, changes were not reflected in IVCPD values, which remained similar 
among dry heat temperatures. Increases in IVCPD after MHP were less than those reported for toasting (11.7 vs. 
49.1%), but still suggest protein denaturation and formation of insoluble protein complexes with irreversible bonds 
by MHP, in turn, reducing available protein (Toghyani et al., 2014). Levels of ADF and NDF were similar to 
previous reports (CCC, 2015; Newkirk, 2009), while ADICP content was similar, and NDICP was reduced relative 
to feed library values (DairyOne, 2016; NRC, 2001). These results imply lower levels of digestible fibre associated 
protein, known to contribute to RUP (Chrenkova et al., 2014). Compared to a previous report of Shannak et al. 
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(2000) for expeller rapeseed meal, protein fraction levels of Fraction A (NPN) and B2 were lower, B1 was higher, 
and B3 and C were similar. These results imply lower levels of digestible fibre associated protein. Positive 
increases of Fraction A and B2 as B1 decreased imply increased dry heat temperature induces protein hydrolysis 
and conversion of rapidly to intermediately degraded protein, respectively. Future studies may aim to test different 
expeller barrel types and monitor the barrel retention time and exit temperature of meal. 
These findings will likely benefit producers of canola meal by further detailing the effects of barrel dry heat 
temperature and MHP on canola meal structural and ruminal digestibility characteristics. Further knowledge of the 
nutritional characteristics of canola meal will enhance ration formulations and the predictions of animal 
performance. 
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Appendix A 

 

 
Figure A1. Representative photographs of expeller canola meal processed at increasing barrel dry heat (20 to 180 

oC) before (A) and after (B) moist heat pressure (MHP) treatment (120 oC 15 min 192 kPa). A black scale bar 
represents 10 mm 

 
Table A1. Linear and polynomial equations to describe the effect of increasing barrel dry heat (20 to 180 oC) and 
moist heat pressure on general nutritional, protein solubility and degradability characteristics of canola meals 

 MHP Equation 
DM (% AsIs) – Y = 92.29149 – 0.00723x + 1.28488 × 10–4x2 
 + Y = 92.89642 + 0.01082x 
CP (% DM) – Y = 32.10474 + 0.06784x – 4.42899 × 10–4x2 
 + Y = 32.23222 + 0.0687x – 4.54799 × 10–4x2 
Lipid (% DM) – Y = 19.27546 – 0.18641x + 0.00128x2 
 + Y = 20.96246 – 12475x + 8.65724 × 10–4x2 
Carbohydrate (% DM) – Y = 11.23977 + 0.00219x 
Soluble protein (% CP) – Y = 76.99929 + 0.05349x – 5.45297 × 10–4x2 
RUP (% CP) – Y = 29.51216 – 0.1371x + 0.00123x2 
 + Y = 62.9791 + 4.44766 × 10–4x 
NPN (% DM)  Y = 0.10202 – 4.62846 × 10–4x + 3.24676 × 10–6x2 
NDF (% DM)  Y = 23.21729 – 0.01731x 
ADICP (% DM)  Y =1.79581 – 0.00111x 
A (% CP)  Y = 0.04458 – 1.80992 × 10–4x + 1.28359 × 10–6x2 
B1 (% CP)  Y = 75.51017 + 0.07307x – 5.90513 × 10–4x2 
B2 (% CP)  Y = 17.95254 – 0.05438x + 4.92388 × 10–4x2 
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Abstract 

The effects of a range of barrel dry heat temperatures (20 to 180 oC), and moist heat pressure (MHP) (120 oC 15 
min 192 kPa) on Maillard reaction product (MRP) formation and canola meal structural characteristics were 
investigated. Increasing dry heat temperature was negatively correlated with meal whiteness L* and yellowness 
b* (early-MRP) and positively with surface hydrophobicity. Relative to control meal, MHP increased early-MRP, 
redness, browning index (late-MRP), and acidity; and decreased L*, surface hydrophobicity, b*, and Abs294nm 
(intermediate-MRP). Dry heat-associated changes in surface hydrophobicity suggest protein unfolding and 
side-chain modifications. Lack of high MW polypeptides at dry heat temperatures of 160 and 180 oC imply 
protein denaturation and formation of insoluble polypeptides. Specific dry heat temperatures increased surface 
lipid and induced the formation of protein matrix and aggregation. Meal surface morphology rounded and 
flattened at specific dry heat temperatures, and smoothed with MHP. Differences in lipid-related functional 
groups were evident between dry heat temperatures, and with MHP. Treatment with MHP affected amide I and II, 
α-helix, β-sheet, their respective ratios and the total protein fingerprint region; fragmented meal into 
proteolysis-resistant protein aggregates with crevices containing lipid droplets; and, reduced solubility of canola 
meal polypeptides > 40 kDa. The changes observed may have a great effect on ruminal degradation and supply 
of protein and AA for ruminant utilisation. 
Keywords: Brassica napus, canola meal, dairy cow, expeller, maillard reaction, microscopy 
1. Introduction 

Canola (rapeseed, Brassica spp. napus, rapa, and juncea) meal is a derivative of seed oil production utilised as a 
protein supplement in dairy cattle (Sánchez & Claypool, 1983; Santos, 2011) and feedlot (He et al., 2013; 
Williams et al., 2008) rations. To extract seed oil and generate meal, solvent-based and mechanical (e.g., 
cold-press, expeller, and extrusion) processing technologies exist. Expeller extraction utilises dry heat (95 to 135 
oC) (Newkirk, 2009), and, cold-press extraction mechanically presses seeds by frictional force (£ 65 oC) (Leming 
& Lember, 2005). The formation of heat-damaged protein from the Maillard reaction during processing is of 
concern for ruminant nutritionists, as it contributes to ruminal insoluble undegraded CP (RUP) levels without 
providing nutritional benefit (Ross et al., 2013). During the oil extraction process, protein digestibility may be 
reduced by the formation of compounds that inhibit digestive enzymes and/or the modification of the protein 
molecule, for example, blocking of active amino acid (AA) side-chains, and/or the formation of crosslinks 
(Mauron, 1990). Traditionally, acid detergent insoluble nitrogen (ADIN) was utilised to monitor heat-damage 
protein; however, ADIN does not quantitatively account for all Maillard reaction products (MRP). Therefore, it 
is of interest to quantify production of MRP during processing of canola meal utilising other established 
techniques, for instance pH, UV/Vis absorbance at 294 nm (Ajandouz et al., 2001), colorimetry, and gel 
electrophoresis (Liu et al., 2014). 
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To increase post-ruminally available protein in canola seed and meal, prior studies sought to lower 
ruminally-degraded protein by chemical (e.g. formaldehyde) and physical treatments (e.g. dry and moist heat 
pressure (MHP)). To monitor changes in ruminal digestibility, economical, high-throughput and non-invasive 
substitutes to in vivo, in situ, and in vitro ruminal fluid techniques have been developed. For instance, proteolytic 
assays, mathematical models (Lopez, 2005), near infrared reflectance spectroscopy (White & Ashes, 1999), and 
attenuated total reflectance-Fourier transform infrared (ATR-FTIR) molecular spectroscopy (Peng et al., 2014; 
Samadi et al., 2013; Theodoridou & Yu, 2013). Notably, changes in molecular structure resulting from dry and 
MHP treatments have been investigated in canola seed (Samadi et al., 2013) and tissue (Yu, 2013). In addition, 
high correlation between changes in the molecular protein structure of canola meal and ruminal protein 
degradability in dairy cattle was observed (Peng et al., 2014; Theodoridou & Yu, 2013). 
The resistance of protein structure to enzymatic degradation has been qualified by confocal laser scanning 
microscopy (CLSM) (Jha et al., 2015) and scanning electron microscopy (Jha et al., 2015; Zhang et al., 2009). 
Although the effects of solvent-extraction processing on the microscopic structure of rapeseed meal were 
reported (Yiu et al., 1983), little is known of the microscopic structure of canola meal resulting from other 
processing techniques and heat treatments, and the characteristics which favour resistance to enzymatic 
degradation. 
The hypothesis tested in the current study was that the level of MRP formation and structural characteristics in 
expeller-extracted canola meal would differ depending on the processing and treatment conditions. The 
objectives of this study were to investigate the effect of barrel dry heat temperature range and MHP treatment on 
MRP formation and structural characteristics of canola meal. 
2. Method 

2.1 Canola Meal and Suspension Preparation 
2.1.1 Canola 
The canola used is as described in the accompanying paper (Heim & Krebs, 2018).  
2.1.2 Barrel Dry Heat and Moist Heat Pressure of Canola 
The design for this study was described in the accompanying paper (Heim & Krebs, 2018).  
2.1.3 Preparation of Canola Meal Pellets and Suspensions 
To prepare circular pellets, canola meal (~0.2 mg) was pressed at 100 bar utilising an Enerpac Hydraulic Press. 
The canola meal suspensions were generated as described in the accompanying paper (Heim & Krebs, 2018).  
2.2 Characterisation of the Maillard Reaction 
2.2.1 Measurement of Colour 
To quantify colour, the meals were placed in a lidded cuvette then colour was measured with a Chroma Meter 
CR-300 colorimeter (Minolta CO., Osaka, Japan), using the CIE-Lab tristimulus system, calibrated with a white 
tile and a D-65 illuminant source. The a* (red to green), b* (yellow to blue), L* (white to black), degree of 
colour change (∆E) and browning index (BI) were calculated as previously described (Bal et al., 2011). 
2.2.2 pH 
The meal suspensions were examined for pH by magnetic stirring using a PHM 93 Reference meter (Radiometer, 
Copenhagen) calibrated with buffer solutions at pH 4 and 7. 
2.2.3 Determination of UV/Vis Absorbance at 294 nm 
The meal suspensions were analysed for UV Vis absorbance utilising an adaption of the Ajandouz et al. (2001) 
procedure. The meal suspension (20 µL) was added to deionised H2O (80 µL) in a clear flat bottom 
non-absorbent 96 F 400 µL Microwell microplate (Nunc, #269620), and UV/Vis Abs294nm was measured utilising 
a CLARIOstar 5.20 R5 microplate reader (BMG Labtech, Offenburg, Germany). 
2.3 Surface Hydrophobicity Measurement 
The meal suspensions were analysed in duplicate for surface hydrophobicity (So) with fluorescence probes 
(Nakai, 2001). Under darkened conditions, an aliquot of suspension was made up to a final volume of 300 µL 
using 0.01 M sodium tetraborate solution pH 6 in a 400 µL 96-well microplate (Nunc™ F96 MicroWell™ Black 
Polystyrene 237105). To each well, 1 µL of 1-anilino-8-naphthalene sulfonate (ANS, Fluka 10419) reagent was 
added. The plate was incubated at 25 oC for 2 min, and then shaken at 500 rpm for 10 sec in a CLARIOstar 5.20 
R5 microplate reader. Fluorescence intensity was measured at an excitation maximum of 390 to 405 nm and an 
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emission maximum of 470 to 500 nm. Values were corrected by deducting an average of blank measurements. A 
0 to 200 µg/µL standard curve was established using a 1 M stock solution of bovine serum albumin (Sigma) 
prepared in 0.01 M sodium tetraborate solution and stored in the dark at 4 oC. 
2.4 ATR-FTIR Sample Preparation, Data Collection and Analysis 

The molecular spectral data of canola meal pellets were generated by ATR-FTIR 8400S (Shimadzu Corp., Kyoto, 
Japan) with a single reflection plate, flat tip, constant pressure (530 psi), in absorbance mode (40 scan runs, 4 
cm−1, Happ-Genzel apodisation, mid-IR, ca. 4000 to 600 cm−1). The data was collected utilising IR Solution 
software, baseline corrected as described by Zhang et al. (2009), and total peak normalised. The lipid and protein 
functional groups were identified as described (Samadi et al., 2013; Samadi & Yu, 2012). The IR total protein 
fingerprint region (TPFR) ca. 1714 to 1480 cm−1 included amide I (area ca. 1714 to 1571 cm−1), amide II (area ca. 
1572 to 1480 cm−1), α-helix (peak centre height at ca. 1652 cm−1 with the baseline of ca. 1714 to 1480 cm−1) and 
β-sheet (peak centre height at ca. 1630 cm−1 with the baseline of ca. 1714 to 1480 cm−1). Lipid regions included 
the lipid unsaturated band C=C (ULB, peak height centre at ca. 3007 cm−1), carbonyl C=O ester stretching band 
(LCCE, baseline ca. 1789 to 1701 cm−1 with peak height ca. 1744 cm−1), CH3 asymmetric (CH3A ca. 2988 to 
2951 cm−1 with peak centre height at ca. 2955 cm−1), CH2 asymmetric (CH2A ca. 2951 to 2882 cm−1 with peak 
centre height at ca. 2922 cm−1), CH3 symmetric (CH3S ca. 2882 to 2868 cm−1 with peak centre height at ca. 2872 
cm−1) and CH2 symmetric (CH2S ca. 2868 to 2790 cm−1 with peak centre height at ca. 2852 cm−1). 
2.5 Gel Electrophoresis of Meal Protein Profiles and Extent of Maillard Reaction 

2.5.1 SDS-Polyacrylamide Gel Electrophoresis (PAGE) 
The polypeptide banding profile of the meals was visualised utilising SDS-PAGE. The sample (~10 mg CP) was 
dissolved in sample buffer (1 mL: 11.25 mM tris-HCl, pH 8.5, 3.6% SDS, 18% glycerol, 0.0025% bromophenol 
blue), and heated at 85 oC for 10 min. For reducing conditions, 50 mM DTT was added to the sample buffer. The 
protein sample (30 µg of CP per well) and standard marker (5 µL, Novex Mark 12, Invitrogen, Victoria, 
Australia) were loaded onto a NuPAGE gradient precast gel (4 to 12% gradient) BisTris (10 × 10 cm2) in a 
Novex Xcell Mini cell system (Invitrogen, Victoria, Australia). Electrophoresis was performed at 80 V for 75 
min, followed by 90 V for 75 min in running buffer (50 mM MES, 50 mM tris base, 0.1% SDS, 1 mM EDTA, 
pH 7.3). The polypeptide bands were visualised by incubating the gel in coomassie brilliant blue R-250 solution 
(0.1% in 40% CH3OH, 10% CH3CO2H) for 25 min, and de-stain (10% CH3CH2OH, 7.5% CH3CO2H) on an 
orbital shaker at room temperature (RT, ~21 oC) overnight.  
2.5.2 Native Gel Electrophoresis 
Native gel-electrophoresis was used to establish the protein profiles of the meals. This was performed using a 
NativePage 4 to 16% gradient precast BisTris (10 × 10 cm2) gel in a Novex Xcell Mini cell (Invitrogen, Victoria, 
Australia). The electrophoresis running buffer contained 50 mM BisTris, 50 mM tricine, pH 6.8, and sample 
buffer contained 50 mM BisTris, 6 N HCl, 50 mM NaCl, 10% w/v glycerol, 0.001% Ponceau S, pH 7.2. Protein 
samples were re-suspended in borate-phosphate (BP) buffer (pH 6.7) to achieve (10 µg/µL), then 3 µL was 
dissolved in 2.5 µL NativePage sample buffer (4X), 1 µL NativePage 5% G-250 sample additive, and made to 10 
µL with deionised H2O. The protein samples (30 µg of protein per well) and 5 µL of NativeMark unstained 
protein standard (LC0725, Invitrogen, Victoria, Australia) were loaded onto the gel. The upper (inner) buffer 
chamber was filled with 200 mL cathode buffer (10 mL NativePage running buffer 20X, 10 mL NativePage 
cathode additive 20X), and the lower (outer) buffer chamber was filled with 600 mL of the anode buffer (50 mL 
NativePage running buffer (20X), 950 mL deionised H2O). Electrophoresis was performed at 150 V for 110 min. 
Gels were fixed in 40% CH3OH and 10% CH3CO2H for 25 min. Proteins were visualised by staining the gel 
with coomassie brilliant blue R-250 fixing solution (0.02% in 30% CH3OH, 10% CH3CO2H) for 25 min, then 
de-staining in 8% CH3CO2H by shaking on an orbital shaker at RT overnight.  
2.6 Confocal Laser Scanning Microscopy 

The microscopic structure of the meals and in vitro proteolytic digested RUP residues were determined utilising 
a TCS SP5 confocal laser-scanning microscope (CLSM, Leica Microsystems, Wetzlar, Germany) fitted with a 
20x oil immersion objective. The meal (100 mg) was fluorescently labelled in FCF Fast Green (1 drop, 0.4% in 
H2O) and Nile Blue (1 drop, 0.5% in H2O) dye, to stain for protein and lipid, then excited at 633 and 488 nm, 
and reflected emitted light was collected at 662 to 744, and 520 to 626 nm, with HeNe and Ar lasers, 
respectively. 
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2.7 Scanning Electron Microscopy 

The meals and in vitro proteolytic digested RUP residues were adhered to aluminium sample holders using 
double-sided carbon tabs (Smoothest Carbon Tabs, ProSciTech). The samples were imaged in a Hitachi S4300 
SE/N variable pressure SEM. The environmental secondary electron detector was used with a pressure of 50 Pa, 
accelerating voltage of 20 kV, RT and a working distance of 15 mm. 
2.8 Mass Spectrometry Analysis 

For NanoLC-ESI-MS/MS peptide identification (undertaken at the Monash Biomedical Proteomics Facility), 
NativePage pieces underwent preparation by rehydration with 2.5 mM DTT for 30 min, then alkylation with 10 
mM iodoacetamide for 30 min at RT in the dark. The gel slices were incubated with 1 µg trypsin (Promega corp. 
Madison, WI, USA) in 20 mM NH4HCO3 at 37 oC overnight. Tryptic digests were analysed by 
NanoLC-ESI-MS/MS using a QExactive mass spectrometer (Thermo Scientific, Bremen, Germany) coupled 
online with a RSLC nano HPLC (Ultimate 3000, Thermo Scientific, Bremen, Germany). Extracted peptide 
samples were concentrated with 0.01% HCO2H (in H2O to 95%) on a PepMap C18 trap column-nano Viper (5 
µm, 100 µm × 2 cm, 100 Å, Thermo Dionex) at 15 µL/min flow rate. Eluted peptides were separated on an 
Acclaim PepMap C18 RSLC (2 µm, 75 µm × 50 cm, 100 Å, Thermo Scientific) with a 300 nL/min flow rate and 
gradient of: 0.09% HCO2H, 30 min; 24% CH3CN, 0.03% HCO2H, 25 min; 32% CH3CN, 0.04% HCO2H. The 
eluent was nebulised and ionised using a Thermo nano electrospray source with a distal coated fused silica 
emitter (New Objective, Woburn, MA, USA) set at 1.9 kV. Peptides were selected for MS/MS in full 
MS/dd-MS2 in TopN setting mode: TopN 10, 17,500 resolution, MS/MS AGC target 1e5, 6-ms Max IT, NCE 27, 
a 3 m/z isolation window, 10% underfill ratio, and 15 s dynamic exclusion. All LC MS/MS data were exported to 
Mascot (*mgf), using proteowizard 3.0.3631 software and searched against Swiss-Prot databases using the 
MASCOT search engine v2.4, Matrix Science Inc. London, UK) with settings: all species, 20 ppm peptide 
tolerance, 20 mmu MS/MS fragment tolerance, fixed modification: carbamindomethylation, variable 
modification: oxidation.  
2.9 Statistical Analysis 

All statistical analyses of data were performed as described in the accompanying paper (Heim & Krebs, 2018). 
3. Results 
The effects of dry heat (20 to 180 oC) with MHP on MRP formation and structural characteristics of canola meal 
are presented in Table 1 (and Table A1). As dry heat temperature increased the yellowness of meal decreased (b*, 
rs = –0.65, P < 0.05), whiteness decreased (L*, rs

 = -0.77, P < 0.05), and redness remained similar (a*, rs = 0.56). 
Increased dry heat temperature with MHP decreased meal yellowness (rs = -0.70, P < 0.05), and whiteness (rs = 
−0.78, P < 0.05), whereas redness was unchanged (rs = 0.13). Compared to the control, MHP meal was bluer 
(6.24 vs. 13.6, P < 0.01), and blacker (49.8 vs. 58.7, P < 0.05), and redder (6.01 vs. 2.01, P < 0.01). Yellowness 
was greatest between dry heat temperatures of 20 to 120 oC in the control (P < 0.05), and among 20 to 140 oC in 
MHP meals (P < 0.01). Whiteness was greatest (P < 0.01) from 20 to 100 oC in the control, and 20 to 140 oC in 
MHP meals. No difference in redness between dry heat temperatures was apparent in the control and MHP meals. 
The degree of colour change from MHP was similar between dry heat temperatures. Levels of BI were less (P < 
0.01) in control (73.5%) compared to the MHP (142%) meals.  
For both the control and MHP meals pH did not vary among dry heat temperatures (P > 0.05, Table 1). Acidity 
was less (P < 0.01) in the control (6.65) compared to the MHP (6.55) meal suspensions. Intermediate-MRP 
formation was similar (P > 0.05) at all dry heat temperatures in the control and MHP meal suspensions (Table 1). 
Intermediate-MRP formation was higher (P < 0.01) in the control (2.00) than in MHP meals (0.97). No 
associations (P > 0.05) were observed between dry heat temperatures and intermediate-MRP formation in 
control (rs

 = −0.35) and MHP (rs
 = −0.05) meals. For both the control and MHP meal suspensions So varied (P < 

0.05) between dry heat temperatures (Table 1). A positive correlation was observed between So and dry heat 
temperature in control (rs = 0.64, P < 0.05) and MHP meal suspensions (R2 = 0.87). Average So was greater (P < 
0.05) in the control (5.65) than in MHP meal suspensions (4.32). 
Infrared molecular spectroscopic characteristics of protein structure (absorbed area intensity of the TPFR, and 
height intensities of a-helix, b-sheet, amide I and II, and their respective ratios) of canola meal processed with 
increasing dry heat (20 to 180 oC) with MHP are presented in Table 2 (and Figure A1). In control meals, these 
functional groups were unaffected by dry heat. Compared to the control, MHP decreased amide I (P < 0.05), 
amide II, α-helix, b-sheet and TPFR (P < 0.01), and increased (P < 0.05) the ratio of a-helix to b-sheet, and 
amide I to II. Infrared molecular spectroscopic characteristics of lipid structure (absorbed height intensities of 
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CH functional groups, unsaturated and carbonyl ester C=O stretching bands) of canola meal processed with 
increasing dry heat temperature (20 to 180 oC) with MHP are shown in Table 3 (and Figure A1). Although dry 
heat induced changes (P < 0.01) in all lipid functional groups studied, the ratios of CH3:CH2AS and CH3:CH2S 

were similar. Treatment with MHP did not affect lipid functional groups, other than by reducing (P < 0.01) the 
ratio of CH3:CH2S. 
The gel electrophoresis analysis of water soluble, buffer soluble and native protein subunits of control and MHP 
meals are shown in Figure 1 (and Figures A2 to A4). In non-reduced conditions, polypeptide bandings included: 
~177, ~118, 76.8, 73.5, 41 to 55, 37.1, 28.5, 27.5, 26.7, 22.9, 21.1, 18.3, and 14 kDa. Under reducing conditions 
polypeptide bands of 41 to 55, and 14 kDa disappeared; and, 9.6 to 32.0, 9 and 4 kDa appeared. Polypeptide 
bands present under control and reducing conditions were 18 to 25, 27, 39 and 41 kDa. In control meals, dry heat 
of 160 and 180 oC reduced the solubility of polypeptides greater than ~55 kDa. At 20 to 180 oC, MHP hindered 
soluble protein extraction and reduced solubility of polypeptides greater than ~40 kDa. Native conformation of 
water soluble canola meal proteins consisted of a 300 to 400 kDa protein band and protein smearing from 50 to 
200 kDa. With MHP the 300 to 400 kDa protein band was no longer visible. In BP-buffer, the 300 to 400 kDa 
protein band was reduced in intensity, and similarly absent after MHP, unlike the protein smearing from 50 to 
200 kDa. The 300 to 400 kDa protein band most closely matched with peptide sequences corresponding to B. 
napus cruciferin CRU1 (score 13,965, matches 302(180)), cruciferin CRU4 (score 8191, matches 478(149)), 
cruciferin BnC1 α and β subunit precursor (score 6590, matches 384(112)), cruciferin BnC2 α and β subunit 
precursor (score 4764, matches 251(79)), and napin (score 1,159, matches 48(26)). 
 
Table 1. Monitoring of Maillard reaction product formation and surface hydrophobicity of canola meals 
produced at increasing barrel dry heat (20 to 180 oC) with moist heat pressure (MHP) 

 
MHP 

Barrel Dry Heat (oC) 
SEM PBT PMHP rs R2 

20 60 80 100 120 140 160 180 
b* – 14.8abcd 13.8a 14.9ac 14.4abcd 14.0abcd 13.6bcd 12.2cd 11.6d 0.425 * 

** 
–0.65* 0.12 

 + 6.53a 7.50ab 7.18a 6.25a 6.22ab 5.58abc 5.66bc 5.00c 0.488 ** –0.70* 0.05 
a* – 1.62 2.03 1.93 1.79 2.03 2.07 2.29 2.28 0.333 NS 

** 
0.56 0.08 

 + 5.83 6.09 6.15 5.87 5.96 6.01 6.12 6.00 0.186 NS 0.13 0.12 
L* – 60.4abc 59.8a 60.9ab 60.3abc 58.9bc 58.1cd 56.1cd 55.4d 0.422 ** 

* 
–0.77* 0.73 

 + 50.2a 50.9a 50.6a 50.0a 49.8ab 49.1abc 49.2bc 48.3c 0.447 ** –0.78* 0.73 
∆EMHP + 13.9 11.6 13.5 13.7 12.6 12.6 10.2 10.4 0.409 NS ** -0.57 0.30 
BI – 66.4 74.0 72.6 69.6 74.4 75.0 78.4 78.0 1.276 NS 

** 
0.53* 0.28 

 + 139 145 146 139 141 141 143 140 0.780 NS 0.08 0.07 
pH – 6.64 6.71 6.65 6.76 6.64 6.65 6.60 6.71 0.016 NS 

** 
–0.02 0.32 

 + 6.60 6.54 6.57 6.59 6.54 6.75 6.50 6.52 0.014 NS –0.16 0.65 
Intermediate MRP (Abs294nm) – 2.05 2.17 2.11 2.03 2.09 1.88 1.87 1.84 0.058 NS 

** 
–0.35 0.18 

+ 0.99 0.92 1.13 0.91 0.95 0.93 0.99 0.93 0.084 NS –0.05 0.01 
So (% of soluble CP) – 4.21bc 3.98c 4.42bc 4.90abc 4.37bc 4.18c 5.58ab 5.13a 0.158 * 

* 
0.64* 0.39 

+ 2.59c 3.46c 3.39c 3.14c 3.39c 5.44b 5.99ab 7.17a 0.409 ** 0.83* 0.87 

Note. MHP = moist heat pressure (120 oC 15 min 192 kPa). The CIE-Lab tristimulus system a* (redness to 
greeness), b* (yellowness to blueness) and L* (whiteness to blackness), total colour change after MHP treatment 
(∆EMHP) and browning index (BI) were calculated as described by Bal et al. (2011). MRP = Maillard reaction 
product; So = surface hydrophobicity. Means in rows with unlike superscripts differ (P < 0.05). SEM = standard 
error of mean; rs = pair-wise Spearman correlation coefficient; R2 = coefficient of determination; PBT = difference 
between barrel temperatures; **P < 0.01; *P < 0.05; NS = not significant.  
 
The effects of increasing dry heat and application of MHP on meal structural organisation, notably protein and 
lipid, utilising CLSM are presented in Figure 2 (and Figures A5 and A6). At a dry heat temperature of 20 oC 
(cold-press) meal exhibited intact cotyledon structure, with little disruption to protein and lipid bodies within 
cells. At 60 oC, fractured cell walls surrounding the outer edges of meal flakes, in which lipid body coalescence 
(droplets of < ~2.5 µm) became more pronounced. At 80 oC, protein aggregated within and between cellular 
walls, to produce heterogeneous matrix. Fusion of individual protein bodies left behind vacuoles or a space 
within the cell. A noticeable decrease in the number of lipid droplets was observed. Residual lipid was seen 
trapped between the�cells, or in trace amounts of cotyledon embedded within the matrix. At 100 oC, protein 
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fusion intensified, small fragments ~10 µm of detached protein matrix formed, and trapped residual lipid 
coalesced into ~2.5 µm bodies within the protein matrix. At 120 oC, wider crevices formed in areas where cell 
walls once existed and many smaller < 2 µm lipid droplets were released onto the surrounding outer surface of 
meal fragments. From 140 to 180 oC, large dense mats of protein matrix embedded with many < ~3 µm 
coalesced lipid droplets were observed. In comparison, MHP after all dry heat temperatures studied, constantly 
produced irregularly sized meal fragments of 5 to 250 µm. Larger (5 to 15 µm) coalesced lipid droplets were 
located within wide internal crevices, created from dense aggregated protein matrix. 
 
Table 2. Changes of protein molecular structure of canola meals produced at increasing barrel dry heat (20 to 180 
oC) with moist heat pressure (MHP) 

 
MHP 

Barrel Dry Heat (oC) 
SEM PBT PMHP rs R2 

20 60 80 100 120 140 160 180 
Amide I  – 0.366 0.328 0.383 0.358 0.345 0.324 0.348 0.347 0.008 NS 

* 
−0.12 0.03 

 + 0.069 0.126 0.146 0.072 0.127 0.152 0.068 0.210 0.014 NS 0.26 0.11 
Amide II  – 0.138 0.112 0.137 0.134 0.126 0.118 0.126 0.124 0.004 NS 

** 
−0.03 0.02 

 
+ 0.131 0.044 0.061 0.119 0.030 0.060 0.080 0.014 0.011 NS −0.39 0.16 

α-helix  – 0.004 0.004 0.005 0.004 0.004 0.004 0.004 0.004 0.000 NS 
** 

−0.22 0.07 

 
+ 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 NS −0.18 0.04 

β-sheet  – 0.004 0.004 0.005 0.004 0.004 0.004 0.004 0.004 0.001 NS 
** 

−0.27 0.08 

 
+ 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.002 0.002 NS 0.23 0.12 

Ratio of AI:AII – 2.679 2.959 2.801 2.693 2.787 2.754 2.765 2.796 0.041 NS 
* 

0.08 0.01 

 
+ 0.562b 5.786b 8.174ab 0.624b 7.334ab 7.915ab 0.942b 15.08a 1.271 * 0.41 0.16 

Ratio of α:β – 1.034 1.067 1.043 1.207 1.048 1.011 1.052 1.059 0.006 NS 
** 

0.10 0.02 

 
+ 9.804ab 3.873abcd 3.155bcd 9.653ab 2.113bd 6.810b 6.836b 0.564d 0.893 * −0.27 0.11 

TPFR – 0.686 0.674 0.710 0.714 0.666 0.647 0.667 0.645 0.011 NS 
** 

−0.31 0.10 

 
+ 0.547 0.574 0.553 0.510 0.535 0.554 0.503 0.560 0.009 NS −0.02 0.02 

Note. MHP = moist heat pressure (120 oC 15 min 192 kPa). Attenuated total reflectance-Fourier transform 
infrared spectrum absorbance units were analysed for protein molecular structure regions, as previously 
described by Samadi et al. (2013). The total protein fingerprint region (TPFR) ca. 1714 to 1480 cm−1 included 
amide I (AI area ca. 1714 to 1571 cm−1), amide II (AII area ca. 1572 to 1480 cm−1), α-helix (α peak centre height 
at ca. 1652 cm−1 with the baseline of ca. 1714 to 1480 cm−1) and β-sheet (β peak centre height at ca. 1630 cm−1 
with the baseline of ca. 1714 to 1480 cm−1), ratio of amide I to II (AI:AII), and the ratio of α-helix to β-sheet 
(height) (α:β). Means in rows with unlike superscripts differ (P < 0.05). SEM = standard error of mean; rs = 
pair-wise Spearman correlation coefficient; R2 = coefficient of determination; PBT = difference between barrel 
temperatures; **P < 0.01; *P < 0.05; NS = not significant. 
 
The effect of increasing dry heat temperature and application of MHP on resistance of canola meal to in vitro 
proteolytic digestion performed utilising CLSM is presented in Figure 2 (and Figure A6). Degradation around all 
sides of intact cotyledon cellular structure of meals at a dry heat temperature of 20 and 60 oC was greater (< ~75 
µm) than at 80 oC (< ~60 µm). At 20, 60, 80, 160, and 180 oC, open shells of proteinaceous cellular wall 
surrounded the outer surface of meal fragments. From 100 to 140 oC minimal degradation was observed due to 
aggregated protein matrix (< ~10 µm). The presence of fragments of detached protein matrix < ~25 µm 
decreased in size and frequency as dry heat temperature increased from 20 to 160 oC. At 20, 60 and 80 oC, lipid 
bodies of increasing size < ~2 µm, < 20 µm and < ~30 µm were present within cells, respectively. The presence 
of surface lipid bodies < ~4 µm was greatest at 100 oC, and then similar between 120 to 180 oC dry heat 
temperatures. In vitro proteolytic degradation of cellular structure was less pronounced in all MHP meals. Meals 
expelled at 20 and 60 oC with MHP, had wider crevices within the aggregated protein matrix than other dry heat 
temperatures. Similar levels of < ~5 µm surface lipid bodies and coalesced lipid droplets within crevices were 
evident in all MHP meals. 
The effects of increasing dry heat temperature and application of MHP on meal surface morphology, utilising 
SEM, are presented in Figure 3 and (Figures A7 and A8). At 20 to 100 oC, and 120 to 180 oC the size of meal 
fragments varied from 5 µm to 1 mm, and from 5 to 500 µm, respectively. At 20 to 180 oC, intact, irregular and 
complex surface and fragment structures were observed, and at ≥ 80 and ≥ 120 oC the surface meal became more 
rounded and then flattened, respectively. Proceeding in vitro proteolytic digestion, micrographs revealed surface 
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structures resistant to proteolysis (Figures 3 and A8). Notably, at ≥ 120 to 180 oC remaining surfaces were 
flattened in meals. At ≥ 100 oC, the surface of MHP meals exhibited uniformly spaced crevices reminiscent 
collapsed cell wall structure. 
 
Table 3. Changes in lipid related molecular structure of canola meals produced at increasing barrel dry heat (20 
to 180 oC) with moist heat pressure (MHP) 
 

MHP 
Barrel Dry Heat (oC) 

SEM PBT PMHP rs R2 
20 60 80 100 120 140 160 180 

ULB – 0.000c 0.000c 0.000c 0.000c 0.75 0.002bc 0.004ab 0.006a 0.000 ** 
NS 

0.75 0.78 

 
+ 0.000d 0.001d 0.000d 0.000d 0.80 0.003c 0.006ab 0.008a 0.000 ** 0.80 0.89 

LCCE – 0.002b 0.002b 0.002b 0.002b 0.70 0.034a 0.046a 0.053a 0.005 ** 
NS 

0.70 0.79 

 
+ 0.003d 0.005d 0.004d 0.004d 0.77 0.026c 0.047b 0.058a 0.005 ** 0.77 0.87 

CH3AS – 0.001c 0.001c 0.001c 0.001c 0.72 0.018b 0.028ab 0.032a 0.003 ** 
NS 

0.72 0.82 

 
+ 0.001d 0.002d 0.002d 0.002d 0.78 0.013c 0.024ab 0.031a 0.002 ** 0.78 0.88 

CH2AS – 0.003c 0.003c 0.003c 0.003c 0.68 0.067b 0.066ab 0.072a 0.007 ** 
NS 

0.68 0.80 

 
+ 0.003c 0.005c 0.004c 0.004c 0.78 0.031b 0.018a 0.025a 0.006 ** 0.78 0.87 

CH3S – 0.001d 0.001cd 0.001cd 0.001d 0.72 0.015c 0.023b 0.025a 0.002 ** 
NS 

0.72 0.81 

 
+ 0.001b 0.002b 0.001b 0.001b 0.80 0.008a 0.018a 0.025a 0.002 ** 0.80 0.89 

CH2S – 0.002b 0.002b 0.002b 0.002b 0.70 0.027a 0.038a 0.042a 0.005 ** 
NS 

0.70 0.80 

 
+ 0.002d 0.003d 0.003d 0.003d 0.77 0.020c 0.035b 0.043a 0.005 ** 0.77 0.87 

Ratio of CH3:CH2AS – 0.412 0.419 0.419 0.415 0.24 0.404 0.421 0.440 0.004 NS 
NS 

0.24 0.15 
+ 0.380 0.414 0.422 0.404 0.49 0.415 0.413 0.445 0.005 NS 0.49 0.29 

Ratio of CH3:CH2S – 0.573 0.563 0.575 0.597 0.07 0.565 0.591 0.578 0.005 NS 
** 

0.07 0.02 
+ 0.407 0.471 0.506 0.439 0.55 0.471 0.493 0.584 0.016 NS 0.55 0.25 

Note. MHP = moist heat pressure (120 oC 15 min 192 kPa). Attenuated total reflectance-Fourier transform 
infrared spectrum absorbance units were analysed for lipid related molecular structure regions, as previously 
described by Samadi & Yu (2012). Regions included the lipid unsaturated band C=C (ULB, peak height centre at 
ca. 3007 cm−1), carbonyl C=O ester stretching band (LCCE, baseline ca. 1789 to 1701 cm−1 with peak height ca. 
1744 cm−1), CH3 asymmetric (CH3A ca. 2988 to 2951 cm−1 with peak height centre at ca. 2955 cm−1), CH2 
asymmetric (CH2A ca. 2951 to 2882 cm−1 with peak height centre at ca. 2922 cm−1), CH3 symmetric (CH3S ca. 
2882 to 2868 cm−1 with peak height centre at ca. 2872 cm−1) and CH2 symmetric (CH2S ca. 2868 to 2790 cm−1 
with peak height centre at ca. 2852 cm−1). Means in rows with unlike superscripts differ (P < 0.05). SEM = 
standard error of mean; rs = pair-wise Spearman correlation coefficient; R2 = coefficient of determination; PBT = 
difference between barrel temperatures; **P < 0.01; *P < 0.05; NS = not significant.  
 
4. Discussion 

In this study, the effects of barrel dry heat and MHP on MRP formation and structural characteristics of canola 
meals were investigated. Colorimetry values were similar to those reported for canola meal by El-Kadiri et al. 
(2013). Meal lightness and yellowness decreased with dry heat temperature. The latter is reflective of the 
formation of blue pigments (early-MRP) through xylose-glycine reactions (Ames, 1992). Application of MHP 
darkened, reddened and also promoted the formation of blue-pigments in the meal. A reduction of Abs294nm and 
increase in darkness and BI implied MHP further progressed intermediate Maillard reactions to late. The AOF 
(2004) reported darker meal was beneficial quality for dairy; however, Classen et al. (2005) reported early 
reactions causing colour change negatively impact AA digestibility by poultry and thus are unfavourable for 
monogastric digestion. 
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Figure 1. Representative native gel electrophoresis (a, c) and SDS-PAGE (b, d) protein profile of canola meal 
produced at increasing barrel dry heat (20 to 180 oC) revealed with coomassie blue stain. A 30 µg aliquot of each 
sample was loaded per well. Borate-phosphate buffer soluble (b, d) and water soluble (a, c) protein. Non-reduced 

(b), reduced (d). A 5 µL aliquot of Mark 12 Unstained Protein Standard (M) or NativeMark unstained protein 
standard (m) was loaded 

 
The pH of meal suspensions was more basic than the pH of 5.2 reported by DairyOne (2016). An increase of 
acidity in the MHP meals suggests treatment induced Maillard reaction protein-sugar covalent bond formation.  
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Figure 2. Representative confocal laser scanning micrographs of canola produced at increasing barrel dry heat 
(20 to 180 oC) with moist heat pressure (MHP) treatment (a, 120 oC 15 min 192 kPa) and proteolytic digestion 
(b). Protein is stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars 

correspond to 75 or 50 µM 
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Figure 2 Representative confocal laser scanning micrographs of canola produced at increasing barrel dry 

heat (20 to 180oC) with moist heat pressure (MHP) treatment (a, 120oC 15 min 192 kPa) and proteolytic 

digestion (b). Protein is stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. 

Scale bars correspond to 75 or 50 µM.  
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Figure 3. Representative scanning electron photomicrographs of canola produced at increasing barrel dry heat 

(20 to 180 oC) with moist heat pressure (MHP) treatment (a, 120 oC 15 min 192 kPa) and post proteolytic 
digestion (b). Images were taken with ×1.0k resolution 

 
Alternatively, Liu et al. (2014) theorised that the consumption of amino groups during the Maillard reaction may 
result in acid formation. A reduction of Abs294nm and increase in darkness and BI suggests MHP further 
progressed intermediate to late Maillard reactions. Interrelationships of protein So and enzyme-attachment are 
well established; however, the effect of processing conditions on canola meal protein So and ruminal 
degradability are not well understood. Positive correlation of canola meal suspension So and dry heat 
temperature suggests induction of protein unfolding and denaturation (Perera et al., 2016) and aggregation 
(Davis & Williams 1998). Folawiyo & Apenten (1997) reported heat treatment of rapeseed napin induced 
irreversible changes in So at 90 oC. At 20 to 120 oC and 140 to 180 oC, MHP meal shifted So from low to high 
relative to control meal, to suggest at low and moderate processing temperatures MHP induces protein folding 
events promoting surface hydrophilic conformation; however, at 140 to 180 oC modifications of turning of 
side-chains outwards, commonly associated with protein unfolding, loss of 2o and 3o structure, scrambling of 
disulphide bonds, and formation of irreversible protein aggregates contribute to increases in protein 
hydrophobicity (Davis & Williams, 1998).  
Increasing dry heat temperature had no impact on molecular protein structure characteristics, except the ratios of 
amide I to II and a-helix to b-sheet in MHP meal. According to Peng et al. (2014), an increase of amide I to II at 
180 oC was suggestive of increased rumen degradable CP, whereas a decrease in a-helix to b-sheet at ≥ 120 oC 
would infer increases in intestinal digestible RUP and total digestible CP. Treatment with MHP induced 

!

(a) 

MHP (min) Barrel Dry Heat (oC) 
 20 120 180 
- 

   
+ 

   
(b) 

MHP (min) Barrel Dry Heat (oC) 
 20 120 180 
- 

   
+ 

   
 

Figure 3 Representative scanning electron photomicrographs of canola produced at increasing barrel dry 

heat (20 to 180oC) with moist heat pressure (MHP) treatment (a, 120oC 15 min 192 kPa) and post proteolytic 

digestion (b). Images were taken with x1.0k resolution. 

 
 

 



  

 143 

 

jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 10; 2018 

20 

noticeable changes in all molecular protein structure characteristics studied. When Samadi et al. (2013) applied 
dry heat (120 oC 1 h) to canola seed a similar increase in a-helix:b-sheet was observed. Yu (2013) similarly 
observed a higher a-helix:b-sheet spectral intensity ratio in canola tissue treated with MHP, than dry heat 
treatment and raw tissue controls. According to correlations published by Samadi et al. (2013), the findings 
imply MHP increases rumen degradable CP, decreases intestinal digestible RUP and total digestible CP. Samadi 
& Yu (2012) reported dry heat and MHP had no effect on lipid molecular structure in canola meal; however, in 
this study distinct differences in lipid-related functional groups between dry heat temperatures and with MHP 
were observed.  
Similar total and water soluble protein polypeptide bands for expeller with MHP meals were observed in 
previous reports for B. napus meal by Wanasundara & McIntosh (2013), and Wu & Muir (2008). In non-reduced 
conditions, typical storage protein polypeptide bandings were observed for 11S globulin (cruciferin) i.e. trimer 
(~177), dimer (~118) (Perera et al., 2016), procruciferin subunits (73.5, 76.8), a-(26.7, 28.5, 37.1), b-(18.3, 21.1, 
22.9) (Wanasundara, 2011), and monomer with intact disulfide linkages (41 to 55) (Perera et al., 2016); and 2S 
albumin (napin) i.e. dimer (27.5) and monomer (14) (Wu & Muir, 2008). Under reduced conditions, involvement 
of disulphide bonds was suggested by disappearance of polypeptides for cruciferin i.e. trimer, dimer, and 
monomer with intact disulphide bands (41 to 55); and, napin (14); and, the associated formation of polypeptide 
bands for cruciferin i.e. 9.6 to 32.0 range, and for napin i.e. light 4 and heavy 9. Polypeptide bands present under 
non- and reduced conditions at 18 to 25, 27, or 39 or 41 likely corresponded to known oil binding proteins of 
oleosins, caleosins or steroleosins, respectively (Wanasundara et al., 2016). Under non-reducing conditions, 
SDS-PAGE of soluble protein revealed at dry heat temperatures of 160 and 180 oC high MW polypeptides were 
absent, suggesting the formation of insoluble higher MW polypeptides and protein denaturation. Treatment with 
MHP hindered protein extraction and reduced solubility of canola meal polypeptides larger than ~40 kDa. Native 
gel electrophoresis affirmed cruciferin solubility reduced with increasing dry heat. Progressive dry heat-induced 
changes in the structure of cruciferin were similarly reported by Perera et al. (2016). Reduced ability to extract 
protein from MHP meal suggests the formation of irreversible bonds and formation of insoluble high MW 
protein aggregates in canola meal treated under these conditions. Perera et al. (2016) reported thermal-stability of 
napin. Native 20 to 146 kDa protein band smearing was indicative of heat-induced modifications of napin at all 
dry heat temperatures. Kennelly (1996) theorised dry heating of oilseed denatured protein matrix surrounding fat 
droplets, to protect dietary fatty acids from biohydrogenation by ruminal bacteria. Due to the diverse 
composition of rapeseed meal proteins temperatures and time-points of denaturation and aggregations vary 
(Folawiyo & Apenten, 1997). In this study, dry heat temperatures of ≥ 80 oC induced protein matrix formation 
functioning to encapsulate lipid and release lipid at 100 oC. These events may respectively be attributed to 
known denaturation temperatures for canola meal protein (83.9 oC), cruciferin (90.7 oC), and napin proteins (110 
oC), as reported by Wu & Muir (2008). Formation of aggregated protein matrix seemed to improve resistance to 
enzymatic degradation from 100 to 140 oC. With respect to expeller meal structural organisation, application of 
MHP resulted in the consistent formation of meal fragments of densely aggregated heterogeneous protein matrix, 
containing crevices where coalesced lipid droplets resided. Treatment with MHP reduced in vitro proteolytic 
degradation of the cellular structure relative to the control meal, reaffirming observed decreases in in vitro 
ruminal degradability. Further analysis of surface morphology by SEM, revealed distinct structural differences of 
rounding and flattening at 80 and 120 oC corresponded to denaturation points published by Wu & Muir (2008) 
for isolated canola meal proteins (83 oC) and napin (109 oC). Reduction in fragment size at 120 oC may 
additionally be attributed to denaturation of napin. Reduced fragment size may increase enzyme accessibility and 
proteolysis within the rumen.  
Alterations in canola meal structural characteristics induced by MHP may affect ruminal degradation and supply 
of protein and AA for ruminant production. To the authors’ best knowledge these are first reports of the 
microscopic structure, and protein and lipid characteristics of cold-press, expeller and moist heat pressure 
treatment canola meals. These findings will likely benefit producers of canola meal by further detailing the 
effects of barrel dry heat temperature and MHP on MRP formation and structural characteristics of canola meal. 
Further knowledge of the formation of heat-damage protein during processing of canola meal will enhance ration 
formulations, and of microscopic characteristics that favour resistance to enzymatic degradation will assist 
production of canola meal with improved protein value for ruminants. 
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Appendix A 

 
Table A1. Linear and polynomial equations to describe the effect of increasing barrel dry heat (20 to 180 oC) and 
moist heat pressure on Maillard Reaction product formation and structural characteristics of canola meals 

 
MHP Equation 

b* – Y = 15.63783 – 0.0186x 

 
+ Y = 7.60343 – 0.01269x 

L* – Y = 62.34139 – 0.0337x 

 
+ Y = 51.2279 – 0.01357x 

BI – Y = 66.57351 + 0.06478x 
pH + Y = 6.43583 – 0.00128x + 6.09127 × 10−6x2 
So (% of soluble CP) – Y = 3.82892 + 0.00727x 
 + Y = 3.17769 – 0.01949x + 2.30458 × 10−4x2 
ULB – Y = 0.00156 – 6.15788 × 10−5x + 4.80073 × 10−7x2 
 + Y = 0.00211 – 7.70111 × 10−5x + 6.15442 × 10−7x2 
LCCE – Y = 0.01468 – 6.11098 × 10−4x + 5.39912 × 10−6x2 
 + Y = 0.01728 – 6.20985 × 10−4x + 5.13111 × 10−6x2 
CH3AS – Y = 0.00676 – 2.78077 × 10−4x + 2.39645 × 10−6x2 
 + Y = 0.00777 – 2.80962 × 10−4x + 2.27938 × 10−6x2 
CH2AS – Y = 0.01468 – 6.11098 × 10−4x + 5.39912 × 10−6x2 
 + Y = 0.01728 – 6.20985 × 10−4x + 5.13111 × 10−6x2 
CH3S – Y = 0.00516 – 2.13888 × 10−4x + 2.39645 × 10−6x2 
 + Y = 0.00657 – 2.38644 × 10−4x + 2.27938 × 10−6x2 
CH2S – Y = 0.00876 – 3.63703 × 10−4x + 3.19257 × 10−6x2 
 + Y = 0.01067 – 3.83149 × 10−4x + 3.17024 × 10−6x2 
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Figure A1. Attenuated total reflectance-Fourier transform infrared spectrum of canola meals produced at 
increasing barrel dry heat (20 to 180 oC) with moist heat pressure (MHP) treatment (120 oC 15 min 192 kPa). 
The total protein fingerprint region 1400 to 1800 cm−1 (A, B) and lipid related molecular region (C, D) of a 

single replicate are presented 
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Figure A2. Representative SDS-PAGE protein profile of canola meal produced at increasing barrel dry heat (20 

to 180 oC) revealed with coomassie blue stain. A 30 µg aliquot of each sample was loaded per well.  
Water soluble protein (A, B) and borate-phosphate buffer soluble protein (C, D). Non-reduced (A, C), reduced 

(B, D). A 5 µL aliquot of Mark 12 Unstained Protein Standard (M) was loaded 
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Figure A3. Representative SDS-PAGE protein profile of canola meal produced at increasing barrel dry heat (20 
to 180 oC) with moist heat pressure (MHP) treatment (120 oC 15 min 192 kPa) revealed with coomassie blue 

stain. A 30 µg aliquot of each sample was loaded per well. Water soluble protein (A, B), and borate-phosphate 
buffer soluble protein (C, D). Non-reduced (A, C), reduced (B, D). A 5 µL aliquot of Mark 12 Unstained Protein 

Standard (M) was loaded 
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Figure A4. Representative native gel electrophoresis protein profile of canola meal produced at increasing dry 

heat (20 to 180 oC) without (A, B) and with (C, D) moist heat pressure (MHP) treatment (120 oC 15 min 192 kPa) 
revealed with coomassie blue stain. A 30 µg aliquot of each sample was loaded per well. Water soluble protein 

(A, C), and borate-phosphate buffer soluble protein (B, D). A 5 µL aliquot of NativeMark unstained protein 
standard (m) was loaded 
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Figure A5. Representative confocal laser scanning micrographs of canola produced at increasing dry heat (20 to 

180 oC) with moist heat pressure (MHP) treatment (120 oC 15 min 192 kPa). Protein is stained red with Nile blue 
dye, and lipid is stained green with Fast green FCF dye. Scale bars correspond to 250, 75, or 50 µm 
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Figure A6. Representative confocal laser scanning micrographs of canola produced at increasing barrel dry heat 
(20 to 180 oC) with moist heat pressure (MHP) treatment (120 oC 15 min 192 kPa), post-proteolytic digestion. 

Protein is stained red with Nile blue dye, and lipid is stained green with fast green FCF dye. Scale bars 
correspond to 250, 75, or 50 µm 

 
 

!

45!
!

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

! ! !
 - MHP + MHP 
oC      250 µm 50 to 75 µm 250 µm 50 to 75 µm 
20 

    
60 

    
80 

    
100 

    
120 

    
140 

    
160 

    
180 

    



  

 153 

 

jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 10; 2018 

30 

 

Figure A7. Representative scanning electron photomicrographs of canola meal produced at increasing barrel dry 
heat then treated with moist heat pressure (MHP) (120 oC 15 min 192 kPa). Images were taken with ×1.0k and 

×100 resolution 
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Figure 8. Representative scanning electron photomicrographs of!canola meal expelled at increasing 

temperatures then treated ± moist-heat pressure (MHP) treatment (120oC 15 min 192 kPa). Images 

were taken with x1.0k and x100 resolution.  
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Figure A8. Representative scanning electron photomicrographs of canola meal produced at increasing dry heat 
then treated with moist heat pressure (MHP) (120 oC 15 min 192 kPa) post proteolytic-digestion. Images were 

taken with ×1.0k and ×100 resolution 
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Figure 9. Representative scanning electron photomicrographs of!canola meal expelled at increasing 

temperatures then treated ± moist-heat pressure (MHP) treatment (120oC 15 min 192 kPa) post 

proteolytic-digestion. Images were taken with x1.0k and x100 resolution.  
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Simple Summary: Canola meal, a by-product of oil production from canola seed, is a source of
protein commonly incorporated into dairy and feedlot rations. Processing conditions and pressure
treatments can alter the quality of protein in canola meal. In this study, the impact of expeller dry heat
and moist heat pressure duration time on general nutritional properties, in vitro protein degradability,
Maillard reaction product formation, and molecular and microscopic structural characteristics
of canola meal were investigated. Increased dry heat temperature rapidly increased digestible
protein and non-protein nitrogen content, and constricted amide II secondary structure. Increased
moist heat pressure treatment duration promoted browning, and the conversion of protein to more
intermediately and slowly degradable forms. Dry heat and moist heat pressure affected meal protein
solubility and protein and lipid-related functional groups. Moist heat pressure fragmented canola
meal into enzyme-resistant aggregates with crevices containing oil bodies. Induced changes may
impact the supply of protein and amino acids and subsequently the yield and composition (protein
and lipid) of milk produced by dairy cows. These findings benefit producers of canola meal by further
describing the effects of processing and treatment conditions on protein characteristics, particularly
those which affect the production potential of ruminants fed canola meal as a source of protein.

Abstract: To improve the protein nutritional quality of canola (Brassica napus L.) meal, further
investigation of the effects of processing conditions and post-production treatments is desirable.
The impact of barrel dry heat temperature (20 �C (cold press) and 100 �C (expeller)) and moist heat
pressure (MHP) duration time on general nutritional properties, Maillard reaction product (MRP)
formation, in vitro protein degradability, and molecular and microscopic structural characteristics
of canola meals were investigated. Increased MHP duration reduced (p < 0.05) dry matter, soluble
protein, rapidly degradable protein, yellowness (early MRP), whiteness (late MRPs), absorbance at
294 nm (intermediate MRPs), and amide I; and increased (p < 0.05) non-protein N, neutral detergent
fibre, neutral detergent insoluble crude protein (CP), intermediately and slowly degradable protein,
in vitro effective CP degradability, redness, degree of colour change, and browning. Increased
dry heat temperature reduced (p < 0.01) CP and rapidly degradable protein, constricted amide II,
reduced (p < 0.05) protein solubility in 0.5% KOH and increased (p < 0.05) acid-detergent fibre and
intermediate MRPs. Browning index and redness exhibited potential as rapid indicators of effective
CP degradability and soluble protein, respectively. Dry heat and MHP altered (p < 0.05) lipid-related
functional groups. Dry heat affected napin solubility, and MHP altered cruciferin and napin solubility.
Application of MHP induced the formation of proteolysis-resistant protein aggregates with crevices
containing oil bodies. Induced changes may impact the supply of proteins and amino acids and
subsequently the yield and composition (protein and lipid) of milk produced by dairy cows.

Animals 2018, 8, 147; doi:10.3390/ani8090147 www.mdpi.com/journal/animals
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1. Introduction

Global demand for animal-derived protein is projected to double by 2050 [1], in turn increasing
requirement for more animal feed. Canola (Brassica napus L.) meal is a readily available by-product of
canola oil production. Due to its desirable amino acid (AA) profile and digestibility, canola meal is
commonly utilised as a protein supplement in dairy cattle [2,3] and feedlot [4,5] rations. To generate
canola meal, solvent extraction and mechanical (for example, cold press, expeller, and extrusion)
technologies are applied. The protein content of the meal differs depending on the oil extraction method
used [6,7]. During cold press extraction, seeds are mechanically pressed at low heat (65 �C) from
frictional forces within the expeller barrel to produce canola meal with 11–13% lipid [7,8]. Expelling
utilises moderate temperatures (95–135 �C) to generate canola meal with 15–18% moisture and 8–15%
lipid [7–9]. Expeller heat may increase rumen undegraded crude protein (RUP) by establishing
cross-linkages among and within peptide chains, and to carbohydrates [10].

To reduce ruminal degradation, and in turn increase the post-ruminal supply of canola protein,
AA studies have evaluated different chemical and heat treatments. For instance, dry heating (125 �C,
10 min) of canola meal was reported to decrease in situ rumen crude protein (CP) disappearance
without compromising intestinal digestibility in ruminants [11]. Dry heating (125 �C, 20 min) of
expeller canola meal was reported to reduce rumen CP degradability and, when fed to primiparous
cows, increase milk production [12]. Alternatively, treatment with moist heat pressure (MHP,
autoclaving) involves heating meals with steam under pressure. Application of canola meal with MHP
(117 kPa, 127 �C, 15 or 30 min) induced partial protein denaturation and decreased ruminal protein
degradability [13], and was later reported to increase the post-ruminal supply of AA for digestion in
the small intestine [14]. When diets of dairy cows were supplemented with MHP-treated cold-pressed
rapeseed (Brassica rapa L. oleifera subv. annua) cake, milk yields increased relative to an untreated
rapeseed meal [15].

Throughout processing, protein digestibility may be reduced by the formation of compounds that
inhibit digestive enzymes or by the modification of the protein molecule, for example, blocking of active
AA side-chains, or the formation of crosslinks [16]. During the oil extraction process, the heat-damaged
protein formed within the meal from the Maillard reaction is of particular concern for ruminant
nutritionists as it contributes to RUP levels without providing nutritional benefits [17]. Traditionally,
acid detergent insoluble N (ADIN) was utilised to monitor heat-damage protein; however, it is
theorised ADIN analysis does not quantitatively account for all Maillard reaction products (MRPs) [18].
Consequently, it is of interest to quantify the production of MRPs during processing of canola
meal utilising other established techniques, for instance, pH, UV-Vis absorbance [19], colorimetry,
and gel-electrophoresis [20].

To monitor changes in ruminal degradability, economical, high-throughput and non-invasive
alternatives to in vivo, in situ and in vitro ruminal fluid procedures have been established. These
include for example proteolytic assays, mathematical modelling [21], near-infrared reflectance
spectroscopy [22], and molecular spectroscopy [23–26]. Utilising attenuated total reflectance–Fourier
transform infrared (ATR-FTIR) molecular spectroscopy, protein structure characteristics of canola
meal were found to strongly correlate with in situ ruminal degradable CP [23,24]. Furthermore,
ATR-FTIR molecular spectroscopy and synchrotron-radiation-based microspectroscopy were utilised
to characterise the impact of dry heat and MHP on the protein structure for canola seed [25] and canola
seed tissue [26], respectively. Alterations in microscopic structure resulting from solvent extraction
processing were reported for rapeseed meal [27]. Confocal laser scanning microscopy (CLSM) [28],
and scanning electron microscopy (SEM) [28,29] techniques have been applied to investigate the
resistance of protein structure to enzymatic degradation in soybean meal and dried-distillers grains.



  

 158 

 

Animals 2018, 8, 147 3 of 29

To improve the protein value of canola meal for ruminants, the objectives of this study were
to examine the effects of low (i.e., cold press, 20 �C) and high (i.e., expeller, 100 �C) barrel dry
heat processing conditions and MHP treatment duration time on general nutritional properties,
protein degradability, MRP formation, and the molecular and microscopic structural characteristics of
canola meal.

2. Materials and Methods

2.1. Canola Meal and Suspension Preparation

2.1.1. Canola

Commercial bulk-handling canola seed was provided by MSM Milling (Manildra, NSW, Australia).
The (~5 kg) heterogeneous seed lot was stored at room temperature (RT, ~21 �C), in an air-tight hessian
polypropylene bag within a dark and dry cupboard.

2.1.2. Barrel Dry Heat and Moist Heat Pressure of Canola

To prepare canola meals, seed (~240 g) was passed separately through a primed bench-top
screw-press expeller (Model DSZYJ-200A/B (Taizhou Dengshang Mechanical Electrical Co. Ltd,
Zhejiang, China), 220 V, 50 Hz, 50 rpm) at a barrel dry heat temperature of either 20 �C (RT, cold-press)
or a pre-heated temperature of 100 �C (expeller); this was then repeated two more times (n = 2 ⇥ 3, 6).
The meals were individually ground in an electric mill (Breville Grinder, CG2B) and passed through a
1-mm sieve. The MHP treatment was completed by placing each meal (40 g) in a separate flat rectangle
polypropylene container and autoclaving using a steriliser (Atherton Centenary Series, Melbourne,
Australia) set on the Hard Goods Dry Cycle No. 1.1, for 0, 3, 6, 9 or 12 min (192 kPa, 120 �C). For each
triplicate meal, an independent sterilising cycle was performed (n = 6 ⇥ 5, 30). The meals were stored
in the dark at RT.

2.1.3. Preparation of Canola Meal Suspensions and Pellets

The meals were ground (<5 µM) by placing 5 g of meal in a stainless-steel screw-top grinding
jar (50 mL) with a � 25-mm grinding ball. The jar was positioned in a mill (MM301, Retsch, GmbH,
Hann, Germany) and shaken for 30 s (frequency 20 per s) followed by a 15-s rest, thrice. To generate
suspensions, ground meal (200 mg) was added to deionised H2O (10 mL) and shaken for 30 min using
a Multi Reax (Heidolph Instruments GmbH, Schwabach, Germany) set at 10. The suspensions were
stored in the dark at 4 �C. To prepare circular pellets, canola meal (~0.2 mg) was pressed at 100 bar
utilising an Hydraulic Press (Enerpac, Menomonee Falls, WI, USA).

2.2. General Nutritional Characteristics

The meals were analysed for dry matter (DM) (AOAC 930.15 (Association of Official Agricultural
Chemists)), lipid (AOAC 992.06), CP (6.25 ⇥ N) by Leco Dumas N combustion (AOAC 992.23),
and carbohydrate [30]. To determine the quantity of carbohydrate (%DM), each meal suspension
(40 µL) was added separately to deionised H2O (10 µL), concentrated sulphuric acid (150 µL), and 5%
phenol in deionised H2O (30 µL) in a clear flat bottom non-absorbent 96 F Microwell microplate
(Nunc #269620) (Thermo Scientific, Waltham, MA, USA). The plate was incubated for 5 min at 90 �C in a
shallow water bath, rested for 5 min at RT, wiped dry, placed in a CLARIOstar 5.20 R5 microplate reader
(BMG LABTECH, Ortenberg, Germany), shaken at 500 rpm for 10 s, and measured for absorbance at
490 nm. Values were corrected by deducting an average of blank measurements. A standard curve
(0–10 nmol) was established using a 1 M stock solution of D-mannose (Sigma, St Louis, MO, USA)
prepared in deionised H2O.
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2.3. Protein Solubility and Fractionation

The meals were analysed for soluble protein [31] and solubility in 0.5% KOH [32]. The latter was
performed by stirring samples of the meal (5 g) in 0.5% KOH (33.3 mL) for 20 min, centrifuging at
1250⇥ g for 10 min, and quantifying the protein in the supernatant by Leco Dumas N combustion.
The meals were analysed in duplicate (n = 4 ⇥ 5, 20) for non-protein N (NPN, tungstic acid [31]), acid
detergent fibre (ADF), neutral detergent fibre (NDF), ADIN and neutral detergent insoluble N (NDIN)
by the Australian Oil Reference Laboratory (Department of Primary Industries, NSW, Australia).
Results were utilised to calculate true protein: %, CP � NPN. The meals were partitioned into protein
fractions based on characteristics of degradability according to the Cornell Net Carbohydrate and
Protein System (CNCPS) as described [33]. Using CNCPS, Fraction A is NPN, Fraction B is degradable
protein containing B1 (soluble protein, rapidly soluble in the rumen), B2 (intermediate degradation,
Total CP � (A + B1 + B3 + C)), and B3 (slowly degraded in the rumen, NDIN � ADIN), and Fraction C
is undegradable protein (ADICP).

2.4. In Vitro Effective Protein Degradability

All meals were analysed for in vitro effective CP degradability (i.e., estimated RUP) utilising the
in vitro proteolysis procedure by Krishnamoorthy, et al. [34] validated in vivo in lactating dairy cattle
(r2 = 0.61). The meal (0.5 g) was weighed into a 125-mL Erlenmeyer flask and incubated at 39 �C for
1 h in 40 mL borate-phosphate (BP) buffer (pH 8.0). Streptomyces griseus protease (Type XIV 5.4 U per
mg protein, Sigma P-5147) solution (0.33 U per mL, 10 mL BP-buffer) was added, and the meal was
incubated at 39 �C for 18 h. The residue was collected on quantitative filter paper (22 µm pore, No. 541,
Whatman, Maidstone, UK), rinsed with distilled H2O and air-dried overnight. All flasks were placed
on ice to suspend proteolytic activity before filtering. Residual CP was determined by combusting the
whole filter paper by Leco Dumas N combustion:

Effective CP degradability (% of CP ) = (CP � undegraded CP)/ CP ⇥ 100 (1)

2.5. In Vitro Intestinal Digestion of Protein in Ruminants

The meals were analysed in duplicate for in vitro intestinal digestion of CP utilising the
HCl-pepsin pre-digestion procedure of Calsamiglia and Stern [35] validated in vivo (r = 0.91).
In a 50-mL Falcon tube sample (15 mg CP) was suspended in 10 mL pH 1.9, 0.1 N HCl solution
of 1 g per L pepsin (Sigma P-7012), vortexed, and incubated at 38 �C for 1 h in a shaking H2O bath.
Pancreatin solution (13.5 mL: 0.5 M KH2PO4 pH 7.8 containing 3 g per L pancreatin, Sigma P-7545) and
1 N NaOH (0.5 mL) was added, and the tube was vortexed, incubated at 38 �C for 24 h in a shaking
H2O bath, vortexing every ~8 h. To cease the reaction, trichloroacetic acid (TCA) (3 mL) was added,
the tube was vortexed, rested (15 min), and then centrifuged (10,000⇥ g, 15 min). The supernatant was
analysed for soluble N, as described. Results were utilised to calculate %pepsin–pancreatin digestion
of protein:

%IVCPD = TCA � soluble N/ initial N ⇥ 100 (2)

2.6. Measurement of Maillard Reaction Products

2.6.1. Measurement of Colour

To monitor Maillard reaction product formation, meals were separately placed in a lidded cuvette
then colour was measured with a Chroma Meter CR-300 colorimeter (Minolta CO., Osaka, Japan),
using the CIE-Lab tristimulus system, calibrated with a white tile and a D-65 illuminant source. The a*
(red-green), b* (yellow-blue) and L* (white-black), degree of colour change (DE), and browning index
(BI) were calculated as previously described [36].
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2.6.2. Measurement of pH

The meal suspensions were monitored for pH by magnetic stirring using a PHM 93 Reference pH
meter (Radiometer, Copenhagen, Denmark) calibrated with buffer solutions at pH 4 and 7.

2.6.3. Determination of UV-Vis Absorbance at 294 nm

The meal suspensions were analysed for UV-Vis absorbance utilising an adapted procedure [19].
The meal suspension (20 µL) was added to deionised H2O (80 µL) in a clear flat bottom non-absorbent
96 F 400 µL Microwell microplate (Nunc #269620), and UV-Vis Abs294nm was measured utilising a
CLARIOstar 5.20 R5 microplate reader (BMG Labtech, Offenburg, Germany).

2.7. Measurement of Structural Changes

2.7.1. Measurement of Surface Hydrophobicity

The meals were analysed in duplicate for surface hydrophobicity (So) with fluorescence
probes [37]. Under darkened conditions, an aliquot of canola meal suspension was made up to
a final volume of 300 µL using 0.01 M sodium tetraborate solution pH 6 in a 400 µL 96-well microplate
(Nunc™ F96 MicroWell™ Black Polystyrene 237105). To each well, 1 µL of 1-anilino-8-naphthalene
sulfonate (ANS, Fluka 10419) reagent was added. The plate was incubated at 25 �C for 2 min, then
shaken at 500 rpm for 10 s in a CLARIOstar 5.20 R5 microplate reader. Fluorescence intensity was
measured at an excitation maximum of 390–405 nm and an emission maximum of 470–500 nm. Values
were corrected by deducting an average of blank measurements. To determine sample So, a 0–200 µg
per µL standard curve was established using a 1 M stock solution of bovine serum albumin (Sigma)
prepared in 0.01 M sodium tetraborate solution and stored in the dark at 4 �C.

2.7.2. ATR-FTIR Sample Preparation, Data, and Collection Analysis

The molecular spectral data of canola meal pellets were generated by ATR-FTIR 8400S (Shimadzu
Corp., Kyoto, Japan) with a single reflection plate, flat tip, and constant pressure (530 psi) in
absorbance mode (40 scan runs, 4 cm�1, Happ-Genzel apodisation, mid-IR, approximately (ca.)
4000–600 cm�1). The data were collected utilising IR Solution software, baseline corrected [38],
and total peak normalised. The lipid [39], and protein [25] functional groups were identified. Briefly,
the IR total protein fingerprint region ca. 1714–1480 cm�1 included amide I (AI, ca. 1714–1571 cm�1),
amide II (AII, ca. 1572–1480 cm�1), ↵-helix (peak centre height at ca. 1652 cm�1 with the baseline
of ca. 1714–1480 cm�1), and �-sheet (peak centre height at ca. 1630 cm�1 with a baseline of ca.
1714–1480 cm�1). Lipid regions included the lipid carbonyl C=O ester stretching band (LCCE, baseline
ca. 1789–1701 cm�1 with peak ca. 1744 cm�1), CH3 asymmetric (CH3A ca. 2988–2951 cm�1 with
peak centre at ca. 2955 cm�1), CH2 asymmetric (CH2A ca. 2951–2882 cm�1 with peak centre at ca.
2922 cm�1), CH3 symmetric (CH3S, ca. 2882–2868 cm�1 with peak centre at ca. 2872 cm�1) and CH2
symmetric (CH2S ca. 2868–2790 cm�1 with peak centre at ca. 2852 cm�1).

2.7.3. Gel Electrophoresis of Canola Meal Protein Profiles

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis

The polypeptide banding profiles of duplicate canola meal samples were visualised utilising
an adapted SDS-PAGE procedure [40] as follows; the sample (~10 mg CP) was dissolved in sample
buffer (1 mL: 11.25 mM tris-HCl, pH 8.5, 3.6% SDS, 18% glycerol, and 0.0025% bromophenol blue),
and heated at 85 �C for 10 min. For reducing conditions, 50 mM dithiothreitol (DTT) was added to
the sample buffer. The protein sample (30 µg of CP per well) and standard marker (5 µL, Novex
Mark 12, Invitrogen, Mulgrave, VIC, Australia) were loaded onto a NuPAGE gradient precast gel
(4–12% gradient) bis-tris (10 ⇥ 10 cm2) in a Novex Xcell mini cell system (Invitrogen, Mulgrave, VIC,
Australia). Electrophoresis was performed at 80 V for 75 min, followed by 90 V for 75 min in running
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buffer (50 mM methysulfonic acid, 50 mM tris base, 0.1% SDS, 1 mM ethylenediaminetetraacetic acid,
pH 7.3). The polypeptide bands were visualised by incubating the gel in Coomassie Brilliant Blue
R-250 solution (0.1% in 40% methanol, 10% acetic acid) for 25 min, and de-stained (10% ethanol and
7.5% acetic acid) on an orbital shaker at RT overnight.

Native Gel Electrophoresis

The native protein profiles of duplicate canola meal samples were visualised by gel-electrophoresis
following manufacturer’s instructions. In brief, sample (~10 µg CP per µL) was added to 2.5 µL
NativePAGETM sample buffer (4⇥), 1 µL NativePAGETM 5% G-250 sample additive, and made to
10 µL with deionised H2O. The sample and NativeMarkTM unstained protein standard (5 µL, LC0725,
Invitrogen, Mulgrave, VIC, Australia) were loaded onto a NativePAGETM 4–16% gradient precast
bis-tris (10 ⇥ 10 cm2) gel in a Novex Xcell mini cell system (Invitrogen, Mulgrave, VIC, Australia).
The running buffer contained 50 mM BisTris, 50 mM tricine, pH 6.8, and the sample buffer contained
50 mM BisTris, 6 N HCl, 50 mM NaCl, 10% w/v glycerol, and 0.001% Ponceau S, pH 7.2. The upper
(inner) buffer chamber contained cathode buffer (200 mL: 10 mL NativePAGETM running buffer 20⇥,
10 mL NativePAGETM cathode additive 20⇥) and the lower (outer) buffer chamber contained anode
buffer (600 mL: 50 mL NativePAGETM running buffer 20⇥, 950 mL deionised H2O). Electrophoresis
was performed at 150 V for 110 min. The native proteins were visualised by incubating the gel in
40% methanol and 10% acetic acid for 25 min, Coomassie Brilliant Blue R-250 solution (0.02% in 30%
methanol and 10% acetic acid) for 25 min, and 8% acetic acid on an orbital shaker at RT overnight.

2.7.4. Confocal Laser Scanning Microscopy

The microscopic structure of duplicate canola meal and in vitro proteolytic digested CP
residues were analysed at RT utilising a TCS SP5 confocal laser-scanning microscope (CLSM, Leica
Microsystems, Wetzlar, Germany) fitted with a 20⇥ oil immersion objective. The meal (100 mg) was
fluorescently labelled in Fast Green FCF (1 drop, 0.4% in H2O) and Nile blue (1 drop, 0.5% in H2O)
dyes, to stain for protein and lipid, then excited at 633 and 488 nm, and reflected emitted light was
collected at 662–744 and 520–626 nm with HeNe and argon lasers, respectively.

2.7.5. Scanning Electron Microscopy

The duplicate canola meal and in vitro proteolytic digested CP residues were adhered to
aluminium sample holders using double-sided smoothest carbon tabs (ProSciTech Pty Ltd, Kirwan
QLD, Australia). The samples were imaged in a S4300 SE/N variable pressure scanning electron
microscope (SEM) (Hitachi, Tarrytown, NY, USA). The environmental secondary electron detector was
used with a pressure of 50 Pa, accelerating voltage of 20 kV at RT and a working distance of 15 mm.

2.8. Statistical Analysis

Statistical analyses of data were performed using the statistical software OriginLab v 95E (Origin,
Northampton, MA, USA). To establish differences, the one-way ANOVA mathematical model used for
analysis was:

Yij = µ + Tj + eij (3)

where Yij is an observation on the dependent variable ij; µ is the population mean for the variable,
and Tj is the effect of treatment (i = MHP duration time and/or barrel dry heat temperature), as a fixed
effect. The independent barrel runs at each temperature were experimental replications and eij value is
the random error associated with the observation ij. A post hoc Fisher’s least significant difference
test was performed to determine the statistical significance of differences between individual means,
declared at p < 0.05. Normal distribution was established by performing an Anderson-Darling test,
p > 0.05. The Spearman correlation coefficient (rs) with a two-tailed test of significance (p < 0.05) was
used to define strength and association of relationships between MHP duration time and dependent
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variables. Polynomial regression was performed to determine the coefficient of determination (r2),
using the equation:

Yi = �0 + �1xi + �2x2
i + "i (4)

3. Results

3.1. General Nutritional Characterisation of Canola Meals

The effects of barrel dry heat and MHP duration on general nutritional characteristics of canola
meal are presented in Tables 1 and A1. The CP content of the non-treatment cold-pressed meal (33.8%)
was higher (p < 0.01) than that of expeller canola meal (33.2%). The CP content decreased (p < 0.05)
with MHP durations (rs = �0.35, �0.36 for cold-pressed and expeller meals, respectively). The DM
content decreased (p < 0.05) with MHP duration (rs = �0.74, �0.80 for cold-pressed and expeller meals,
respectively) and was similar (p > 0.05) in non-treatment cold-pressed (92.8%) and expeller meals
(93.1%). Lipid content remained similar between MHP durations in cold-pressed meals (p > 0.05)
unlike expeller canola meals (p < 0.05). The lipid content did not vary (p > 0.05) between non-treatment
cold-pressed (15.9%) and expeller (15.3%) meals. Carbohydrate content decreased (p < 0.05) with
increasing MHP duration time in expeller meals (rs = �0.58), unlike in the cold-pressed meals
(rs = �0.26). Carbohydrate content did not vary (p > 0.05) between the non-treatment cold-pressed
(14.9% DM) and expeller (15.0% DM) meals. NPN, NDF, NDICP, and ADICP contents were similar
(p > 0.05) between dry heat temperatures, whereas ADF was greater (p < 0.05) in non-treatment expeller
(16.6%) as compared to cold-pressed (15.1%) meals (see Tables 1 and A1). Overall, NPN, NDF, and
NDICP (rs = 0.84, 0.82, 0.96) were strongly and positively (p < 0.05) associated with MHP duration in
cold-pressed meals, unlike ADF and ADICP (rs = �0.12, 0.26) (p > 0.05).

Table 1. General chemical and protein degradability characteristics of cold-pressed (20 �C) and expeller
(100 �C) canola meals with moist heat pressure treatment for durations of 0, 3, 6, 9 or 12 min.

Characteristic
Barrel Moist Heat Pressure Duration (min)

SEM PMHPD PBT PAll
rs r2

(
�

C) 0 3 6 9 12

CP (% DM) 20 33.8 bc 34.5 ab 34.3 b 33.5 c 33.7 c 0.11 *
** *

�0.35 * 0.10
100 33.2 33.4 33.4 33.8 33.4 0.08 NS �0.36 * 0.25

DM (% AsIs) 20 92.8 ab 92.1abc 92.6 bcd 92.2 a 91.2 d 0.17 **
NS **

�0.74 * 0.54
100 93.1 a 93.3 a 92.5 ab 92.6 ab 91.9 a 0.16 ** �0.80 * 0.57

Lipid (% DM) 20 15.9 16.3 15.5 15.9 16.4 0.13 NS
NS *

0.30 0.15
100 15.3 b 16.3 a 16.4 a 16.4 a 16.5 a 0.14 * 0.50 0.60

Carbohydrate (% DM) 20 14.9 14.8 15.0 14.9 14.8 0.39 NS
NS NS

�0.26 0.12
100 15.0 a 15.0 a 14.7 b 14.8 ab 14.7 b 0.47 * �0.58 * 0.15

NPN (% DM) 20 0.09 b 0.09 b 0.11 a 0.11 a 0.12 a 0.00 **
NS NS

0.84 * 0.86
100 0.10 c 0.11 c 0.12 b 0.12 ab 0.13 a 0.00 ** 0.99 * 0.95

ADF (% DM) 20 15.1 15.6 15.9 15.1 15.6 0.13 NS
* NS

0.25 0.23
100 16.6 16.1 15.5 15.9 15.7 0.18 NS �0.52 0.39

NDF (% DM) 20 19.4 19.7 19.9 20.9 22.6 0.44 NS
NS NS

0.86 * 0.68
100 19.5 19.9 21.0 21.7 21.6 0.35 NS 0.81 * 0.72

ADICP (% DM) 20 1.34 1.44 1.53 1.59 1.63 0.04 NS
NS NS

0.81 * 0.67
100 1.63 1.93 1.71 1.87 1.59 0.07 NS 0.03 0.20

NDICP (% DM) 20 5.37 b 5.92 b 6.29 b 7.39 ab 9.99 a 0.58 **
NS NS

0.99 * 0.75
100 5.20 b 5.76 b 6.77 ab 8.80 a 9.11 a 0.54 ** 0.94 * 0.89

Soluble protein (% CP) 20 70.0 a 49.5 b 31.1 c 28.4 cd 23.0 d 4.46 **
* NS

�0.97 * 0.93
100 69.0 a 45.0 b 32.1 c 28.9 cd 22.1 d 4.48 ** �0.95 * 0.94

Solubility 0.5% KOH (%) 20 55.1 a 41.3 b 35.6 c 24.1 d 20.4 d 3.37 **
* NS

�0.98 * 0.88
100 34.7 c 54.9 a 43.6 b 43.9 b 22.7 d 2.95 ** �0.35 * 0.80
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Table 1. Cont.

Characteristic
Barrel Moist Heat Pressure Duration (min)

SEM PMHPD PBT PAll
rs r2

(
�

C) 0 3 6 9 12

ECPD (%CP) 20 16.8 d 26.4 c 34.7 b 37.4 b 43.4 a 2.58 **
NS *

0.96 * 0.97
100 17.3 d 29.1 c 35.1 b 39.4 ab 42.9 a 2.45 ** 0.97 * 0.96

IVCPD (%) 20 14.1 14.1 14.6 14.7 14.7 0.20 NS
NS **

0.45 0.22
100 14.0 13.7 14.1 14.0 13.5 0.17 NS �0.27 0.09

CP: crude protein; DM: dry matter; NPN: non-protein N; ADF, ADICP: acid-detergent fibre and insoluble CP,
respectively; NDF, NDICP: neutral-detergent fibre and insoluble CP, respectively; ECPD: in vitro effective CP
degradability; IVCPD: in vitro CP digestibility; MHP: moist heat pressure. Means in rows with unlike superscripts
differ (p < 0.05). SEM: standard error of mean; rs: pair-wise Spearman correlation coefficient; r2: coefficient of
determination; PMHPD: difference between MHP duration times; PBT: difference between barrel temperatures
at 0 min of MHP; PAll: difference between barrel temperatures inclusive of MHP treatment samples; ** p < 0.01;
* p < 0.05; NS: not significant.

3.2. Barrel Dry heat and MHP Duration Induced Changes in Protein in Canola Meal

3.2.1. Protein Solubility

The effects of barrel dry heat and MHP duration on BP-buffer protein solubility (pH 6.7) and
solubility in 0.5% KOH of canola meals are presented in Tables 1 and A1. Protein solubility in BP buffer
decreased (p < 0.01) with increasing MHP duration in cold-pressed (rs = �0.97) and expeller meals
(rs = �0.95). Protein solubility in BP-buffer was lower (p < 0.05) in non-treatment expeller (69.0%)
than cold-pressed (70.0%) meals. In cold-pressed meals, unlike expeller meals, 0.5% KOH solubility
decreased (p < 0.05) with increasing MHP duration (rs = �0.98, �0.35). Protein solubility in 0.5% KOH
was less (p < 0.05) in non-treatment expeller (34.7%) as compared to cold-pressed (55.1%) meals and
decreased (p < 0.01) with increasing MHP duration (rs = �0.98, r2 = 0.80).

3.2.2. Protein Degradability

The effects of dry heat and MHP duration on effective CP degradability (ECPD; %CP) and
in vitro CP digestibility (IVCPD) content of canola meals are presented in Tables 1 and A1. The ECPD
was positively associated with MHP duration (r2 = 0.97, rs = 0.97), and was similar (p > 0.05) in
non-treatment cold-pressed (16.8) and expeller (17.3) meals. The IVCPD content of meals was
unaffected (p > 0.05) by MHP duration and was similar (p > 0.05) in non-treatment cold-pressed
(14.1%) and expeller (14.0%) meals.

3.2.3. Protein Fractionation

Protein fractions B2, B3 and C were similar (p > 0.05) between dry heat temperatures, whereas
A was less (p < 0.05) and B1 was greater (p < 0.01) in non-treatment cold-pressed (0.05, 69.8) meals
as compared to expeller meals (0.05, 66.9), respectively (see Table 2). Overall, Fractions A, B2, and
B3 (rs = 0.95, 0.87, 0.94) were positively and B1 (rs = �0.96) was negatively associated (p < 0.05) with
MHP duration, except C (rs = 0.86) which was positively (p < 0.05) associated in cold-pressed meal
only (see Tables 2 and A2).

Table 2. Cornell Net Carbohydrate and Protein System protein fractions of cold-pressed (20 �C) and
expeller (100 �C) canola meals with moist heat pressure treatment for durations of 0, 3, 6, 9 or 12 min.

Protein Fraction
Barrel Moist Heat Pressure Duration (min)

SEM PMHPD PBT PAll
rs r2

(
�

C) 0 3 6 9 12

A
20 0.05 c 0.06 c 0.09 b 0.11 b 0.17 a 0.01 **

* NS
0.99 * 0.90

100 0.05 b 0.07 b 0.12 b 0.15 a 0.16 a 0.05 ** 0.96 * 0.94

B1
20 69.8 a 53.1 b 41.1 c 34.8 c 23.6 d 5.45 **

** NS
�0.99 * 0.94

100 66.9 a 48.5 b 33.4 c 28.5 c 26.2 c 5.13 ** �0.96 * 0.98

B2
20 14.4 c 29.8 b 40.6 a 43.3 a 46.8 a 4.50 **

NS NS
0.99 * 0.93

100 17.4 b 34.2 a 46.1 a 45.4 a 46.3 a 3.84 ** 0.79 * 0.93
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Table 2. Cont.

Protein Fraction
Barrel Moist Heat Pressure Duration (min)

SEM PMHPD PBT PAll
rs r2

(
�

C) 0 3 6 9 12

B3
20 11.9 b 13.0 b 13.8 b 17.2 b 24.6 a 1.62 *

NS NS
0.99 * 0.75

100 10.8 c 11.5 c 15.2 bc 20.5 ab 22.7 a 1.66 * 0.94 * 0.87

C
20 3.95 4.16 4.46 4.70 4.81 0.13 NS

NS **
0.86 * 0.70

100 4.90 5.76 5.14 5.51 4.76 0.21 NS 0.03 0.19

Calculated as previously described [33], using B3 (NDIN � ADIN), and B2 (Total CP � (A + B1 + B3 + C)). A:
non-protein N; B1: rapidly degraded true protein; B2: intermediately degraded true protein; B3: slowly degraded
true protein; C: undegradable true protein; MHP: moist heat pressure. Means in rows with unlike superscripts
differ (p < 0.05). SEM: standard error of mean; rs: pair-wise Spearman correlation coefficient; r2: coefficient of
determination; PMHPD: difference between MHP duration times; PBT: difference between barrel temperatures
at 0 min of MHP; PAll: difference between barrel temperatures inclusive of MHP treatment samples; ** p < 0.01;
* p < 0.05; NS: not significant.

3.3. Barrel Dry Heat and MHP Induced Formation of Maillard Reaction Products

3.3.1. Colour Development

Colour development as a function of dry heat and MHP duration in canola meals is presented
in Tables 3 and A2. As MHP duration increased the meals decreased (p < 0.01) in yellowness (b*,
rs = �0.54, �0.90), decreased (p < 0.05) in whiteness (L*, rs = �0.64, �0.69), and increased (p < 0.01)
in redness (a*, rs = 0.94, 0.90). Non-treatment expeller and cold-pressed canola meals were similar
(p > 0.05) in whiteness (54.7 vs. 54.5), redness (1.80 vs. 1.56), and yellowness (17.3 vs. 17.0). The degree
of colour change was positively associated (rs = 0.73, 0.88) and increased (p < 0.01) with MHP duration.
As MHP duration increased the cold-pressed (rs = 0.95) and expeller canola meals (rs = 0.87) increased
(p < 0.01) in BI. Non-treatment expeller (73.4) and cold-pressed (68.2) meals had similar (p > 0.05)
BI values.

Table 3. Monitoring of Maillard reaction product formation in cold-pressed (20 �C) and expeller
(100 �C) canola meals with moist heat pressure treatment for durations of 0, 3, 6, 9 or 12 min.

Characteristic
Barrel

(
�

C)

Moist Heat Pressure Duration (min)
SEM PMHPD PBT PAll

rs r2

0 3 6 9 12

b*
20 17.0 ab 15.6 abcd 13.2 bcd 14.7 bd 13.9 d 0.425 **

NS NS
�0.54 * 0.58

100 17.3 a 17.2 a 15.4 ab 13.8 b 13.2 b 0.488 ** �0.90 * 0.80

a*
20 1.56 c 1.87 c 3.12 b 3.53 ab 4.73 a 0.290 **

NS NS
0.94 * 0.81

100 1.80 b 2.20 b 2.68 a 3.36 a 3.34 a 0.186 ** 0.90 * 0.81

L*
20 54.5 a 54.1 abc 51.3 cd 52.5 cd 51.5 d 0.422 *

NS *
�0.64 * 0.51

100 54.7 a 56.6 a 54.6 ab 53.4 bc 52.5 c 0.447 * �0.69 * 0.55

DE
20 0.80 c 2.72 b 5.30 a 3.68 ab 5.17 ab 0.470 **

NS NS
0.73 * 0.73

100 0.17 b 2.14 b 2.30 b 4.17 a 5.05 a 0.431 ** 0.88 * 0.75

Browning index 20 68.2 c 73.4 c 97.0 b 106.6 ab 122.5 a 5.660 **
NS NS

0.95 * 0.90
100 73.4 d 81.0 cd 90.0 bc 101.8 ab 102.9 a 3.460 ** 0.87 * 0.77

pH 20 6.39 d 6.54 a 6.54 a 6.49 b 6.43 c 0.016 **
NS NS

0.03 0.83
100 6.40 b 6.53 a 6.50 a 6.48 ab 6.42 b 0.014 ** 0.01 0.67

Intermediate MRP
20 1.61 ab 1.81 a 1.60 ab 1.45 bc 1.22 c 0.059 **

* NS
�0.74 * 0.72

100 1.93 ab 1.86 ab 1.20 bcd 1.53 cb 1.34 c 0.084 ** �0.63 * 0.54

So (% soluble CP) 20 3.73 4.02 3.55 4.21 5.12 0.385 NS
NS NS

0.30 0.21
100 1.94 b 2.62 ab 4.72a 4.19 a 4.15 a 0.374 * 0.71 * 0.72

b*: yellowness; a*: redness; L*: whiteness; MRP: Maillard reaction product; DE: degree of colour change; So: surface
hydrophobicity; MHP: moist heat pressure. Means in rows with unlike superscripts differ (p < 0.05). SEM: standard
error of mean; rs: pair-wise Spearman correlation coefficient; r2: coefficient of determination; PMHPD: difference
between MHP duration times; PBT: difference between barrel temperatures at 0 min of MHP; PAll: difference
between barrel temperatures inclusive of MHP treatment samples; ** p < 0.01; * p < 0.05; NS: not significant.

3.3.2. Acidity

The pH was used as a measure of Maillard reaction-associated protein-sugar covalent bond
formation in canola meal suspensions. As presented in Tables 3 and A2, pH varied (p < 0.01) between
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MHP duration times, where acidity increased with MHP duration (r2 = 0.83, 0.67). The pH was similar
(p > 0.05) in the expeller (6.40) and cold-pressed (6.39) suspensions.

3.3.3. Intermediate Maillard Reaction Product Formation

UV-Vis Abs294nm was used as a measure of intermediate-MRP formation with increasing MHP
duration in canola meal suspensions, as presented in Tables 3 and A2. Intermediate MRP content
was dissimilar (p < 0.01) among MHP durations with negative (rs = �0.74, �0.63) associations of
intermediate-MRP formation and MHP duration time observed. Intermediate MRP formation was
increased (p < 0.05) in non-treatment expeller (1.93) compared to cold-pressed (1.61) meals.

3.4. Barrel Dry Heat and MHP Induced Changes in Protein Structure

The impacts of changing barrel dry heat and increasing MHP duration on surface hydrophobicity
(So) in canola meal suspensions are presented in Tables 4 and A2. So was similar (p > 0.05) between
expeller (1.94) and cold-pressed (3.73) meal suspensions. There was a positive correlation (r2 = 0.72)
between So and MHP duration in the expeller but not in the cold-pressed meal suspensions. In addition,
So differed (p < 0.05) between MHP durations in the expeller but not the cold-pressed meal suspensions.

Table 4. Changes in protein molecular structure of cold-pressed (20 �C) and expeller (100 �C) canola
meals with moist heat pressure treatment for durations of 0, 3, 6, 9 or 12 min.

Characteristic
Barrel Moist Heat Pressure Duration (min)

SEM PMHPD PBT PAll
rs r2

(
�

C) 0 3 6 9 12

Amide I
20 0.706 a 0.680 a 0.549 ab 0.695 a 0.435 b 0.0450 *

NS NS
�0.53 * 0.48

100 0.607 abc 0.670 ab 0.435 bc 0.55 bc 0.501 c 0.0281 * �0.42 0.22

Amide II
20 0.299 a 0.258 ab 0.237 ab 0.313 a 0.187 b 0.0158 *

** NS
�0.42 0.19

100 0.271 0.343 0.247 0.292 0.273 0.0125 NS �0.15 0.03

↵-helix
20 0.013 a 0.014 a 0.011 ab 0.011 ab 0.008 b 0.0007 **

NS NS
�0.79 * 0.61

100 0.013 0.011 0.009 0.011 0.010 0.0005 NS �0.31 0.26

�-sheet 20 0.012 ab 0.014 a 0.012 a 0.013 ab 0.010 b 0.0005 *
NS **

�0.43 0.41
100 0.011 0.012 0.008 0.011 0.010 0.0005 NS �0.34 0.15

AI:AII
20 2.368 2.699 2.301 2.220 2.382 0.2616 NS

NS NS
�0.30 0.86

100 2.326 1.954 1.755 1.888 1.826 0.0807 NS �0.37 0.39

↵:� 20 1.094 a 0.962 ab 0.903 b 0.853 b 0.831 b 0.0281 **
NS **

�0.90 * 0.80
100 1.153 0.986 1.060 1.095 1.104 0.0290 NS �0.03 0.12

TPFR
20 1.341 1.380 1.275 1.355 1.200 0.0244 NS

NS NS
�0.47 0.30

100 1.297 1.372 1.198 1.286 1.279 0.0224 NS �0.20 0.06

Attenuated total reflectance-Fourier transform infrared spectrum absorbance units were analysed for protein
molecular structure regions, as previously described by Samadi and Yu [39]. The total protein fingerprint region
(TPFR) ca. 1714–1480 cm�1 included amide I (AI area ca. 1714–1571 cm�1), amide II (AII area ca. 1572–1480 cm�1),
↵-helix (↵ peak centre height at ca. 1652 cm�1 with the baseline of ca. 1714–1480 cm�1) and �-sheet (� peak centre
height at ca. 1630 cm�1 with the baseline of ca. 1714–1480 cm�1), as well as the ratio of AI-II (AI:AII), and the ratio of
↵-� (height) (↵:�). MHP: moist heat pressure. Means in rows with unlike superscripts differ (p < 0.05). SEM: standard
error of mean; rs: pair-wise Spearman correlation coefficient; r2: coefficient of determination; PMHPD: difference
between MHP duration times; PBT: difference between barrel temperatures at 0 min of MHP; PAll: difference
between barrel temperatures inclusive of MHP treatment samples; ** p < 0.01; * p < 0.05; NS: not significant.

3.5. Barrel Dry Heat and MHP Induced Changes in Spectral Characteristics of Protein and Lipid Structure

Infrared molecular spectroscopic characteristics (absorbed area intensity of the protein fingerprint
region, and height intensities of ↵-helix, �-sheet, AI and AII, and their respective ratios) of the
protein structure of canola meal processed with increasing MHP durations are presented in Table 4
(and Figure A1). In cold-pressed meal, but not expeller meal, MHP duration negatively (p < 0.05)
correlated with AI (rs = �0.53), ↵-helix (rs = 0.79), and the ratio of ↵-helix-�-sheet (rs = �0.90). In both
cold-pressed and expeller meals, the AI region differed (p < 0.05) between MHP durations. Protein
molecular regions were similar among barrel temperatures, except AII (0.271 vs. 0.299) was reduced
(p < 0.01) in non-treatment expeller compared to cold-pressed canola meals.
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Infrared molecular spectroscopic characteristics of lipid structure (absorbed height intensities of
CH functional groups, and LCCE bands) of non-treatment cold-pressed and expeller meals treated
at increasing durations with MHP are presented in Table 5 (and Figure A1). MHP duration did not
(p > 0.05) induce structural changes in CH3AS functional groups or ratios of CH3-CH2 asymmetric and
symmetric functional groups. MHP was positively (p < 0.05) associated with and induced structural
changes of the LCCE bands (rs = 0.56), CH2AS (rs = 0.72), CH3S (rs = 0.78), and CH2S (rs = 0.79) in
cold-pressed meals. Absorbance intensities of CH2AS, CH3S, and CH2S were higher (p < 0.05) in
non-treatment expeller than cold-pressed meals (0.002 vs. 7.34 ⇥ 10�5, 5.21 ⇥ 10�4 vs. 2.24 ⇥ 10�4,
and 8.72 ⇥ 10�4 vs. �8.58 ⇥ 10�5

, respectively). The CH3-CH2 asymmetric ratio was similar (p > 0.05),
and CH3-CH2 symmetric ratio was greater (p < 0.01) in non-treatment expeller than cold-pressed
canola meals.

Table 5. Changes in the lipid-related molecular structure of cold-pressed (20 �C) and expeller (100 �C)
canola meals with moist heat pressure treatment for durations of 0, 3, 6, 9 or 12 min.

Characteristic
Barrel

(
�

C)

Moist Heat Pressure Duration (min)
SEM PMHPD PBT PAll

rs r2

0 3 6 9 12

LCCE
20 0.000 b 0.000 b 0.000 b 0.000 b 0.002 a 0.0002 *

NS **
0.62 * 0.56

100 0.001 0.001 0.002 0.002 0.002 0.0003 NS 0.29 0.15

CH3AS
20 0.000 0.000 0.000 0.000 0.000 0.0001 NS

NS **
0.47 0.49

100 0.000 0.000 0.001 0.001 0.000 0.0001 NS 0.29 0.21

CH2AS
20 0.000 b 0.000 b 0.000 b 0.000 b 0.002 a 0.0003 *

* **
0.72 * 0.62

100 0.002 0.002 0.003 0.002 0.002 0.0002 NS 0.22 0.16

CH3S
20 0.000 b 0.000 b 0.000 b 0.000 b 0.001 a 0.0001 *

* **
0.78 * 0.59

100 0.001 0.001 0.001 0.001 0.001 0.0000 NS 0.44 0.36

CH2S
20 0.000 b 0.000 b 0.000 b 0.000 b 0.001 a 0.0002 *

* **
0.79 * 0.62

100 0.001 0.001 0.002 0.001 0.001 0.0001 NS 0.09 0.17

CH3:CH2AS
20 �0.363 �3.330 �0.828 0.998 0.407 0.6815 NS

NS NS
0.08 0.14

100 0.464 0.463 0.403 0.433 0.501 0.0226 NS 0.07 0.11

CH3:CH2S
20 �2.725 �2.688 1.481 12.21 0.830 2.2728 NS

** NS
0.69 * 0.16

100 0.798 0.592 0.545 0.576 1.352 0.1483 NS 0.04 0.27

Attenuated total reflectance-Fourier transform infrared spectrum absorbance units were analysed for lipid-related
molecular structure regions, as previously described by Samadi and Yu [39]. Regions included the lipid carbonyl
C=O ester stretching band (LCCE, baseline ca. 1789–1701 cm�1 with peak height ca. 1744 cm�1), asymmetric CH3
(CH3A ca. 2988–2951 cm�1 with peak height centre at ca. 2955 cm�1), asymmetric CH2 (CH2A ca. 2951–2882 cm�1

with peak height centre at ca. 2922 cm�1), symmetric CH3 (CH3S ca. 2882–2868 cm�1 with peak height centre at ca.
2872 cm�1), and symmetric CH2 (CH2S ca. 2868–2790 cm�1 with peak height centre at ca. 2852 cm�1). MHP: moist
heat pressure. Means in rows with unlike superscripts differ (p < 0.05). SEM: standard error of mean; rs: pair-wise
Spearman correlation coefficient; r2: coefficient of determination; PMHPD: difference between MHP duration times;
PBT: difference between barrel temperatures at 0 min of MHP; PAll: difference between barrel temperatures inclusive
of MHP treatment samples; ** p < 0.01; * p < 0.05; NS: not significant.

3.6. Barrel Dry Heat and MHP Induced Changes in the Protein Profile

The gel electrophoresis analysis of water-soluble (pH 7) native, non-reduced, and reduced protein
subunits of cold-pressed and expeller meals treated with increasing MHP durations are presented
in Figure 1. Native conformation of water-soluble expeller and cold-pressed canola meal proteins
consisted of a large 300–400 kDa protein band and protein smearing from 50 to 200 kDa. With increasing
MHP duration the 300–400 kDa protein band varied in intensity. In non-reduced conditions, protein
polypeptide bandings included: ~177, ~118, 73.5, 76.8, 41–55, 37.1, 28.5, 27.5, 26.7, 22.9, 21.1, 18.3, and 14
kDa. Under non-reducing conditions in water-soluble protein fractions, polypeptide banding intensity
was reduced at 6 min of MHP duration. A 14 kDa polypeptide band was reduced at 12 min and
9 min of MHP duration in cold-pressed and expeller meals, respectively. Under reducing conditions in
water-soluble protein fractions, polypeptide banding intensity noticeably reduced at 6 min and 3 min
of MHP duration in cold-pressed and expeller meals, respectively. In both meal types, increasing MHP
duration decreased the intensity of 4 and 9 kDa polypeptide bands.
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Figure 1. Native gel electrophoresis (a), and SDS-PAGE (non-reduced, (b)) and (reduced, (c))
water-soluble (pH 7) protein profile of cold-pressed (20 �C, (i)) and expeller (100 �C, (ii)) canola
meal with moist heat pressure treatment for different durations (0, 3, 6, 9 or 12 min) revealed with
Coomassie Blue Stain. Representative images presented. A 30 µg aliquot of each sample was loaded
per well. A 5 µL aliquot of NativeMark™ Unstained Protein Standard (m) or Mark 12 Protein Standard
(M) was loaded.

3.7. Barrel Dry Heat and MHP Induced Changes in the Structural Organisation

The effect of MHP duration on canola meal structural organisation, notably protein and lipid,
is presented in Figure 2a (and Figure A2 in Appendix A). Untreated meals exhibited intact cotyledon
structure, and protein aggregation within and between cellular walls, to produce a heterogeneous
matrix with embedded lipid bodies. Barrel associated shearing fractured cell walls surrounding the
outer edges of meal flakes, to release lipid bodies (droplets of < ~5 µm). MHP duration constantly
produced irregularly sized meal fragments ranging in size from 5–500 µm, that contained dense mats
of aggregated protein matrix embedded with < ~15 µm coalesced lipid droplets. The width of internal
crevices, created from dense aggregated heterogeneous protein matrix, increased with MHP duration.
Residual lipid was observed embedded within the matrix and coalesced within crevices and on the
surface of fragments.

The effect of increasing MHP duration on resistance of canola meal to in vitro proteolytic digestion
is presented in Figure 2b (and Figure A3). Degradation around sides of the intact cotyledon cellular
structure was similar among untreated cold-pressed and expeller canola meals. Fragments of detached
protein matrix were observed in both meal types and at all MHP durations. Regardless of MHP
duration times, in vitro proteolytic degradation of cellular structure was similar in expelled and
cold-pressed meals. After 3 min of MHP, crevices within the aggregated protein matrix widened
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and after 6 min of MHP, the amount of surface lipid bodies and coalesced lipid droplets within
crevices decreased.

Figure 2. Representative confocal laser scanning micrographs of cold-pressed (20 �C) and expeller
(100 �C) canola meal treated with increasing durations of moist heat pressure ((a), 0, 6 and 12 min) and
proteolytic digestion (b). Protein is stained red with Nile Blue dye, and lipid is stained green with Fast
Green FCF dye. Scale bars correspond to 100, 75 or 50 µM.



  

 169 

 

Animals 2018, 8, 147 14 of 29

3.8. Induced Changes in the sSurface Morphology

The effects of increasing MHP duration on meal surface morphology, utilising SEM, are presented
in Figure 3a (and Figure A4). At MHP durations of 0 and 3 min, intact, irregular, and complex surface
and fragment structures were observed, and at 6, 9 and 12 min the surface of meal became more round
and flat. After in vitro proteolytic digestion (see Figures 3b and A5), micrographs revealed surface
structures at 9 and 12 min were more intact than at shorter MHP durations.Animals 2018, 7, x 14 of 28 
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4. Discussion

The cold-pressed and expeller canola meals had similar carbohydrate (15%, [9]), CP, DM, and lipid
contents to previously published canola and rapeseed meal values (25.2–38.2% CP, 88.3–96.1% DM,
8.5–17.0% lipid [7,8,41–43]). Differences between cold-pressed and expeller meal types were previously
reported [8], whereby cold-pressed meal (expelled at 60 �C) contained less DM (91.7 vs. 95.3%) and CP
(30.6 vs. 36.1%) and more lipid (17.8 vs. 11.6%) than expeller canola meal (barrel dry heat 98–112 �C).
Increased lipid content in cold-pressed and expeller canola meals contributes to greater energy values;
thus, monitoring of such is important for the correct formulation of livestock feeds [9]. A reduction
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of CP at higher temperatures and for prolonged MHP duration suggests increased retention of CP
in extracted oil (thereby decreasing the CP content of the meal), or the degradation of thermolabile
proteins [44].

While no association of lipid with dry heat was observed, decreased lipid content in rapeseed
meal expelled at higher temperatures (104, 112, vs. 121 �C) was previously reported [45]. This study
found MHP decreased (p < 0.05) DM and had no impact on CP contents of expeller meals. A negative
association of DM content with MHP duration suggests the introduction of moisture from steam
during the autoclaving process. Moisture reduction by heat evaporation is also known to further
catalyse the Maillard browning reaction [46]. Prolonged MHP treatment (120 �C, 1 h) of canola seed
was previously reported to not impact (p > 0.05) CP, DM, lipid, or carbohydrate (non-treatment 25.2%,
94.9%, 41.8%, 29.0% vs. autoclave treated 25.0%, 94.9%, 44.6%, 26.4%) [25].

The NDF, ADF, NDICP, and ADICP values were similar to values published for canola meal
by the National Research Council [47] and DairyOne [48]. A variance of ADF in ground canola
seed before and after dry heat (120 �C, 1 h) was similarly reported [25], whereby MHP (120 �C, 1 h)
increased (p < 0.05) NDICP and NDF, while having no impact on ADF and ADICP. In comparison,
this study observed a positive association (rs = 0.81, p < 0.05) of MHP duration with ADICP in the
cold-pressed canola meal. The NDICP fraction forms an essential part of RUP [49], while increases in
NPN (Fraction A) suggest MHP induces production of instantaneously solubilised peptides [47].

Protein solubility in 0.5% KOH and BP-buffer decreased (p < 0.05) with the application of dry
heat and reduced (p < 0.01) with MHP duration, to imply dry heating disrupted bonds involved in
the formation and maintenance of the protein structure to induce protein denaturation [50]. Reduced
protein solubility in expeller relative to cold-pressed rapeseed meal (protein solubility in 0.5% KOH,
59.8% vs. 88.3–90.9%, protein solubility in borate, 39.9% vs. 86.8–87.2%) was previously reported [43].
Dry heating (at 100 �C) is postulated to induce denaturation of cruciferin (12S globulin), a major
storage protein in canola with an endothermic temperature of 91 �C [51] that accounts for 60% of
the total protein in mature seeds [52]. According to soluble protein classifications [53], non-treated
cold-pressed meals, and expeller meals treated with MHP for 3 min were very well processed and of
high nutritional value (55–60% solubility), whereas MHP treatment cold-pressed meals and expeller
meals treated for 0, 6, 9 and 12 min with MHP were overprocessed and declined in nutritional value
(<45% solubility). A strong negative relationship of BP-buffer protein solubility with MHP duration
implied MHP induces the formation of insoluble protein complexes. Thermal denaturation was found
to reduce protein solubility [54]. Furthermore, application of pressure is known to affect quaternary
structure by inducing dissociation followed by aggregation of the sub-units or precipitation [55].

Effective CP degradability values of non-treatment cold-pressed (16.8) and expeller (17.3) canola
meals were similar (17.8–30.3%, [56]) and higher than other studies (10.8%, [57]) evaluating rapeseed
meal. There was no significant difference in effective CP degradability values among non-treatment
cold-pressed and expeller canola meals. In contrast, heat during the expelling process (unlike cold
press) was found to induce the formation of insoluble peptide chain and carbohydrate complexes, and
lower susceptibility to ruminal degradation [10]. The application of MHP (15 min, 117 kPa, 127 �C) to
canola meal was similarly reported to considerably decrease levels of in situ N disappearance (69.9
vs. 25.6%) in the rumen of Holstein steers [13]. A strong positive association (p < 0.01) of effective
CP degradability with MHP duration suggested the formation of insoluble and proteolytic enzyme
resistant complexes under MHP conditions. Heating of meal is theorised to favour bypassing of
un-denatured protein through the rumen to the lower gastrointestinal tract by promoting protein
denaturation and reducing solubility [58]. The IVCPD values for non-treatment cold-pressed (14.1%)
and expeller (14.0%) canola meals were similar and agreed with a report for ground canola seed (9.94%)
and presscake (16.4%) [59]. Prolonged MHP duration did not impact IVCPD of canola meal and
suggests treatment for less than 12 min does not reduce available protein by inducing the formation of
insoluble protein complexes with irreversible bonds [60].
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Compared to previous reports for rapeseed meal [49,56], lower A, B2, and C, and higher B1 and
B3 protein fractions were present in the non-treatment cold-pressed and expeller canola meals. This
suggests less immediately (A fraction) and more rapidly (B1 fraction) protein would be solubilised
in the rumen; while lower C fraction (unavailable protein) may contribute to an overall increase
in AA available post-ruminally [33]. In this study, dry heating (100 �C) was shown to decrease
rapidly solubilised (B1 fraction) protein, which implied the formation of insoluble protein complexes
with irreversible bonds [60]. Prolonged dry heating (125 �C, 20 min) of expeller canola meal was
previously reported to reduce rumen degradability [12], and at 125 �C for 10 min to decrease ruminal
CP disappearance without compromising intestinal digestibility [11].

Moshtaghi Nia et al. [13] reported prolonged MHP (117 kPa, 127 �C, 15 and 30 min) treatment of
canola meal induced partial protein denaturation and decreased ruminal protein degradability; and,
at a duration of 30 min increased the post-ruminal supply of AA for digestion in the small intestine [14].
This study showed at shorter durations of 6 min, rapidly degradable (B1 fraction) protein converted
into intermediately digested (B2 fraction) protein, and at 12 min slowly degradable (B3 fraction) protein
formed. The timing of these changes corresponds to decreases in protein degradability. Khan et al. [61]
previously reported that MHP treatment (120 �C, 60 min) of Camelina seeds decreased A and B1
fractions, increased B2 and B3 fractions, and was associated with an increase in in situ RUP. These
results showed that MHP at shorter durations significantly changed protein fractions, protein solubility
and proteolytic resistance.

The colorimetry values of the canola meals were similar to an earlier report [62]. Dry heat was
previously reported to negatively impact lightness, a known indicator of non-enzymatic browning
through xylose-glycine and carbonyl-protein reactions and late-MRP formation [63]. MHP duration
decreased canola meal whiteness (p < 0.05) and yellowness (p < 0.01), and increased (p < 0.01) redness,
BI, and DE. These results imply MHP induces formation of blue pigments (b*, early MRP) [63],
reduces intermediate MRPs (a*) [64], and induces non-enzymatic browning (BI, late MRPs) [63],
or protein-polyphenolic reactions [65], likely contributing to the observed darkening (L*), where
the degree of colour change increased with MHP duration time (DE). A darker meal is reported
to be of beneficial quality for dairy cattle [66]. Early reactions triggering colour change have been
observed to impact AA digestibility in monogastrics (poultry) [65]; final Maillard reactions were
noted to result in decomposition of involved AAs, where early and advanced reaction products were
unavailable for digestion. Further research is necessary to investigate the impact on specific AA in
ruminal undegradable protein as the balance of absorbed AA impacts directly on animal production
parameters in ruminants.

The pH of meal suspensions was more basic than a database value (5.2, n = 4) [48]. Application
of MHP increased the pH of the meals, most likely due to an introduction of moisture from steam.
With prolonged MHP the pH decreased, likely from intermediate-MRP protein-sugar covalent bond
formation. Decreases in pH have been theorised to be associated with Maillard reactions involving
amino modification of acid residues by the covalent attachment of reducing sugars in the meal leading
to the formation of formic and acetic acids [20]. Reducing sugars are degraded into these products when
heated in the presence of protein during the Maillard reaction [67]. A decrease in pH as a function of
heating time in controlled (2% porcine plasma) protein-reducing sugar (glucose, fructose and galactose)
systems was previously reported [68]. A reduction (p < 0.01) of Abs294nm and increase (p < 0.05) in
darkness and BI (p < 0.01) implied MHP further progressed Maillard reactions from intermediate to
late, whereas an increase in dry heat increased (p < 0.05) Abs294nm, implying dry heat progressed early
Maillard reactions to intermediate reactions. Induction of Maillard reactions in canola meal processed
at a barrel dry heat temperature of 105 �C was similarly reported [65]. Higher UV absorbance was
reported as proportional to the presence of open-chain forms of glucose [69]. In consideration of all
meals studied, strong associations (p < 0.05) of a* (redness) and BI with soluble CP (r2 = �0.84, �0.85),
and effective CP degradability (r2 = 0.89, 0.91), respectively, were observed. These results imply CIE
measures have potential as predictors of soluble CP and effective CP degradability in expeller and
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cold-pressed canola meals. This is key information to consider when formulating production diets for
use in ruminant livestock industries.

The positive correlation of So and MHP duration in expeller meal suggests induction of protein
unfolding and denaturation [70] and aggregation [71]. Heat treatment of rapeseed napin was found
to induce irreversible changes in So at a moderate temperature (90 �C) [72]. In this study, observed
increases in protein hydrophobicity suggest the occurrence of protein folding events promoting
surface hydrophilic conformation, turning of side-chains outwards as with protein unfolding, loss of
secondary and tertiary structure, scrambling of disulfide bonds, and formation of irreversible protein
aggregates [71,73].

Increasing (p < 0.01) dry heat temperature had little impact on molecular protein structure
characteristics, except for constricting the amide II region. Elsewhere, prolonged dry heating (120 �C,
1 h) of ground canola seed was found to positively increase (p < 0.05) the ↵-helix-�-sheet ratio, whereas
moist heat pressure (120 �C, 1 h) impacted amide I and II regions [25]. Prior research found �-sheet
height is a predictor of intestinal digestible in situ RUP (r2 = 0.83) and total digestible CP (r2 = 0.81) [23].
This study found an association (r2 = �0.40, p < 0.05) of �-sheet with effective CP degradability, unlike
(r2 = 0.04, p > 0.05) the �-sheet with IVCPD.

The molecular structure of cold-pressed meal was more receptive to the effects of MHP than
that of expeller meal. In cold-pressed meal, MHP duration constricted amide I and ↵-helix height,
the latter reducing the ratio of the ↵-helix-�-sheet. Similar impacts of MHP treatment (120 �C, 1
h) on the ratio of the ↵-helix-�-sheet and amide I in ground canola seed were reported [25]. In
cold-pressed meal, unlike expeller, associations (p < 0.05) of ↵-helix and the ratio of ↵-helix-�-sheet
with KOH solubility (r2 = �0.80, �0.84), soluble CP (r2 = 0.71, 0.90), and protein degradability (r2 =
�0.73, �0.81), respectively, were observed. These results imply changes in the ↵-helix and the ratio
of the ↵-helix-�-sheet are likely contributing to protein solubility and digestibility characteristics of
cold-pressed canola meal. The ratio of ↵-helix to �-sheet was found to positively correlate with in situ
CP degradation and negatively correlate with the in situ intestinal digestibility of RUP [25]. Previously,
MHP and dry heat were reported to have little impact on lipid molecular structure in ground canola
seed [39].

In this study, MHP treatment induced changes (p < 0.05) in LCCE, CH2 and CH3 symmetric,
and CH2 asymmetric regions in cold-pressed canola meal. In addition, dry heat induced changes
(p < 0.05) in CH2AS, CH3S, and CH2S regions, and the ratio of CH3:CH2S. These results imply both
processing and MHP treatment can impact lipid molecular structure of canola meal.

Native gel electrophoresis affirmed cruciferin and napin solubility reduced with increasing MHP
duration. Progressive temperature-induced changes in the structure of cruciferin were previously
reported [70]. These observations imply MHP induces the formation of irreversible bonds and insoluble
high MW protein aggregates in canola meal, which may impact the ability to extract protein. Smearing
was reported to be indicative of heat-induced modifications of napin at 0–6 min MHP duration [70].
Similar total and water-soluble protein SDS-PAGE polypeptide bands were reported for Brassica napus
meal [51,74]. In non-reduced conditions, typical storage protein polypeptide bandings were observed
for 11S globulin (cruciferin), i.e., trimer (~177), dimer (~118) ([70]), procruciferin subunits (73.5, 76.8),
↵- (26.7, 28.5, 37.1), �- (18.3, 21.1, 22.9) [75], and monomers with intact disulfide linkages (41–55) [70];
this was also observed for 2S albumin (napin) i.e., dimer (27.5) and monomer (14) [51].

Under reduced conditions, the involvement of disulfide bonds was suggested by the
disappearance of polypeptides for cruciferin (i.e., trimers, dimers, and monomers with intact disulfide
bands (41–55)), as well as for napin (14), in addition to the associated formation of polypeptide bands
for cruciferin (i.e., 9.6–32.0 range) and for napin (i.e., light 4 and heavy 9 kDa). Polypeptide bands
present under non- and reduced conditions at 18–25, 27, or 39, or 41 kDa likely corresponded to
known oil binding proteins of oleosins, caleosins, or steroleosins, respectively [76]. Gel electrophoresis
analysis of canola meal soluble protein fractions revealed MHP impacted both cruciferin and napin
solubility, with the degree of solubility differing depending on dry heat temperature. MHP appeared to
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hinder protein extractability and reduce the solubility of canola meal polypeptides larger than ~40 kDa.
Reductions with increased MHP duration again implied MHP induced the formation of irreversible
bonds and insoluble high MW protein aggregates in canola meal, which may impact the ability of the
animal to break down and utilise protein. Investigations of the heat-moisture effect on wheat flour
similarly reported aggregation of lower-molecular weight proteins, the disappearance of albumins
and globulins, and the destruction of AAs including lysine [77]. It has been theorised that dry heating
of oilseed denatures the protein matrix surrounding fat droplets, in turn functioning to protect dietary
fatty acids from biohydrogenation by ruminal bacteria, and increase the supply of polyunsaturated
fat to the small intestine [78]. Studies of specific temperatures and time-points of denaturation and
aggregations are complicated by the heterogeneous proteinaceous composition of the meal [72].

Little difference was observed in the microscopic structure, lipid and protein conformation of
expeller compared to cold-pressed canola meals. Application of MHP for as little as 3 min induced
formation of meal fragments of densely aggregated heterogeneous protein matrix, containing crevices
where coalesced lipid droplets resided. These structural changes reaffirm a reduction of soluble
protein with application of MHP. Application of MHP reduced in vitro proteolytic degradation of
the cellular structure relative to the non-treatment meal, reaffirming observed decreases in in vitro
ruminal degradability. Rounding and flattening of surface morphology may have been associated
with denaturation of canola meal proteins (83 �C) and napin (109 �C) [51]. Structural resistance
to in vitro proteolysis was observed at longer MHP durations and warrants further investigations
utilising ruminal fluid to better simulate proteolysis in the rumen.

5. Conclusions

This study showed the effectiveness of moist heat pressure treatment at shorter duration times to
decrease protein degradability while retaining protein value for ruminant digestion. Barrel dry heat
was shown to influence canola meal CP, ADF, soluble CP, rapidly digestible protein, napin solubility,
intermediate-MRP formation, amide II constriction, and lipid-related molecular structural regions.
Moist heat pressure duration time impacted canola meal DM, NPN, NDICP, CP solubility, solubility of
canola meal globulin cruciferin and albumin napin proteins, conversion of rapidly into intermediately
to slowly degraded protein, protein degradability, the formation of intermediate to late Maillard
reaction products, and amide I region constriction. Moist heat pressure altered canola meal structural
characteristics including fragmentation of meal to form dense protein aggregates resistant to in vitro
proteolysis, with crevices containing coalesced lipid droplets. These changes may impact on ruminal
degradation and supply of protein and AA for dairy cattle milk production. CIE measures of a* and BI
demonstrated potential as rapid indicators of soluble CP and protein degradability in canola meal,
respectively. To the authors best knowledge this is the first report of the microscopic structure and
protein and lipid characteristics of cold-pressed and expeller canola meals treated with moist heat
pressure. Further analysis of the interrelationships between processing-induced changes in molecular
structure, dietary fatty acid, and milk composition are required.

Findings benefit producers of canola meal by further detailing the effects of moist heat pressure
duration and barrel dry heat on general properties, protein degradability, and structural and ruminal
digestibility characteristics.
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Appendix A

Table A1. Linear and polynomial equations to describe the effects of increasing barrel dry heat (20
and 100 �C) and moist heat pressure duration on general nutritional properties, protein degradability,
and protein fractionation characteristics of canola meals.

Characteristic Barrel Temperature (
�

C) Equation

Crude protein (% DM) 20 Y = 34.17086 + 0.05135x
100 Y = 33.27538 + 0.02366x

Dry matter (% AsIs) 20 Y = 92.59792 � 0.10669x
100 Y = 93.30686 � 0.10575x

Lipid (% DM) 100 Y = 15.4352 + 0.2516x � 0.014x2

Carbohydrate (% DM) 100 Y = 14.94402 � 0.00932x

Soluble protein (% CP) 20 Y = 64.30043 � 3.57516x
100 Y = 60.06002 � 3.30252x

Solubility 0.5% KOH (%) 20 Y = 52.51116 + 2.37852x
100 Y = 63.23841 � 5.62208x + 0.56584x2

CP Degradability (%CP) 20 Y = 17.12739 + 3.24392x � 0.08598x2

100 Y = 20.4501 + 2.05132x

NPN (% DM) 20 Y = 3.30687 + 0.15978x � 0.00712x2

100 Y = 3.44565 + 0.08882x

NDF (% DM) 20 Y = 18.56099 + 0.34936x
100 Y = 0.10015 + 0.0025x

ADICP (% DM) 20 Y = 1.31674 + 0.0343x

NDICP (% DM) 20 Y = 4.25795 + 0.49673x
100 Y = 4.95482 + 0.36212x

A (% CP) 20 Y = 0.0177 + 0.01406x
100 Y = 0.04959 + 0.0101x

B1 (% CP) 20 Y = 73.68596 � 5.31728x
100 Y = 67.03255 � 7.40306x + 0.33499x2

B2 (% CP) 20 Y = 13.99265 + 3.81137x
100 Y = 17.70644 + 6.5357x � 0.353x2

B3 (% CP) 20 Y = 8.4819 + 1.38412x
100 Y = 9.56942 + 1.09073x

C (% CP) 20 Y = 3.8218 + 0.10772x
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Table A2. Linear and polynomial equations to describe the effects of increasing barrel dry heat (20
and 100 �C) and moist heat pressure duration on Maillard reaction product formation and protein and
lipid-related molecular structure of canola meals.

Characteristic Barrel Temperature (
�

C) Equation

b *
20 Y = 17.04743 � 0.72851x + 0.04063x2

100 Y = 17.688 � 0.38522x

a *
20 Y = 1.43867 + 0.26433x

100 Y = 1.81067 + 0.14733x

L *
20 Y = 54.28733 � 0.25033x

100 Y = 55.92267 � 0.26x

DE
20 Y = 1.59069 + 0.32311x

100 Y = 1.0045 + 0.32649x

Browning index 20 Y = 65.17286+ 4.72907x
100 Y = 73.7597 + 2.66263x

pH 20 Y = 6.405 + 0.04527x � 0.00367x2

100 Y = 6.41491 + 0.03355x � 0.00283x2

Intermediate-MRP
20 Y = 1.76237 � 0.0379x

100 Y = 1.87037 � 0.05013x

So (% soluble CP) 100 Y = 1.74298 + 0.58586x � 0.03213x2

Amide I 20 Y = 0.45823 + 0.02123x

↵-helix 20 Y = 0.01398 � 4.34865 ⇥ 10�4x

AI:AII 20 Y = 0.24981 + 0.67853x � 0.04446x2

↵:� 20 Y = 1.05539 � 0.02113x

LCCE 20 Y = �4.04408 ⇥ 10�4 + 1.269 ⇥ 10�4x

CH2AS 20 Y = �3.49607 ⇥ 10�4 + 1.65815 ⇥ 10�4x

CH3S 20 Y = 1.34042 ⇥ 10�4 + 3.47025 ⇥ 10�5x

CH2S 20 Y = �3.36526 ⇥ 10�4 + 9.70012 ⇥ 10�5x

CH3:CH2S 20 Y = �3.17236 ⇥ 10�4 + 0.73354x
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Figure A1. Total protein fingerprint region 1400–1800 cm�1 (a,c) and lipid spectra (b,d) of canola
meals produced at alternate barrel dry heat temperatures (20 �C vs. 100 �C) without or with moist
heat pressure at increasing durations (0, 3, 6, 9 or 12 min). The ↵-helix (dashed arrow, 1652 cm�1),
�-sheet (arrow, 1630 cm�1), amide II (ca. 1572–1480 cm�1), amide I region (ca. 1714–1571 cm�1),
and lipid carbonyl C=O ester stretching band (LCCE, ca. 1789–1701 cm�1), asymmetric CH3 (CH3AS
ca. 2988–2951 cm�1 with peak centre at ca. 2955 cm�1), asymmetric CH2 (CH2AS ca. 2951–2882 cm�1

with peak centre at ca. 2922 cm�1), symmetric CH3 (CH3S ca. 2882–2868 cm�1 with peak centre at
ca. 2872 cm�1) and symmetric CH2 (CH2S ca. 2868–2790 cm�1 with peak centre at ca. 2852 cm�1)
functional groups in the attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectrum
of canola meals. Spectra of a single representative replicate shown.
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Figure A2. Representative confocal laser scanning micrographs of cold-pressed (20 �C) and expeller
(100 �C) canola meal treated with increasing durations of moist heat pressure (MHP, 0–12 min). Protein
is stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars
correspond to 250, 100, 75 or 50 µM.
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Figure A3. Representative confocal laser scanning micrographs of cold-pressed (20 �C) and expeller
(100 �C) canola meal treated with increasing durations of moist heat pressure (MHP, 0–12 min) and
proteolytic digestion. Protein is stained red with Nile Blue dye, and lipid is stained green with Fast
Green FCF dye. Scale bars correspond to 250, 100, 75 or 50 µM.
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Figure A4. Representative scanning electron photomicrographs of cold-pressed (20 �C) and expeller
(100 �C) meal treated with increasing durations of moist heat pressure (MHP, 0–12 min). Images were
taken with ⇥1.0 k and ⇥0.1 k resolution.
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Figure A5. Representative scanning electron photomicrographs of cold-pressed (20 �C) and expeller
(100 �C) meal treated with increasing durations of moist heat pressure (MHP, 0–12 min) post proteolytic
digestion. Images were taken with ⇥1.0 k and ⇥0.1 k resolution.
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6.1 Summary of findings 

This research primarily investigated factors impacting the degradability of canola meal 

protein and the subsequent implications to its use as a protein source for ruminants. The 

studies presented include: two literature reviews detailing (i) ruminant digestion of 

protein and (ii) canola meal protein supplementation in the diets of ruminants; a 

comparison of in vitro procedures to estimate rumen undegradable protein in oilseed 

meals; a survey of the ruminal protein digestibility of Australian produced oilseed meals; 

and, several investigations of factors potentially contributing to observed variability of 

ruminal undegradable protein in Australian canola meal, principally including (i) 

production month, (ii) seed cultivar and harvesting conditions, (iii) oil-extraction dry-heat 

temperature, and (iv) post-extraction treatment with moist heat pressure.  

A comparison of three in vitro SGP procedures to estimate RUP in oilseed meals as an 

alternative to use of a 16 h ruminal fluid reference procedure, found all three procedures 

showed strong correlation. Further modification of the Krishnamoorthy et al. (1983) in 

vitro SGP procedure by air-drying of RUP residues overnight then combustion of the 

entire filter paper increased correlation to 16 h ruminal fluid incubation values for the 

canola meals and soybean meals. 

A survey of Australian oilseed (i.e. canola, soybean, cottonseed, and flaxseed) meals 

produced by solvent-extraction, expeller, and cold-press technologies collected from late 

2014 to early 2015 (Paper 2) found general nutritional, protein and ruminal digestibility 

characteristics, and CNCPS protein fractions differed (P<0.05) between oilseed types and 

between oil-extraction techniques. Mean ranges of in vitro RUP were greater and varied 

more so in canola (18.8–70.1%) than soybean (40.3–54.0%), cottonseed (31.5–33.9%), 

and flaxseed (18.5–21.8%) meals. Estimated in vitro RUP was lower (P<0.01) in cold-

press than expeller and solvent-extraction oilseed meals. 

Investigation of factors affecting general nutritional and protein degradability 

characteristics of canola meal, found the DM content of canola meals produced by an 

Australian expeller oil-refinery differed (P<0.01) between production months. Although 

in vitro RUP and soluble protein content ranged by 6.8% and 9.9%, respectively; 

variability of these characteristics between months was statistically insignificant 

(P>0.05). Further analysis of Australian canola expeller meals revealed DM differed 
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(P<0.05) between herbicide tolerance traits, while CP, ADF, ADICP, NDF and NDICP 

contents of meals differed (P<0.01) among cultivars. The CP and NDICP content of 

canola meals were positively correlated (P<0.05) with in vitro RUP, implying 

associations.  

Further investigation of the impact of processing conditions (Papers 3, 4, and 5), found 

increasing barrel dry-heat temperature darkened the meal, and altered general 

characteristics by reducing NDF, while increasing DM, lipid, carbohydrate, and ADF. 

Increasing barrel dry-heat temperature reduced levels of CP, soluble CP, solubility in 

0.5% KOH, and ADICP, to increase in vitro RUP, and progress formation of early to 

intermediate-MRPs. The dry-heat induced shifts from soluble to undegradable protein 

content maybe explained by observed denaturation of high MW canola meal polypeptides 

and changes in napin solubility. Positive increases of Fraction A and B2, as B1 decreased, 

suggest increasing barrel temperature induces protein hydrolysis and conversion of 

rapidly to intermediately degraded protein, respectively. Dry-heat temperature also 

positively increased meal surface hydrophobicity, which suggests protein unfolding and 

side-chain modifications, perhaps attributed to the observed constriction of molecular 

secondary protein structure (i.e. amide II), formation of protein matrix and aggregation, 

and a rounding and flattening of meal surface morphology. Specific dry-heat temperatures 

were also found to alter lipid-related functional groups and increase surface lipid.  

This study also demonstrated that the effect of MHP treatment varied between cultivars. 

Increasing MHP treatment duration time reduced yellowness, and darkened and reddened 

the meal. Browning index and redness exhibited potential as rapid indicators of effective 

CP degradability and soluble protein, respectively. The MHP treatment altered general 

characteristics by reducing DM, while increasing lipid. Increasing MHP treatment 

duration time reduced levels of CP, soluble protein, and solubility in 0.5% KOH, to 

increase in vitro RUP, in vitro CP digestibility, and NDICP, and progress the formation 

of intermediate to late MRPs. The MHP treatment induced shifts from soluble to 

undegradable protein content maybe explained by observed reduced solubility of canola 

meal polypeptides > 40 kDa, and changes in cruciferin and napin solubility. Positive 

increases of Fraction A, B2 and B3, as B1 decreased, suggest increasing MHP duration 

induces protein hydrolysis and conversion of rapidly to intermediately to slowly degraded 

protein contents in canola meals. The MHP treatment also decreased meal surface 
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hydrophobicity, which suggests protein constriction, perhaps attributed to the observed 

changes in molecular secondary protein structure (i.e. amide I and II, α-helix, β-sheet, 

amide I), formation of proteolysis-resistant protein aggregates with crevices containing 

oil-bodies and smoothing of meal surface morphology. The MHP treatment was also 

found to alter lipid-related functional groups. 

6.2 Implications and future research 

The modification of the Krishnamoorthy et al. (1983) procedure by air-drying of RUP 

residues overnight then combustion of the entire filter paper avoids N-loss attributed to 

subsampling, and thus may be used for routine estimation of RUP in canola meal and 

soybean meal without the necessity for ruminal fluid. For animal nutritionists, the 

modified procedure offers a less costly alternative to ruminal fluid, which is inconsistent 

between experiments due to inherent ruminal-fluid donor animal variation. Furthermore, 

by omitting the subsampling step the modification reduces handling time to increase 

sample analysis turnaround time.  

Ruminal protein digestibility was found to differ between oilseed types and oil-extraction 

techniques. This provides an opportunity to improve the quality of Australian oilseed 

meals by refining oil-extraction technique conditions. Monitoring of ruminal protein 

digestibility of oilseed meals provides the opportunity to have greater control (with 

respect to protein requirements) in the formulation of ruminant rations to optimise not 

only animal performance but limit oversupply of nutrients which ultimately can have 

adverse effects on the environment. Further research of the animal production 

implications of these findings is recommended. 

To understand origins of the variability of protein digestibility for ruminants in expelled 

canola meal, this study investigated variation during production and attributed to factors 

including subplot, geographical location, cultivar, seed breeder and herbicide tolerance 

traits. Further exploration of differences in mechanisms of N metabolism among cultivars 

may assist to validate observed variation of CP content among their respective meals. 

Research outcomes infer digestible fibre-associated protein is contributing to observed 

differences in protein degradability between cultivars. This study also demonstrated the 

degree of MHP-induced in vitro RUP formation in expeller meals differed between 
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cultivars, and in the conversion of rapidly degradable to intermediately degradable 

protein.  

Induced changes of canola meal by dry-heat and MHP treatment may impact the supply 

of proteins and AAs and subsequently the yield and composition (protein and lipid) of 

milk produced by dairy cows. To the author’s best knowledge these are first reports of 

the microscopic structure of cold-press, expeller and moist heat pressure treatment canola 

meals.  

This research effectively utilised non-invasive techniques to quantify processing-

associated MRP formation, known to contribute to RUP levels without providing 

nutritional benefit. Characterisation of the types of MRPs formed in canola meal, 

understanding which MRPs can be utilised by ruminants and those contributing to RUP 

would assist efforts to produce canola meal with improved protein quality for ruminant 

utilisation. Future research may pursue development of assays or tests to assist in the 

ongoing monitoring of MRPs as an indicator of protein quality of canola meal for 

ruminant nutrition. Here, non-invasive techniques were also utilised to characterise 

processing-associated changes in molecular structure of meal. Opportunity exists to 

explore use of alternate molecular spectroscopic techniques, such as Diffuse Reflectance 

Infrared Fourier Transform Spectroscopy or synchrotron radiation, though cost and 

availability for routine analysis may require consideration.  

Further research investigating the impact of seed harvest year, environment, particularly 

rainfall, incidence of frost, soil type and N and sulfur content, seed storage conditions, in 

addition to alternate expeller barrel types, barrel retention time and exit temperature of 

meal, on resultant degradable protein content of canola meal is recommended. 

Exploration in an animal model may also further validate findings. 

Findings may benefit meal producers by furthering knowledge of the:  

(i) General nutritional and ruminal digestibility characteristics of canola meal; 

(ii) Factors contributing to RUP levels in canola meal;  

(iii) Effects of barrel dry-heat temperature and MHP treatment on  

a. Maillard reaction product formation in canola meal,  
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b. Ruminal digestibility, molecular and microscopic structural characteristics 

of canola meal, and,  

c. Microscopic characteristics of canola meal that favour resistance to 

enzymatic degradation. 

These advancements will enhance ration formulations and the predictions of animal 

performance, and assist production of canola meal with improved protein value for 

ruminants. 
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APPENDICES 

Appendix A – Conference Abstracts (I to IV) 

I. PROCEEDINGS OF THE 65TH AUSTRALASIAN GRAIN SCIENCE 

CONFERENCE, COOGEE, AUSTRALIA (2015).  

 

RESPONSE OF RUMEN-UNDEGRADABLE PROTEIN IN MEAL FROM HIGH-

OIL PRODUCING CANOLA SEED TO MOIST-HEAT TREATMENT  

R.Barnett1, R.Williams2, C.L.Blanchard1, L.Day1,2,3 
1ARC Industrial Transformation Training Centre for Functional Grains, Charles Sturt 

University, Wagga Wagga NSW Australia.  
2CSIRO Food & Nutrition Flagship, Werribee VIC Australia. 
3AgResearch Ltd. Grasslands Research Centre, Tennent Road, Palmerston North, New 

Zealand.  

 

Lactating dairy cattle have high metabolisable protein requirements to satisfy amino acid 

demand during milk protein synthesis. Feed must have sufficient nutrient content to 

support production and metabolism, while maintaining rumen health and efficiency of 

fermentative digestion. Canola is Australia’s most economically important and abundant 

oilseed crop valued at $1.25B. Crushing of canola seed yields commodities including oil, 

and high-protein meal traded as animal feedstock and fertiliser. In 2014, Australia 

produced a record 0.46M tonnes of canola meal (CM). After soybean meal, CM is the 

second most common supplement utilised in livestock feeds worldwide. Compared to 

soybean meal, CM has higher levels of bypass protein, contributing to increased milk 

productivity and milk protein yields. As a readily available protein and energy rich 

supplement, with notable palatability and desirable amino acid profile, there is increasing 

interest in the inclusion of CM in dairy cattle feeds. Australian CM market value is 

presently limited by inconsistent protein content associated with agronomic and 

processing variations. Means to enhance CM efficacy for ruminant nutrition, and findings 

supporting the concept of CM as a superior high protein supplement for dairy cattle will 

be presented. 
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DIGESTIBILITY AND BIOAVAILABILITY OF CANOLA MEAL PROTEINS FOR 

DAIRY CATTLE NUTRITION 

R.BARNETT*1, R.WILLIAMS2, A. FARAHNAKY1, C.L.BLANCHARD1, L.DAY1,2,3 
1ARC Industrial Transformation Training Centre for Functional Grains, Charles Sturt 

University, Wagga Wagga NSW Australia. 
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Rumen undegradable-protein (RUP) from feed evades degradation in the rumen of dairy 

cattle, to directly supply metabolisable protein (MP) and amino acid (AA) to the small 

intestine (SI) for milk production. Due to economic reasons, there is considerable interest 

in increasing milk production per cow, through dietary modifications such as RUP 

supplementation. Researchers theorise increased milk yields when canola meal (CM) is 

supplemented in dairy rations maybe attributed to a greater supply of MP in RUP. The 

Australian canola industry is valued at $1.25B. Crushing of canola seed yields 

commodities including oil for food and biofuel industries, and high-protein meal traded 

as animal feedstock. RUP content in CM produced by different techniques was 

inconsistent (31.0 to 46.1% of crude protein). RUP also differed between solvent meals 

from B. napus and B. juncea canola seed varieties. To reduce rumen protein degradation, 

moist-heat treatment of CM successfully increased rumen bypass AA for SI absorption. 

This study was conducted to discern if i) RUP differed between solvent-extracted and 

expeller meals from seed of Australian high-oil producing B. napus cultivars, and ii) if 

response of RUP to moist-heat treatment varied between cultivars. Findings confirm seed 

cultivar, processing technique, and treatment significantly affect RUP of CM. 
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Due to economic reasons, there is considerable interest in increasing milk production per 

cow, through dietary modifications with supplements that increase rumen-undegradable 

protein (RUP). RUP bypasses the rumen to supply a source of metabolisable protein (MP) 

and amino acid (AA) to the small intestine (SI) for lactation. Canola meal (CM) is a 

readily available co-product of canola oil production, with a protein and AA profile well 

suited for ruminant nutrition. Inconsistency of RUP in CM is attributed to differences in 

processing technique and canola seed variety. Recently, moist-heat treatment (MHT) of 

CM was shown to increase RUP-AA for SI absorption. This study utilised an in vitro 

enzymatic assay to confirm RUP significantly differed among expeller meal of 

commercial Brassica napus cultivars grown in the same environment, and between 

solvent-extracted and expeller meals from seed of Australian high-oil producing B. napus 

cultivars (p<0.01). Response of RUP to MHT varied between cultivars (p<0.01). 

Scanning Electron Microscopy, Confocal Laser Scanning Microscopy, and Fourier 

Transform InfraRed Spectroscopy revealed that MHT changed CM surface morphology, 

stimulated oil coalescence on the surface of CM, and altered protein secondary structure, 

respectively. These changes may improve resistance of CM protein to ruminal enzymatic 

degradation, in turn increasing supply of MP and AA to the SI for milk production. 
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EVALUATION OF RUMINAL PROTEIN DIGESTIBILITY OF AUSTRALIAN 

PRODUCED OILSEED MEALS 

Rebecca Alice Louise Heima* and Gaye Louise Krebsb 
aARC Industrial Transformation Training Centre for Functional Grains, Graham Centre 

For Agriculture and Innovation, Charles Sturt University, Wagga Wagga 2650, New 

South Wales, Australia. 
bSchool of Animal and Veterinary Sciences, Charles Sturt University, Wagga Wagga, 

New South Wales, 2678, Australia.  

 

Samples of Australian canola, soybean, cottonseed, and flaxseed meal produced by 

solvent-extraction, expeller, and cold-press technologies collected in late 2014 to early 

2015 were analysed for protein and ruminal digestibility characteristics. All meals 

contained similar levels of ash, neutral detergent insoluble crude protein (NDICP), total 

intestinal digested protein, B1, B2, B3 and C protein, and lower Fraction A (NPN) levels 

compared to previous reports. Between oilseed type ADF, ME, TDN, ash (P<0.05), NDF, 

in vitro DMD, CP, true protein, acid detergent insoluble crude protein (ADICP), soluble 

protein, in vitro rumen-undegradable protein (RUP), total tract digested protein (TTDP), 

Fraction A, B2, and C differed (P<0.01). Between oil-extraction techniques DM, the ratio 

of RUP to TTDP (P<0.05), CP, lipid, soluble protein, RUP, Fraction A, B1, and B2 

differed (P<0.01). Mean ranges of in vitro RUP were greater and varied more so in canola 

(18.8 ± 0.64 to 70.1 ± 0.47%) than soybean (40.3 ± 0.43 to 54.0 ± 0.87%), cottonseed 

(31.5 ± 1.91 to 33.9 ± 1.94%), and flaxseed (18.5 ± 4.80 to 21.8 ± 1.45 %) meals. RUP 

was lower in cold-press than expeller and solvent-extraction oilseed meals (P<0.01). RUP 

was lower in cold-press than expeller and solvent-extraction oilseed meals (P<0.01). 

Overall the survey revealed both oilseed type and oil-extraction technique impacted on 

protein and ruminal digestibility characteristics of Australian produced oilseed meals. 

While the majority of samples contained adequate soluble and minimal unavailable 

protein, this study highlights opportunities to improve the quality of Australian oilseed 

meal by refining oil-extraction technique temperature conditions. Oilseed meal nutritional 

value may also be improved through better defining factors contributing variation in RUP.  
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Digestibility and Bioavailability of Canola  
Meal Proteins For Dairy Cattle Nutrition 

Variety( 1( 2( 3( 4( 5( 6( 7(

Table(1.(Nutri6onal(profile(of(solvent>extracted(meal(from(various(commercial(Australian(canola(seed(varie6es!
 

 

Crude(Protein(((
(%(DM)( 24.92!±!0.18!! 27.91!±!0.07! 31.53!±!0.08! 30.18!±!0.16! 29.47!±!0.04! 27.84!±!0.15! 27.83!±!0.14!!
Dry(MaKer((%)( 97.14!±!0.35! 97.21!±!0.35! 96.57!±!0.10! 97.47!±!0.28! 96.33!±!0.51!! 96.87!±!0.55! 97.40!±!0.62!

Moisture((%)((( 2.86!±!0.10!! 2.79!±!0.55! 3.43!±!0.33! 2.53!±!0.40! 3.67!±!0.72! 3.13!±!0.34! 2.60!±!0.03!

Diges6ble(
Organic(MaKer(

20.42!±!0.02!! 20.79!±!0.01! 21.24!±!0.10! 21.07!±!0.06! 20.98!±!0.11! 20.78!±!0.02!! 20.78!±!0.02!!
!

 
 

 

1.   Importance-of-protein-supply-in-feed-for-ruminant-produc5vity-
Balancing! ruminant! diets! to! fulfill! amino! acid! (AA)! and! protein! demand! during!
lactaCon,! may! increase! milk! protein! and! yield,! resulCng! in! improved! farm!
profitability! and! reduced! environmental! impacts1.! Protein! available! for! milk!
protein! synthesis,! originates! from! three! different! sources:! rumen! undegraded!
protein! (RUP),! rumen! microbial! protein! (MCP),! and! endogenous! protein! e.g.!
mucoproteins2! (Figure! 1).! Unlike! rumen! degraded! protein! (RDP),! RUP! bypasses!
rumen!fermentaCon!to!provide!a!direct!supply!of!AA!and!protein!for!lactaCon.!
!

2.-Canola-meal-is-a-superior-high-protein-feed-for-dairy-ca;le--
The!most!common!protein!source!used!in!animal!feeds!worldwide,!aUer!soybean!
meal! (SBM),! is! canola!meal! (CM)!a! coWproduct!of! canola!oil!producCon.! In!2014,!
Australia!produced!a!record!450!thousand!t!of!CM!(Figure!2).!The!protein!and!AA!
profile!of!CM!is!well!suited!for!ruminant!nutriCon3,4.!Compared!to!SBM,!CM!had!
increased!RUP5,6,!and!increased!milk!and!milk!protein!yields7.!CM!market!value!is!
limited! by! inconsistent! protein! content! (35! W! 50! %! DM)! associated! with! site,!
culCvar,!seasonal!and!processing!technique!variaCons.!!
!

3.-Produc5on-of-canola-meal-
TradiConally,! CM! is! produced! by! solvent! extracCon! involving! heaCng! to!
deacCvate! endogenous! enzymes! e.g.! myrosinase,! responsible! for! catalysis! of!
toxic! metabolites.! Excessive! heaCng! leads! to! undesirable! browning,! protein!
denaturaCon!and!reduced!availability!of!RUP8.!Since!2000,!prohibiCon!of!the!use!
of! hexaneWextracted! feeds! in! the! EU,! has! decreased! protein! feed! supply! and!
prompted!evaluaCon!of!alternaCve!processing!methods9.!Recent!development!of!
canola!culCvars!low!in!myrosinase10,!has!expanded!use!of!lessWcostly!mechanical!
methods! of! CM! producCon! including! expeller,! coldWpressing! and! extrusion!
technologies.!Market!demand!for!converted!coldWpressed!canola!oil!as!biodiesel!
fuel!has!also!increased!availability!of!its!meal!locally.!!
!

4.-Enhancing-canola-meal-efficacy-for-ruminant-nutri5on--
Both!expeller!CM!(eCM)11!and!coldWpressed!CM!(cpCM)12!have!lesser!amounts!of!
RUP!compared!to!solventWextracted!CM!(sCM).!Within!nonWlactaCng!steers!in#situ,!
eCM! and! cpCM! have! increased! effecCve! ruminal! degradability! W! an! inverse!
measure!of!RUP!availability!W!compared!to!sCM13.!SubsCtuCon!of!sCM!with!cpCM!
in!ruminant!diets! reduced!milk!yield;!however,!did!not!alter!milk!content12.!CM!
RUP! may! also! be! increased! uClising! treatments! including! moistWheat14,!
microwave15,! formaldehyde16! and! acidWsoaking17.! Research! evaluaCng!
relaConships!between!CM!processing!methods,! treatments!and!RUP!availability!
for!dairy!ca`le! is! lacking.!Present! in#situ!and! in#vivo#techniques!to!quanCfy!RUP!
have!inherent!constraints!including!cost,!Cme!and!inconsistency!between!studies.!-
!

5.-Research-summary-
This!project!aims!to!develop!rouCne!in#vitro!methods!to!quanCfy!oilseed!RUP.!These!
methods! will! be! uClised! to! invesCgate! processing! and! treatment! condiCons!
contribuCng!to!improved!digesCbility!and!bioavailability!of!CM!RUP!for!dairy!ca`le!
nutriCon.! Analysis! of! differences! between! commercial! seed! varieCes! has!
commenced!(Table!1).!!
-
!
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Figure(1.(Summary(of(Ruminant(Diges6on(
Adapted!from!CSIRO!NRDR,!2007.!
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INTRODUCTION)
Importance)of)rumen5undegradable)protein)in)diets)of)dairy)ca=le)
Rumen&undegradable- protein- (RUP)- from- feed- evades- degrada9on- in- the-
rumen- of- dairy- ca=le,- to- supply- a- direct- source- of- metabolisable- protein--
(MP)- and- amino- acid- (AA)- to- the- small- intes9ne- (SI)- for- milk- produc9on-
(Figure- 1).- Due- to- economic- reasons,- there- is- considerable- interest- in-
increasing-milk- produc9on-per- cow,- through- dietary-modifica9ons- such- as-
RUP-supplementa9on.-
-
-
-
-
--
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
Canola)meal)as)a)high)protein)nutri?onal)supplement)for)lacta?ng)cows-
Increased- milk- and- milk- protein- yields- when- canola- meal- (CM)- was-
supplemented- in- dairy- ra9ons,- were- theorised- to- be- associated- with- a-
greater- supply- of- MP- in- RUP- [1].- Canola- is- an- economically- important-
rota9onal- crop- in- Australian- grain&growing- regions,- valued- at- $1.25- B- [2].-
Crushing-of- canola- seed-yields- commodi9es- including-oil- for- food-and-bio&
fuel-industries,-and-high&protein-meal-primarily-traded-as-animal-feedstock.-
In-2014,-Australia-produced-a- record-0.49-MT-of-CM- (Figure-2).-Australian-
CM- is- primarily- produced- by- solvent&extrac9on,- expeller- and- cold&press-
methods.--
-
-
-
-
-
-
-
-
-
-
-
-
-

-
)

)

Enhancing)canola)meal)efficacy)for)ruminant)nutri?on-
Although-the-benefits-of-supplemen9ng-diets-with-RUP--
are-unequivocal,-CM-proteins-are-extensively-degraded--
in-the-rumen-[3].-Research-indicates-RUP-content-in-CM--
produced-by-different-techniques-was-inconsistent-(31.0-to-46.1-%-of-crude-
protein- (CP))- [4].- Available- RUP- also- differed- between- solvent&extracted-
meals! from- B.! napus- and- B.! juncea- canola- seed- varie9es- [5].- To- reduce-
rumen- protein- degrada9on,- moist&heat- treatment- of- CM- successfully-
increased-rumen-by&pass-AA-for-SI-absorp9on-[6].-
----------
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-
-
-
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-
-
-
-
-
-
-
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)
)
Diversity)of)protein)content)in)Australian)canola)meal-
Australian- CM- market- value- is- presently- limited- by- inconsistent- protein-
content- (35- to- 50- %- of- dry- ma=er)- associated- with- agronomic- and-
processing-varia9ons.--
)

)
)
)
--
--
-
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Response of Rumen-Undegradable Protein In Meal From  
High-Oil Producing Canola Seed To Moist-Heat Treatment 

 
 

 

Figure'1.'Summary'of'Dairy'Ca2le'Diges5on'
Adapted!from!CSIRO!NRDR,!2007.!
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RESULTS)
Among-high&oil-producing-canola-cul9vars-studied,-RUP-ranged-by-13.5,-3.6-and-
31.6-(%-of-CP)-in-solvent&extracted,-expeller,-and-expeller-+-moist&heat-treated-
meals,- respec9vely- (Figure- 3).- Moist&heat- treatment- increased- RUP- content-
rela9ve- to- untreated- expeller- meal- in- all- cul9vars.- Significantly- different-
responses-of-RUP-to-moist&heat-treatment-occurred-between-cul9vars.-
----

)
)
)
)
)
)
)
)
)
)
)
-
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METHOD)
Meal-from-seeds-of-high&oil-producing-canola-cul9vars-(39.4-to-46.8-%-Oil-as&
is,-AWB-GrainFlow-Ltd.)-were-prepared-by-solvent&extrac9on-(hexane,-16-h),-
or-mechanical-expelling-(at-100-oC,-with-seed-pre&condi9oning-[7]-±-moist&heat-
treatment-[6]).-Meals-were-sieved-(1-mm),-then-characterised-for-%-of-CP-by-N-
combus9on-(AOAC-990.03),-and-RUP-u9lising-an-enzyma9c-protease-assay-[8].--

OBJECTIVES)
This- research- was- conducted- to- firstly- discern- if- RUP- differed- between-
solvent&extracted- and- expeller- meals- from- seed- of- Australian- high&oil-
producing- B.! napus! canola- cul9vars.- Secondly,- to- ascertain- if- varia9on- in-
response-of-RUP-to-moist&heat-treatment-occurred-between-cul9vars.--
---
-
)
-
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DISCUSSION)
Broadening-current-understanding-of-differences-in-RUP-characteris9cs-of-CM-
is-of-importance-for-improved-u9lisa9on-of-CM-protein-in-dairy-feed-ra9ons,-
and- ongoing- market- growth.- Findings- here- suggest- RUP- may- vary- among-
solvent&extracted- and- expeller- meals- generated- from- high&oil- producing-
canola-seed-cul9vars;-although,-impact-of-seed-growing-condi9ons-on-RUP-is-
uncertain.- Results- reaffirmed- moist&heat- treatment- of- expeller- meal- is-
effec9ve- in- increasing- RUP- content- of- CM.-More- so,- extent- of- response- to-
moist&heat- treatment- may- vary- between- cul9vars.- Further- research- is-
necessary-to-validate-findings-in!situ,-inves9gate-effects-of-growing-condi9ons-
on-RUP,-and- influence-of-moist&heat- treatment-on-RUP&AA-availability- for-SI-
absorp9on-by-lacta9ng-dairy-ca=le.-
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An! in# vitro# Streptomyces#
griseus# protease# technique!
u1lised! commercial ly! to!
quan1fy! RUP! in! feed! stock!
was!modified!to!have!greater!
repeatability,! and! correla1on!
(ADFP,! R2=0.88)! with! in# vitro#
ruminal! fluid! 16\h! incuba1on!
values! than! the! tradi1onal!
Krishnamoorthy! et# al.! (1983)!
technique!(R2=0.76).!!
!

RUP! content! of! commercial!
expeller! canola! meal! varied!
between! 54.0! to! 60.1! (%! of!
CP)! over! three! months! of!
produc1on.! No! significant!
difference!between!month,!or!
month! sampling! 1me! (P# >!
0.05)! was! shown.! Lack! of!
decrease! with! 1me! suggests!
RUP! content! is! unaffected! by!
seed!age!post!harvest.!

RUP! in! expeller! meal! from!
commercial! mid\maturing! B.#
napus# cu l1vars! sown! and!
harvested!at!the!same!1me!from!
the! same! loca1on! ranged! from!
13.1! to! 20.0! (%! of! CP)! and!
s ignificant ly! var ied! among!
cul1var!types!(P#<!0.01).!!!!!

RUP! in! commercial! Australian!
grown! and! produced! solvent! (S),!
expeller! (E),! and! cold\pressed!
(CP)! canola! meals! ranged! from!
10.1! to! 59.6! (%! of! CP),! and!
s ignificant ly! var ied! among!!
producers!(P#<!0.01).!!
!

RUP	in	expeller	meal	from	commercial	
B.	napus cultivars	grown	 in	same	location	(Minyip,	VIC)

13.1	– 20.0	%
Between	cultivars	P <	0.01

Minyip,	 VIC11

RUP	in	commercial	Australian	
canola	meal	throughout	 production	months

54.0	– 60.1	%
Month	or	month	sampling	time	P >	0.05

MSM	Milling	Oil	Refinery	
Manildra NSW

RUP!in!meals!from!commercial!B.#
napus#cul1var! seed!processed!by!
different! techniques! ranged! from!
8.54! to! 80.8! (%! of! CP),! and!
significantly! varied! between!
methods,! and! among! cul1var!
types! (P# <! 0.01).! ! Moist\heat!
pressure! (MHP)! consistently!
increased! RUP,! whereas! not! all!
cul1vars! responded! posi1vely! to!
solvent! extrac1on! or! dry\heat!
expelling.!!

Due!to!economic!reasons,!there!is!considerable!interest!in!increasing!milk!produc1on!
per! cow,! through! dietary! modifica1ons! such! as! rumen\undegradable! protein! (RUP)!
supplementa1on.1,2! Dietary! RUP! passes! through! the! rumen! to! supply! a! source! of!
metabolisable!protein!and!absorbable!amino!acid! to! the!small! intes1ne! for! lacta1on!
(Fig.! 1).! The!NRC! (2001)! reported!milk! yield! increases! linearly! to! RUP! at! the! rate! of!
1.85!kg!for!each!percentage!unit!increase!in!RUP.3!!This!research!inves1gated!varia1on!
of!RUP!in!commercial!Australian!canola!meal!and!during!commercial!produc1on.!The!
contribu1ons!of!factors! including!processing!condi1ons!and!cul1var!type!to!varia1on!
of!RUP!in!Australian!canola!meal!were!examined.!!
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Appendix C – Chapter 3 Supporting Data 

Figure C.1 Photographs of expeller meals (middle) generated from canola of eight 

different cultivars (upper) with or without moist heat pressure (MHP) for 3min (lower). 

A solid black scale bar represents 10 mm. Seeds from Mullaley New South Wales GRDC 

NVT 2016–2017 harvest. Representative 1.  
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Figure C.1 Photographs of expeller meals (middle) generated from canola of eight 
different cultivars (upper) with or without moist heat pressure (MHP) for 3min (lower). 
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Figure C.2 Photographs of expeller meals (middle) generated from canola of eight 

different cultivars (upper) with or without moist heat pressure (MHP) for 3min (lower). 

A solid black scale bar represents 10 mm. Seeds from Mullaley New South Wales GRDC 

NVT 2016–2017 harvest. Representative 2. 

A solid black scale bar represents 10 mm. Seeds from Mullaley New South Wales GRDC 
NVT 2016–2017 harvest. Representative 1. 

              

                
 

 

 

 

 

  

 

Figure C.2 Photographs of expeller meals (middle) generated from canola of eight 
different cultivars (upper) with or without moist heat pressure (MHP) for 3min (lower). 
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Figure C.3 Annual rainfall of 2014–2016 calendar years in South Australia (SA), New 

South Wales (NSW) and Victoria (VIC) states of Australia. Data source: Australian 

Government Bureau of Meteorology (see www.bom.gov.au). GRDC NVT canola 

experimental harvest sites of Lock, Mullaley and Minyip are annotated (see 

www.nvtonline.com.au).  
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Figure C.4 Average Maximum Temperature of 2014–2016 calendar years in South 

Australia (SA), New South Wales (NSW) and Victoria (VIC) states of Australia. Data 

source: Australian Government Bureau of Meteorology (see www.bom.gov.au). GRDC 

NVT canola experimental harvest sites of Lock, Mullaley and Minyip are annotated (see 

www.nvtonline.com.au).  

 



 

 202 

NVT FIELD PLAN AND TRIAL REPORTS 

I. SOUTH AUSTRALIA LOCK 2014–2015  

 

 

 

 

 

 

 

 

Field Plan
ITAdvEarlyUpperE
P

Trial Type:CEIA14LOCK5Trial ID:

State: SALocality:CanolaCrop: Lock

Orientation: Unspecified-33.55572Latitude: Longitude: 135.68634

Range 1 Range 2 Range 3
Row 1 HSHC132 (CL) Hyola 474CL Pioneer 43Y85 

(CL)
Row 2 Pioneer 44Y89 

(CL)
HSHC133 (CL) Hyola 575CL

Row 3 Filler Pioneer 44Y87 
(CL)

HSHC133 (CL)

Row 4 Hyola 474CL Hyola 575CL Filler
Row 5 Pioneer 44Y87 

(CL)
HSHC132 (CL) Pioneer 44Y89 

(CL)
Row 6 Pioneer 43Y85 

(CL)
Filler Pioneer 44Y87 

(CL)
Row 7 HSHC133 (CL) Pioneer 43Y85 

(CL)
HSHC132 (CL)

Row 8 Hyola 575CL Pioneer 44Y89 
(CL)

Hyola 474CL

Field Plan
TTAdvEarlyUpperE
P

Trial Type:CETA14LOCK5Trial ID:

State: SALocality:CanolaCrop: Lock

Orientation: Unspecified-33.55572Latitude: Longitude: 135.68634

Range 1 Range 2 Range 3
Row 1 ATR Bonito Atomic HT Hyola 559TT
Row 2 CB1302TT Pioneer Sturt 

TT
Hyola 450TT

Row 3 CB1301TT T28156 ATR Stingray
Row 4 Hyola 450TT CB1302TT T28156
Row 5 Atomic HT CB1301TT ATR Bonito
Row 6 ATR Stingray Hyola 559TT Pioneer Sturt 

TT
Row 7 Pioneer Sturt 

TT
ATR Stingray CB1301TT

Row 8 Hyola 559TT ATR Bonito CB1302TT
Row 9 T28156 Hyola 450TT Atomic HT
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II. NEW SOUTH WALES MULLALEY 2015–2016 
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III. NEW SOUTH WALES MULLALEY 2016–2017  
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Data for other Mullaley New South Wales (NSS) 2016–2017 site trials of round-up 

ready, conventional and imidazolinone herbicide resistance cultivars unavailable (see 

below).  
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IV. VICTORIA MINYIP 2014–2015 
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V. VICTORIA MINYIP 2015–2016 

 

 



 

 246 

 



 

 247 

 



 

 248 

 

 



 

 249 

 



 

 250 

 

 

 

 

 



 

 251 

 
 
 
 
 
 
 
 



 

 252 

 
 
 
 
 



 

 253 

 
 



 

 254 

 
 
 
 



 

 255 

 



 

 256 

 

 



 

 257 

 



 

 258 

 

 



 

 259 

 

 

 

 



 

 260 

 
 



 

 261 

 
 



 

 262 

 



 

 263 

 
 



 

 264 

 

 

 

 
 



 265 

Appendix D – Chapter 4 Supporting Data 

– MHP     + MHP 
 

1           

2           

3           

Figure D.1 Photographs of expelled canola meal processed with increasing expelling 

barrel dry-heat temperatures (20–180oC) with and without moist heat pressure (MHP) (n 

= 3). A solid black scale bar represents 10 mm. 
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Figure D.2 Protein fingerprint region (FTIR) 1400–1800 cm–1 of canola meals produced 

by expelling at increasing barrel dry-heat temperatures (20–180oC) (A, B) with and 

without moist heat pressure (C, D). Spectra of two replicates are presented.  
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Figure D.3 Lipid CH3 asymmetric (ca. 2988–2951 cm−1 with peak center at ca. 2955 

cm−1), CH2 asymmetric (ca. 2951–2882 cm−1 with peak center at ca. 2922 cm−1), CH3 

symmetric (ca. 2882–2868 cm−1 with peak center at ca. 2872 cm−1) and CH2 symmetric 

(ca. 2868–2790 cm−1 with peak center at ca. 2852 cm−1) functional groups in ATR/FTIR 

spectrum of canola meals produced by expelling at increasing production temperature (A, 

B) with and without moist heat pressure (MHP) treatment (C, D). Spectra of two 

replicates are presented.  
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Figure D.4 Gel electrophoresis protein profile of untreated canola meal expelled at 

increasing temperatures revealed with Coomassie Blue stain. A 30 µg aliquot of each 

sample was loaded per well. Total protein (top) and soluble protein (bottom). Non-

reduced (left) and reduced (right). A 5 µL aliquot of Mark 12TM Unstained Protein 

Standard (M) was loaded. Representative 1. 
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Figure D.4 Gel electrophoresis protein profile of untreated canola meal expelled at increasing temperatures revealed with Coomassie Blue 

stain. A 30µg aliquot of each sample was loaded per well. Total protein (top) and soluble protein (bottom). Non-reduced (left) and reduced 

(right). A 5µL aliquot of Mark 12TM Unstained Protein Standard (M) was loaded. Representative 1. 
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Figure D.5 Gel electrophoresis protein profile of untreated canola meal expelled at 

increasing temperatures revealed with Coomassie® Blue stain. A 30 µg aliquot of each 

sample was loaded per well. Total protein (top) and soluble protein (bottom). Non-

reduced (left) and reduced (right). A 5 µL aliquot of Mark 12TM Unstained Protein 

Standard (M) was loaded. Representative 2.
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Figure D.5 Gel electrophoresis protein profile of untreated canola meal expelled at increasing temperatures revealed with Coomassie® Blue 

stain. A 30µg aliquot of each sample was loaded per well. Total protein (top) and soluble protein (bottom). Non-reduced (left) and reduced 

(right). A 5µL aliquot of Mark 12TM Unstained Protein Standard (M) was loaded. Representative 2.

kDa  
 

 
200  

 

116 
97 
6 

55 
 
 

38 
31 
 

21 
 

14 
 
 

6 
3.5, 2 

                                    M    20    60   80  100  120  140  160 180   M        M   20    60   80  100  120  140 160 180   M 
 

                                    M   2 0   60    80 100  120 140 160 180   M          M   20  60   80  100120140 160 180  M 
 

kDa  
 

 
200  

 

116 
97 
6 

55 
 
 

38 
31 
 

21 
 

14 
 
 
6 

3.5, 2 



 

 270 

 

Figure D.6 Gel electrophoresis protein profile of canola meal expelled at increasing 

temperatures and treated with moist-heat pressure revealed with Coomassie® Blue stain. 

A 30 µg aliquot of each sample was loaded per well. Total protein (top) and soluble 

protein (bottom). Non-reduced (left) and reduced (right). A 5 µL aliquot of Mark 12TM 

Unstained Protein Standard (M) was loaded. Representative 1.
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Figure D.6 Gel electrophoresis protein profile of canola meal expelled at increasing temperatures and treated with moist-heat pressure revealed with 

Coomassie® Blue stain. A 30µg aliquot of each sample was loaded per well. Total protein (top) and soluble protein (bottom). Non-reduced (left) and reduced 

(right). A 5µL aliquot of Mark 12TM Unstained Protein Standard (M) was loaded. Representative 1.
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Figure D.7 Gel electrophoresis protein profile of canola meal expelled at increasing 

temperatures and treated with moist heat pressure revealed with Coomassie® Blue stain. 

A 30 µg aliquot of each sample was loaded per well. Total protein (top) and soluble 

protein (bottom). Non-reduced (left) and reduced (right). A 5 µL aliquot of Mark 12TM 

Unstained Protein Standard (M) was loaded. Representative 2.  
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Figure 7 Gel electrophoresis protein profile of canola meal expelled at increasing temperatures and treated with moist heat pressure revealed with Coomassie® 

Blue stain. A 30µg aliquot of each sample was loaded per well. Total protein (top) and soluble protein (bottom). Non-reduced (left) and reduced (right). A 5µL 

aliquot of Mark 12TM Unstained Protein Standard (M) was loaded. Representative 2.  
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Figure D.8 Native gel electrophoresis protein profile of canola meal expelled at 

increasing temperatures revealed with Coomassie Blue stain. A 30 µg aliquot of each 

sample was loaded per well. Water soluble protein (left), and buffer soluble protein 

(right). A 5 µL aliquot of NativeMark™ Unstained Protein Standard (m) was loaded. 

Representative 1.  

 
Figure D.9 Native gel electrophoresis protein profile of canola meal expelled at 

increasing temperatures with MHP treatment revealed with Coomassie Blue stain. A 30 

µg aliquot of each sample was loaded per well. Water soluble protein (left), and buffer 

soluble protein (right). A 5 µL aliquot of NativeMark™ Unstained Protein Standard (m) 

was loaded. Representative 1. 
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Figure D.10 Native gel electrophoresis protein profile of canola meal expelled at 

increasing temperatures revealed with Coomassie Blue stain. A 30 µg aliquot of each 

sample was loaded per well. Water soluble protein (left), and buffer soluble protein 

(right). A 5 µL aliquot of NativeMark™ Unstained Protein Standard (m) was loaded. 

Representative 2. 

Figure D.11 Native gel electrophoresis protein profile of canola meal expelled at 

increasing temperatures with MHP treatment revealed with Coomassie Blue stain. A 30 

µg aliquot of each sample was loaded per well. Water soluble protein (left), and buffer 

soluble protein (right). A 5 µL aliquot of NativeMark™ Unstained Protein Standard (m) 

was loaded. Representative 2. 
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Figure D.12 Confocal laser scanning micrographs of canola expelled at increasing 
temperature then treated with or without moist heat pressure treatment. Protein is stained 
red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars 
correspond to 250 mm, 75 µm, or 50 µm. Representative 1. 
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Figure 12 Confocal laser scanning micrographs of canola expelled at increasing temperature then treated with or without moist-heat pressure treatment. Protein 

is stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars correspond to 250 mm, 75, or 50 µm. Representative 1. 
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Figure D.13 Confocal laser scanning micrographs of canola expelled at increasing 
temperature then treated with or without moist heat pressure treatment. Protein is stained 
red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars 
correspond to 250 mm, 75 µm, or 50 µm. Representative 2. 
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Figure 13 Confocal laser scanning micrographs of canola expelled at increasing temperature then treated with or without moist-heat pressure treatment. Protein 

is stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars correspond to 250 mm, 75, or 50 µm. Representative 2. 
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Figure D.14 Confocal laser scanning micrographs of canola expelled at increasing 
temperature then treated with or without moist-heat pressure treatment, post proteolytic-
digestion. Protein is stained red with Nile Blue dye, and lipid is stained green with Fast 
Green FCF dye. Scale bars correspond to 250 mm, 75 µm, or 50 µm. Representative 1. 
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Figure 14 Confocal laser scanning micrographs of canola expelled at increasing temperature then treated with or without moist-heat pressure treatment, post 

proteolytic-digestion. Protein is stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars correspond to 250 mm, 75, or 50 

µm. Representative 1. 
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Figure D.15 Confocal laser scanning micrographs of canola expelled at increasing 
temperature then treated with or without moist-heat pressure treatment, post proteolytic-
digestion. Protein is stained red with Nile Blue dye, and lipid is stained green with Fast 
Green FCF dye. Scale bars correspond to 250 mm, 75 µm, or 50 µm. Representative 2.  
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Figure 15 Confocal laser scanning micrographs of canola expelled at increasing temperature then treated with or without moist-heat pressure treatment, post 

proteolytic-digestion. Protein is stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale bars correspond to 250 mm, 75, or 50 

µm. Representative 2. 
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Figure D.16 Scanning electron photomicrographs of canola meal expelled at increasing 

temperatures then treated with or without moist heat pressure (MHP). Images were taken 

with x1.0k and x100 resolution. Representative 1. 
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Figure D.17 Scanning electron photomicrographs of canola meal expelled at increasing 

temperatures then treated with or without moist heat pressure (MHP). Images were taken 

with x1.0k and x100 resolution. Representative 2. 
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Figure D.18 Scanning electron photomicrographs of canola meal expelled at increasing 

temperatures then treated with or without moist heat pressure (MHP) post proteolytic-

digestion. Images were taken with x1.0k and x100 resolution. Representative 1. 
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Figure D.19 Scanning electron photomicrographs of canola meal expelled at increasing 

temperatures then treated with or without moist heat pressure (MHP) post proteolytic-

digestion. Images were taken with x1.0k and x100 resolution. Representative 2.  
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Appendix E – Chapter 5 Supporting Data                          

 

Figure E.1 Photograph of cold-press (20 oC, upper) and expeller (100 oC, lower) canola 

meal with and without moist heat pressure treatment for a duration of 0, 3, 6, 9, and 12 

min (n = 3). A solid black scale bar represents 10 mm. 
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Figure E.1 Photograph of cold-press (20oC, upper) and expeller (100oC, lower) canola meal 

with and without moist heat pressure treatment for a duration of 0, 3, 6, 9, and 12 min (n = 3). 

A solid black scale bar represents 10 mm. 
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Figure 2 Total protein fingerprint region (FTIR) 1400–1800 cm–1 (A, C) and lipid spectra 

(B, D) of canola meals produced at alternate barrel dry-heat temperatures (20 oC (A, B) 

vs. 100 oC (C,D)) with and without moist heat pressure at increasing durations (0, 3, 6, 9 

and 12 min). Total protein fingerprint region (FTIR) 1400–1800 cm–1 (top), α-helix 

(dashed arrow, 1652 cm–1), b-sheet (arrow, 1630 cm–1), amide I region (ca. 1714 to 

1571cm–1), and lipid carbonyl C=O ester stretching band (LCCE, ca. 1789 to 1701 cm–

1), CH3 asymmetric (ca. 2988 to 2951 cm-1 with peak center at ca. 2955 cm–1), CH2 

asymmetric (ca. 2951 to 2882 cm–1 with peak center at ca. 2922 cm–1), CH3 symmetric 

(ca. 2882–2868 cm–1 with peak center at ca. 2872 cm–1) and CH2 symmetric (ca. 2868–

2790 cm-1 with peak center at ca. 2852 cm-1) functional groups in ATR/FTIR spectrum 

of canola meals. Representative 1.        
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Figure 2 Total protein fingerprint region (FTIR) 1400–1800 cm–1 (A, C) and lipid spectra (B, 

D) of canola meals produced at alternate barrel dry-heat temperatures (20oC (A, B) vs. 100oC 

(C,D)) with and without moist heat pressure at increasing durations (0, 3, 6, 9 and 12 min). 

Total protein fingerprint region (FTIR) 1400–1800 cm–1 (top), α-helix (dashed arrow, 1652 

cm–1), E-sheet (arrow, 1630 cm–1), amide I region (ca. 1714 to 1571cm–1), and lipid carbonyl 

C=O ester stretching band (LCCE, ca. 1789 to 1701 cm–1), CH3 asymmetric (ca. 2988 to 2951 

cm-1 with peak center at ca. 2955 cm–1), CH2 asymmetric (ca. 2951 to 2882 cm–1 with peak 

center at ca. 2922 cm–1), CH3 symmetric (ca. 2882–2868 cm–1 with peak center at ca. 2872 cm–

1) and CH2 symmetric (ca. 2868–2790 cm-1 with peak center at ca. 2852 cm-1) functional 

groups in ATR/FTIR spectrum of canola meals. Representative 1.        
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Figure E.3 Total protein fingerprint region (FTIR) 1400–1800 cm–1 (A, C) and lipid 

spectra (B, D) of canola meals produced at alternate barrel dry-heat temperatures (20 oC 

(A, B) vs. 100 oC (C,D)) with and without moist heat pressure at increasing durations (0, 

3, 6, 9 and 12 min). Total protein fingerprint region (FTIR) 1400–1800 cm–1 (top), α-

helix (dashed arrow, 1652 cm–1), b-sheet (arrow, 1630 cm–1), amide I region (ca. 1714 to 

1571cm–1), and lipid carbonyl C=O ester stretching band (LCCE, ca. 1789 to 1701 cm–

1), CH3 asymmetric (ca. 2988 to 2951 cm-1 with peak center at ca. 2955 cm–1), CH2 

asymmetric (ca. 2951 to 2882 cm–1 with peak center at ca. 2922 cm–1), CH3 symmetric 

(ca. 2882–2868 cm–1 with peak center at ca. 2872 cm–1) and CH2 symmetric (ca. 2868–

2790 cm-1 with peak center at ca. 2852 cm-1) functional groups in ATR/FTIR spectrum 

of canola meals. Representative 2.   
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Figure E.3 Total protein fingerprint region (FTIR) 1400–1800 cm–1 (A, C) and lipid spectra 

(B, D) of canola meals produced at alternate barrel dry-heat temperatures (20oC (A, B) vs. 

100oC (C,D)) with and without moist heat pressure at increasing durations (0, 3, 6, 9 and 12 

min). Total protein fingerprint region (FTIR) 1400–1800 cm–1 (top), α-helix (dashed arrow, 

1652 cm–1), E-sheet (arrow, 1630 cm–1), amide I region (ca. 1714 to 1571cm–1), and lipid 

carbonyl C=O ester stretching band (LCCE, ca. 1789 to 1701 cm–1), CH3 asymmetric (ca. 2988 

to 2951 cm-1 with peak center at ca. 2955 cm–1), CH2 asymmetric (ca. 2951 to 2882 cm–1 with 

peak center at ca. 2922 cm–1), CH3 symmetric (ca. 2882–2868 cm–1 with peak center at ca. 

2872 cm–1) and CH2 symmetric (ca. 2868–2790 cm-1 with peak center at ca. 2852 cm-1) 

functional groups in ATR/FTIR spectrum of canola meals. Representative 2.   
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Figure E.4 Native gel electrophoresis protein profile of cold-press (20 oC) and expeller 
(100 oC) canola meal with and without moist heat pressure treatment for a duration of 0, 
3, 6, 9, and 12 min revealed with Coomassie Blue stain. A 30 µg aliquot of each sample 
was loaded per well. Water soluble protein (pH 7, top), and borate-phosphate buffer 
soluble protein extract (pH 6.7–8, bottom). A 5 µL aliquot of NativeMark™ Unstained 
Protein Standard (m) was loaded. Representative 1. 
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Figure E.5 Native gel electrophoresis protein profile of cold-press (20 oC) and expeller 
(100 oC) canola meal with and without moist heat pressure treatment for a duration of 0, 
3, 6, 9, and 12 min revealed with Coomassie Blue stain. A 30 µg aliquot of each sample 
was loaded per well. Water soluble protein (pH 7, top), and borate-phosphate buffer 
soluble protein extract (pH 6.7–8, bottom). A 5 µL aliquot of NativeMark™ Unstained 
Protein Standard (m) was loaded. Representative 2. 
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Figure E.6 SDS-PAGE (DTT-reduced) protein profile of cold-press (20 oC, left) and 
expeller (100 oC, right) canola meal with and without moist heat pressure treatment for a 
duration of 0, 3, 6, 9, and 12 min revealed with Coomassie Blue stain. A 30 µg aliquot of 
each sample was loaded per well. Water soluble protein (pH 7, top), and borate-buffer 
soluble protein extract (pH 6.7–8, bottom). A 5 µL aliquot of Mark 12 Protein Standard 
(M) was loaded. Representative 1. 
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Figure E.7 SDS-PAGE (DTT-reduced) protein profile of cold-press (20 oC, left) and 
expeller (100 oC, right) canola meal with and without moist heat pressure treatment for a 
duration of 0, 3, 6, 9, and 12 min revealed with Coomassie Blue stain. A 30 µg aliquot of 
each sample was loaded per well. Water soluble protein (pH 7, top), and borate-buffer 
soluble protein extract (pH 6.7–8, bottom). A 5 µL aliquot of Mark 12 Protein Standard 
(M) was loaded. Representative 2. 
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Figure E.8 SDS-PAGE (non-reduced) protein profile of cold-press (20 oC, left) and 
expeller (100 oC, right) canola meal with and without moist heat pressure treatment for a 
duration of 0, 3, 6, 9, and 12 min revealed with Coomassie Blue stain. A 30 µg aliquot of 
each sample was loaded per well. Water soluble protein (pH 7, top), and borate-buffer 
soluble protein extract (pH 6.7–8, bottom). A 5 µL aliquot of Mark 12 Protein Standard 
(M) was loaded. Representative 1. 
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Figure E.9 SDS-PAGE (non-reduced) protein profile of cold-press (20 oC, left) and 
expeller (100 oC, right) canola meal with and without moist heat pressure treatment for a 
duration of 0, 3, 6, 9, and 12 min revealed with Coomassie Blue stain. A 30 µg aliquot of 
each sample was loaded per well. Water soluble protein (pH 7, top), and borate-buffer 
soluble protein extract (pH 6.7–8, bottom). A 5µL aliquot of Mark 12 Protein Standard 
(M) was loaded. Representative 2. 
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 Barrel temperature 
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Figure E.10 Confocal laser scanning micrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min). Protein is 

stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale 

bars correspond to 250 µm, 100 µm, 75 µm, or 50 µm. Representative 1. 
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Figure E.11 Confocal laser scanning micrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min). Protein is 

stained red with Nile Blue dye, and lipid is stained green with Fast Green FCF dye. Scale 

bars correspond to 250 µm, 100 µm, 75 µm, or 50 µm. Representative 2. 
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Figure E.12 Confocal laser scanning micrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min) and 

proteolytic digestion. Protein is stained red with Nile Blue dye, and lipid is stained green 

with Fast Green FCF dye. Scale bars correspond to 250 µm, 100 µm, 75 µm, or 50 µm. 

Representative 1. 
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Figure E.13 Confocal laser scanning micrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min) and 

proteolytic digestion. Protein is stained red with Nile Blue dye, and lipid is stained green 

with Fast Green FCF dye. Scale bars correspond to 250 µm, 100 µm, 75 µm, or 50 µm. 

Representative 2. 
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Figure E.14 Scanning electron photomicrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min). Images 

were taken at x1.0k and x100 resolution. Representative 1. 
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Figure E.15 Scanning electron photomicrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min). Images 

were taken at x1.0k and x100 resolution. Representative 2. 
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Figure E.16 Scanning electron photomicrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min) post 

proteolytic-digestion. Images were taken at x1.0k and x100 resolution. Representative 1. 
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Figure E.17 Scanning electron photomicrographs of cold-press (20 oC) and expeller (100 
oC) meal treated with increasing durations of moist heat pressure (0 to 12 min) post 

proteolytic-digestion. Images were taken at x1.0k and x100 resolution. Representative 2. 


