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ABSTRACT 

The objectives of this research were to determine the effects of high inclusion of canola meal (CM) 

in gestation and lactation diets on lactation performance, milk composition, energy and nutrient 

digestibility, and gut health in sows and suckling piglet performance. Standardized ileal 

digestibility (SID) of CP and AA and standardized total tract digestibility (STTD) of P in CM fed 

to gestating and lactating sows with or without a multi-enzyme complex (MC) was also 

determined. In Study 1, results showed no differences in sow and litter performance when soybean 

meal was replaced with increasing levels of CM in lactation diets. However, energy and nutrient 

digestibilities were reduced with increasing dietary CM inclusion, probably due to increased fiber 

content. Results indicated that inclusion of up to 30% CM in lactation diet could support 

satisfactory sow and suckling piglet performance. Results from Study 2 indicated that up to 30% 

CM could be included in sow diets as a sole protein source from early gestation until weaning 

without affecting sow and suckling piglet performance, energy and nutrient digestibility, along 

with an increase in the abundance of beneficial bacteria in the gut. Furthermore, enzyme 

supplementation improved P digestibility post-farrowing in sows fed CM-containing diets. From 

Study 3, SID of indispensable AA in CM in gestating and lactating sows were, respectively: Arg, 

89.2 and 91.3%; His, 93.1 and 94.0%; Ile, 85.9 and 87.0%; Leu, 89.2 and 89.2%; Lys, 87.0 and 

87.7%; Met, 92.2 and 93.2%; Phe, 89.2 and 87.8%; Thr, 84.3 and 82.7%; Trp, 88.1 and 91.5%; 

Val, 85.9 and 84.3%. When compared to the average SID coefficients of AA in CM fed to growing 

pigs from previous studies, the SID coefficients for AA in lactating sows were higher in the present 

study. Supplementation with MC improved the SID of some AA during lactation. The average 

STTD for P in CM in sows was 44.7 % and MC significantly improved STTD of P in CM during 



iii 
 

lactation. Results imply that the use of nutrient digestibility values for CM in growing pigs would 

result in an underestimation of those for gestating and lactating sows. 
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digestibility of lactating sows. J. Anim. Sci. 95:1-7. doi:10.2527/jas2016.1191. 

Manuscript II: Velayudhan D. E., M. M. Hossain, A. Regassa and C. M. Nyachoti. 2018. Effect of 

high dietary canola meal inclusion in gestation and lactation sow diets with or without enzyme 

supplementation on reproductive performance, milk composition and nutrient digestibility. Anim. 

Feed Sci. Technol. 241:141-150. https://doi.org/10.1016/j.anifeedsci.2018.05.001. 
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CHAPTER 1 

GENERAL INTRODUCTION 

  

Canola (Brassica napus L.), was developed through conventional breeding techniques to 

have low levels of erucic acid in the oil and low concentrations of glucosinolates in the meal, when 

compared to those from parent rapeseed varieties. In North America, the crop is generally known 

as canola; however, in other parts of the world such as Europe, China, and Australia, it is also 

known as double-low or double-zero (Spragg and Mailer, 2007; Newkirk, 2009), indicating the 

low erucic acid and glucosinolates. Hence, by definition, rapeseeds that contain low levels of 

erucic acid (< 2%) in oil and glucosinolates (< 30 μmol/g) in the meal are known as canola in 

North America. Global increase in the demand for livestock and poultry products has resulted in 

an increase in the demand of dietary protein sources for these food animals. Canola meal (CM) 

with a comparable protein content as soybean meal and with a balanced amino acid (AA) profile, 

could be an alternative protein source (Canola Council of Canada, 2015) to completely replace 

soybean meal in diets for swine and poultry. Though limiting in lysine, CM is an excellent source 

of sulfur containing AA, methionine and cysteine (Canola Council of Canada, 2015; Khajali and 

Slominski, 2012). Canola meal has a high P content, however, more than 60% of this P is bound 

to phytate. Though high in phytate, CM is a rich source of non-phytate P when compared to other 

oilseeds and cereal grains like soybean meal, cottonseed meal, wheat, wheat bran, corn, and barley 

(Khajali and Slominski, 2012). Apart from phytate, CM also contains some anti-nutritional factors 

such as glucosinolates, sinapine, and tannins (Slominski et al., 2012; Kasprzak et al., 2016). 

Nutrient composition of CM has been shown to vary depending upon the variety, climatic changes 

during growth, and harvesting conditions (Newkirk, 2011). Moreover, CM from different 



2 
 

processing plants has been shown to vary in their nutrient composition (Adewole et al., 2016). Oil 

extraction from canola seeds normally involves steps such as cleaning, drying, conditioning, 

flaking, expelling, cooking, solvent extraction, desolventization and toasting, drying and cooling 

(Newkirk, 2011) and processing conditions namely the temperature, moisture or the duration for 

each of the steps vary widely. Subsequently, the variations in temperature and moisture between 

different processing plants could result in a variation in the nutrient composition of the meal.  

 

Over the years since the development of canola, the plant has undergone drastic variations 

in both qualitative and quantitative traits, the major being a significant reduction in the 

glucosinolates content in the meal. The tolerance level of dietary glucosinolates for growing pigs 

is between 2.0-2.5 μmol/g, whereas for sows it is below 4.0 μmol/g of diet. The current varieties 

of CM available in North America have low concentrations of glucosinolates (< 10 μmol/g), which 

allows a higher inclusion of CM in swine diets. However, the higher fiber content in CM has been 

shown to reduce energy and nutrient digestibility in pigs (González-Vega and Stein, 2012). 

Consequently, when using CM at high inclusion levels in swine diets, proper diet formulation 

needs to be considered (Newkirk, 2009). Diets formulated on standardized ileal digestible AA 

content and NE value have been shown to reduce the negative impact of feeding high fiber 

ingredients in swine diets (Zijlstra and Payne, 2007). 

 

Lactation in sows is an energetically expensive phase which can result in the mobilization 

of body fat and body protein when nutrient intake fails to meet requirements. The mobilization of 

body tissue results in a negative energy balance which can have harmful consequences on health 

and reproduction, affecting piglet survivability (Mejia-Guadarrama et al., 2002). The low survival 
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rate of piglets from birth to weaning is a significant problem in the swine industry, worldwide. 

Canola meal is now widely being used as a protein source in pig diets. High inclusion of up to 25% 

CM in weaned pig diets did not have any adverse effect on growth performance when diets were 

formulated to contain equivalent NE value and standardized ileal digestible AA content (Sanjayan 

et al., 2014). In sows, using CM in concentrations of up to 20% in lactation diets did not show any 

adverse effects on production performance (King et al., 2001). However, the use of CM as a sole 

protein source in gestating and lactating sows has not been studied. Hence, it was hypothesized 

that optimal performance in lactating sows could be maintained when feeding diets containing 

high inclusion levels of CM if such diets are formulated on the basis of NE and standardized ileal 

digestible AA systems. Also, when using such advanced system of feed formulation, accurate 

estimation of the nutrient composition of the feed ingredients is necessary. Ileal digestibility 

coefficients determined for AA for various ingredients including CM in swine diets have been 

reported in numerous studies. However, the majority of these studies were done using weaned, 

growing or grower-finisher pigs (Fan and Sauer,1995; Fan et al.,1996; Grala et al., 1998; Woyengo 

et al., 2010; Kim et al., 2015). Hence not much data exists regarding the standardized ileal 

digestible AA content for feed ingredients for sows. Accordingly, studies involving AA 

metabolism in sows have to rely on digestibility values from growing pigs. Factors like age, BW, 

and feeding level have been shown to influence the ability of pigs to digest AA in a given diet 

(Moughan, 1993; Stein et al., 2001). Hence, ileal AA digestibility of an ingredient obtained in 

growing pigs may not always be similar to those corresponding values in gestating or lactating 

sows. Therefore, it was hypothesized that the standardized ileal digestibility (SID) of AA in CM 

in both gestating and lactating sows would differ from published values for growing pigs.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1 HISTORY OF USE 

Canola (Brassica napus L.), a group of rapeseed variety, is Canada’s Cinderella crop that 

is now ranked among the top three oilseeds worldwide, after soybean and cottonseed (Daun, 2011). 

Canola belongs to one of the most widespread genera of the crucifer family called Brassicaceae. 

Crucifers are easily identified by their yellow flower with four petals forming the shape of a cross 

(Singh, 2006). The flower produces seed pods that contain around 20-30 tiny, round seeds which 

show a remarkable variation in seasonality, morphology, seed size, seed coat color, and chemical 

composition among the brassica varieties (Daun, 2011). The seeds contain approximately 40-44% 

oil and are used as a source of vegetable oil and the residual meal after oil extraction which contains 

38-40% protein is used in livestock diets (Uppstrom, 1995; Newkirk, 2009). 

The family Brassicaceae include common plants such as the model plant Arabidopsis 

thaliana L. (mouse-ear cress), the weedy relative Sinapis arvensis L. (wild mustard), vegetable 

crops such as B. napus (Rutabaga, Siberian kale), B. rapa (Chinese cabbage, bok choy, mizuna, 

Chinese mustard, broccoli rabe and turnip), B. oleraceae (cauliflower, cabbage, broccoli, brussels 

sprouts, kohlrabi, collards, kale) and Raphanus sativus L. (radish), and condiment crops such as 

B. nigra (black mustard), B. carinata (Ethiopian mustard), B. juncea (brown mustard), and 

Armoracia rusticana (horse radish) along with some other minor pot herbs and salad vegetables 

(Downey and Rimmer, 1993; Rakow, 2004). In general, Brassica varieties cultivated as oilseeds 

are referred to as “rapeseed,” whereas those varieties where the seeds are used as spice are called 

“mustard.” However, rapeseed and mustard may vary in their definition depending on the part of 

the world in which they occur. Within the Brassica family, canola is defined as Brassica species 
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with a seed oil that contain less than 2% erucic acid, and the residual solid component of the seed 

after oil extraction that contain less than 30 μmoles of anyone or any mixture of 3-butenyl 

glucosinolate, 4-pentenyl glucosinolate, 2-hydroxy-3-butenyl glucosinolate, and 2-hydroxy-4-

pentenyl glucosinolate per gram of air-dry, oil-free solid (Daun, 2011; Canola Council of Canada, 

2015). In other parts of the world, canola is also known as “double zero,” “zero-zero” or “double 

low” rapeseed. Henceforth, rapeseed and canola are not terms to be used interchangeably. Brassica 

nigra, B. oleracea and B. rapa (campestris) are considered as the three-basic species, and 

hybridization between these species gave rise to the other species, namely B. carinata, B. juncea, 

and B. napus (Nagaharu, 1935). Due to its widest distribution, B. rapa is believed to be the oldest 

of the species with evidence suggesting its occurrence from Europe across to China and Korea and 

from Norway to India, over 2000 years ago (Daun, 2011). Since ancient times rapeseed has been 

used as a source of oil for food, lamps, soap, and lather for industrial purposes with its cultivation 

spreading over Asia, Europe, and Northern Africa. However, the Brassica family is mainly 

concentrated in temperate areas with maximum diversity in the Mediterranean. 

The first probable use of Brassica plants was as potherbs and their seeds as spices and 

condiments because of their strong flavor. History suggests that the seeds of B. nigra could have 

been incorporated into agriculture as volunteer weeds in wheat and barley fields (Daun, 2011). 

The use of Brassica varieties as a source of oil possibly occurred much later than their use as a 

spice or potherb.  

In Canada, the first recorded evidence of rapeseed production was in the year 1936 by an 

immigrant farmer from Poland, and the crop was later recognized as B. campestris, now denoted 

to as B. rapa L. species (Eskin, 2013). However, commercial production of rapeseed began in the 

Western Canadian provinces with the outbreak of the Second World War and subsequent blockage 
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of rapeseed oil import from Europe and Asia, since rapeseed oil was used as a lubricant for steam 

engines in Canada (Eskin, 2013). Consequently, B. napus seeds of Argentinean origin obtained 

from the USA, along with the Polish variety (B. campestris) were used to augment the rapeseed 

production in Canada. With the introduction of diesel engines during the 1950s, the demand for 

rapeseed oil as a lubricant started reducing, which caused a drastic drop in the Canadian rapeseed 

acreage and thus alternative markets were sought for rapeseed including its use in the food industry 

(Eskin, 2013). The major barriers that restricted the use of rapeseed oil and meal were the high 

erucic acid of around 25-45 % in the oil and high glucosinolate content of about 110-150 μmoles/g 

in the meal (Bell 1993). Erucic acid has been associated with cardiac injury in experimental studies 

in cattle and rodents (Burrows and Tyrl, 2012) while, hydrolyzed products of glucosinolates have 

shown to interfere with iodine metabolism and therefore affect the functioning of the thyroid gland 

and subsequently animal performance (Mawson et al., 1994ab; Do et al., 2017). Consequently, 

canola was bred from rapeseed through conventional plant breeding by Canadian scientists, Baldur 

Stefansson and Keith Downey, who were selecting rapeseed cultivars when looking for a crop that 

would produce a healthy, edible oil product (Eskin, 2013), thus earning them the title the ‘fathers 

of canola.’ The first low-erucic acid cultivars namely Tanka, Target, and Turret were released and 

produced in Canada in 1968 followed by the release of the first double zero rapeseed (low erucic 

acid and low glucosinolates), cv. Tower by Stefansson in 1974 (Bell 1984). Thus, in the year 1978, 

the term ‘Canola’ was registered as a trademark in Canada, with the name coming from “Can” as 

in Canada and “ola” as in oil. 

 



7 
 

2.2 CANOLA CROP IN CANADA 

Canola is an annual or biennial species of Brassica developed from rapeseed using 

traditional plant breeding techniques and has grown to become one of Canada’s most important 

crops with an average annual yield of 2.3 tonnes/hectare for the year 2017 (Canola Council of 

Canada, 2018). The transformation of rapeseed from an obscure inedible oilseed, to a genetically 

improved multibillion-dollar crop producing the healthiest edible oil on the market today, took 

over a quarter of a century in the making. Over these years canola production in Canada has 

witnessed a steady upward movement with a current land area utilization of 9.2 million hectares 

(Statistics Canada, 2017). Saskatchewan, Alberta, Manitoba and the Peace River region of British 

Columbia accounts for 99% of the total seeded area of canola in Canada. However, canola is also 

seeded in all other provinces except Newfoundland and Labrador (Statistics Canada, 2017). Canola 

grows particularly well on the prairies, where the nights are cold and days are hot, allowing the 

crop to develop its unique fatty acid profile. Factors influencing the growth of the canola plant 

include the temperature, moisture, light, nutrition, and variety (Zeleke et al., 2014). However, in 

the Prairies, studies have shown that water stress and temperature are the main environmental 

factors that regulate the growth and development of canola (Qaderi et al., 2012) and depending on 

location, growing season, date of seeding, and variety, the maturity of canola seeds shows 

considerable variation. In the year 1995, genetically modified versions of canola were 

commercially introduced in Canada. The modifications were mainly carried out to make the crop 

tolerant to specific herbicides, notably to glyphosate and to glufosinate (Brookes and Barfoot, 

2015). Majority of the Canadian canola is now herbicide-resistant and hence controversy exists 

over its use, since it is derived from the genetically modified crop instead of from the conventional 

one. The canola oil from the herbicide-resistant varieties are reported to be similar to those 
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produced from conventional canola varieties, since the transgenic gene which is a protein is 

completely separated from the oil while processing (Canola Council of Canada, 2018) 

 

Table 2.1. Canola Crop Areas in Canada Regions 

Region 
Hectares 

2001 2006 2017 

Canada  3,782,906 5,027,643 9,241,846 

Saskatchewan  1,906,171 2,418,916 5,103,086 

Alberta  1,076,670 1,646,468 2,804,471 

Manitoba  757,744 922,134 1,262,619 

British Columbia  23,548 26,018 38,445 

Quebec  3,832 6,159 15,013 

Newfoundland and Labrador  - - - 

Prince Edward Island  - 64 - 

Nova Scotia  - 10 - 

New Brunswick  195 359 - 

Ontario  14,746 7,517 - 

Source: Statistics Canada, Census of Agriculture. 

 

Canada exports 90% of its canola as seed, oil or meal to markets around the world and thereby 

contributes $26.7 billion to the Canadian economy each year (Canola Council of Canada, 2018). 

Over the years, apart from improvement in the nutritional profile of the oil and its meal, the 

conventional breeding as well as modern biotechnological tools have led to the improvement of 

various agronomically important quantitative and qualitative characters. 
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2.3 PROCESSING CANOLA  

Canola oil has become third largest vegetable oil by volume after palm and soybean mainly 

due to its low saturated fatty acid content, high levels of monounsaturated fatty acids, and a 

significant level of n-6 and n-3 fatty acids (da Silva Filardi et al., 2005; Lauretti and Praticò, 2017), 

making it the oil of choice in many applications. Besides, oil from canola is also rich in 

phytosterols and vitamin E that may contribute to its nutritional effects. Moreover, with low erucic 

acid content, canola oil is considered to be one of the best nutritionally edible oil available.  

Canola seed holds approximately 44% oil, and because of this high content and value of 

the oil, the primary focus has been to maximize the value of the seed through its oil content 

(Newkirk, 2009). About 45% of canola grown in Canada is processed locally (Canola Council of 

Canada, 2018) to extract the oil. After the oil is extracted, the remaining solid components of the 

seed are processed into a protein-rich meal that is an excellent addition to livestock feed. In general, 

three different methods are available for the extraction of oil, namely pre-press solvent extraction, 

expeller pressing, and cold pressing. 

 

2.3.1 Pre-press Solvent Extraction 

Canola seeds are traditionally processed using pre-press solvent extraction technique in 

order to separate the oil from the meal. The technique involves a combination of expelling and 

solvent extraction. In this two-stage oil extraction process, the seeds are pressed in a series of screw 

presses or expellers operating at a temperature of 100 to 120°C, resulting in the production of a 

seed cake with approximately 18-20% oil (Canola Council of Canada, 2015). The press-cake 

further undergoes solvent extraction using hexane, followed by a final desolventization and 
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toasting process at temperatures of 100 to 115°C (Spragg and Mailer, 2007) leading to the 

production of CM with less than 2% residual oil (Eklund et al., 2015). The pre-press solvent 

extraction process involves the following stages, namely seed cleaning, seed preconditioning and 

flaking, seed cooking, pressing, solvent extraction, desolventization and toasting, and drying, 

pelleting and storage (Spragg and Mailer, 2007; Newkirk, 2009).  

 

2.3.1.1 Seed Cleaning 

Canola seeds are usually stored for a couple of weeks in the processing plant prior to 

processing. Factors such as high chlorophyll content, high moisture, and seed damage have shown 

to influence the canola seed quality and the resulting oil and meal products (Unger, 2011) and thus, 

it is essential to store the seeds at a moderate temperature (usually below 18˚C in North America) 

to avoid insect infestations and heat damage. Hence, storage facilities are equipped with moisture 

and temperature control (Savic et al., 2009) and use temperature probes to monitor bulk seed 

temperature, sieve for insects, and aeration to promote uniform storage temperatures. The seed 

delivered to the processing plant may contain weed seeds, stems, pods and other materials termed 

“dockage,” which are removed by cleaning operations prior to processing (Canola Council of 

Canada, 2015). 

 

2.3.1.2 Seed Preconditioning and Flaking 

Canola seeds are very fragile and are easily broken into smaller particles during the flaking 

process especially during the cold weather. Seed breakage can disrupt the oil release during the 

pressing stage, make solvent infiltration into the canola cell structure difficult, and prevent the 

leaching of oil bodies from the canola seed particles, which in turn results in reduced extraction 
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efficiency and poor process economics (Unger, 2011). Therefore, before the flaking process, the 

seeds are preheated to temperatures of 35°C for 30 to 45 minutes to achieve a moisture level of 

6.5 to 7.5%. Thus, regulating the moisture content of the seed before any physical processing is 

crucial since it affects the oil recovery, solvent recovery from the meal post-processing, oil quality, 

and degumming efficiency (Unger, 2011). The flaking process involves passing the seed through 

a roller mill set with a narrow clearance to physically rupture the seed coat and flatten the 

cotyledons (McCurdy, 1990) which in turn permits the oil particles to move from the cellular 

structure to the outer surface of the flakes, where the liquid portion can be separated from the 

flakes. Flaking allows a better infiltration of the solvent into the cellular structure thereby 

percolating the oil, and also favours the outward flow of the solvent from the cellular structure 

during the desolventization process (Unger, 1990). To maximize the oil yield, an optimal flake 

thickness of 0.30 to 0.38 mm has been recommended (Canola Council of Canada, 2015; Mosenthin 

et al., 2016). 

 

2.3.1.3 Seed Cooking 

Cooking involves thermally rupturing the oil cells that have survived the flaking process, 

thereby reducing the oil viscosity, improving the coalescing capacity of oil droplets, increasing the 

diffusion rate of prepared oil cake and inactivation of enzymes such as myrosinase and lipase 

(Canola Council of Canada, 2015; Unger, 2011). Myrosinase enzyme is involved in the hydrolysis 

of glucosinolates, producing sulfur-containing derivatives such as isothiocyanates, nitriles, 

thiocyanates, or oxazolidinethiones that can negatively impact the oil and meal quality (Tripathi 

and Mishra, 2007; Unger, 2011). Cooking also helps in regulating the moisture content in the 

flakes, which is essential for an effective pressing operation. Flakes are cooked by passing through 
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a stack-type cooker or a horizontal rotary conditioner. The cooking cycle lasts 15–20 minutes, with 

the temperatures, usually ranging between 80 and 105°C, the optimum temperature being about 

88°C (Canola Council of Canada, 2015). 

 

2.3.1.4 Pressing 

The cooked canola flakes are then passed through a series of screw presses or expellers, 

consisting of a rotating screw shaft within a cylindrical barrel equipped with flat steel bars that are 

placed edgewise around the border, and are spaced to allow the oil to flow between the bars 

whereas the cake is contained within the barrel. The screw pressing removes 60 to 70% of the oil 

from the canola flakes (Bredeson, 1983; Vadke and Sosulski, 1988; Unger, 1990). Moreover, 

screw pressing further ruptures the additional cellular structure that remained intact during the 

flaking process (Unger, 2011). 

 

2.3.1.5 Solvent Extraction 

The cake from the screw press contains around 18–20% oil (Canola Council of Canada, 

2015), and to remove the remaining oil, the press-cake is solvent-extracted using hexane. A 

continuous belt extractor moves the canola cake and the miscella (hexane plus oil) in opposite 

directions to attain a continuous countercurrent extraction (Paraíso et al., 2008). The meal resulting 

from the solvent extraction process, referred to as marc (solvent saturated canola cake), has less 

than 1% of oil and the residual miscella holds around 25–30% oil and 70–75% hexane (Mosenthin 

et al., 2016). The hexane is removed by distillation from the oil and is recycled (Unger, 2011). 
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2.3.1.6 Desolventization and Toasting 

The cake after solvent extraction process retains around 25 to 35% of the solvent which is 

removed using a desolventizer-toaster by means of evaporation and steam stripping for about 30 

minutes. During this process, the meal is heated to 95–115°C and moisture increases to 12–18% 

and this is followed by cooling and drying of the meal by blowing air through it. The final meal 

after the desolventization and toasting process has a moisture content of approximately 12%. Apart 

from desolventization of the meal, the toasting process also inactivates the heat-labile anti-

nutritional factors in the meal (Newkirk and Classen, 2002). 

 

2.3.1.6 Drying, Pelleting and Storage 

Canola meal obtained after the desolventization and toasting process is usually dried at a 

temperature of 100 to 120°C to bring down the moisture to about 10%. The meal is then granulated 

to a uniform consistency using a hammer mill and is either pelleted or sent directly to storage as a 

mash. 

 

2.3.2 Expeller Pressing 

Expeller pressing, also known as double pressing is seldom used as a processing technique 

in Canada mainly because of its low oil extraction efficiency when compared to the solvent 

extraction method. This method involves pressing the seed twice in an expeller to extract oil rather 

than using a solvent to separate the residual oil. In expeller pressing, seeds are first heated using 

steam up to 110°C. Following heat treatment, seeds are passed through an expeller twice to remove 

the oil (Leming and Lember, 2005; Spragg and Mailer, 2007), resulting in a meal called canola 

expeller meal with a higher oil content 8–11% (Toghyani et al., 2014) when compared to solvent 
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extracted CM. The reduced yield of oil from expeller pressing resulted in most crushing plants 

switching to solvent extraction technique to recover as much oil as possible (Adewole, 2017. 

 

2.3.3 Cold Pressing 

Cold pressing method of oil extraction involves mechanically pressing the cleaned canola 

seeds without the use of any heat or chemicals and extracting around 50 to 70% of the oil (Leming 

and Lember, 2005; Kaldmae et al., 2010; Kasprzak et al., 2016). The seeds are pressed at a slow 

pace to avoid temperatures above 60℃. However, temperatures have shown to rise to 65°C due to 

friction build-up in the press (Spragg and Mailer, 2007) or the barrel getting heated up, depending 

on the equipment. Thus, the nutritional quality of cold-pressed CM has shown to vary depending 

upon the processing conditions (Seneviratne et al., 2011). The oil recovery in cold pressing method 

is less efficient compared with solvent extraction or expeller pressing, and the resulting meal has 

a higher energy content due to more residual oil (Leming and Lember, 2005). Even though the 

cold-pressed CM and the expeller-pressed CM provides more dietary energy, they have a lower 

AA composition when compared to the solvent-extracted CM (Seneviratne et al., 2010; Woyengo 

et al., 2010). 

 

2.3.4 Factors Affecting Canola Meal Quality During Processing  

The physical conditions during the processing of canola seed, mainly the temperature and 

moisture content have a significant impact on the subsequent meal produced (Newkirk, 2009). 

Amino acids, particularly lysine and methionine have been susceptible to damage during any 

stages of processing in which heat is applied to the meal including, drying, preconditioning, 

cooking, expelling, desolventization and toasting or drying/cooling (Hurrell, 1984). However, 
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during drying and preconditioning, only a minimal amount of heat is used, which is unlikely to 

cause protein denaturation. Hence, the stages of processing that are most likely to cause protein 

damage would be cooking, and desolventization and toasting (Newkirk, 2002). Myrosinase, an 

enzyme present in canola seeds, breaks down the glucosinolates into their toxic metabolites in the 

animal’s digestive tract which negatively impact growth performance. Deactivation of the 

myrosinase enzyme (30-70%) is attained during the cooking stage with minimum processing 

temperatures (Newkirk, 2009). Moreover, the rise in temperature while cooking should be done 

rapidly since the hydrolysis of glucosinolates will advance with increasing temperature until the 

enzyme is deactivated, and a slow rate of heating would support a higher level of glucosinolate 

hydrolysis. However, with higher temperatures and for longer durations, protein quality of the 

meal is reduced. The moisture content of the canola seeds during processing is another factor that 

influences meal quality. With moisture contents above 10%, hydrolyze the glucosinolates occur 

rapidly and if below 6%, the rate of inactivation of the enzyme myrosinase slows down (Newkrik, 

2009) and thus the moisture content is maintained between 6–10% during processing of canola 

seeds.  

 

Apart from temperature and moisture, protein in the canola cake are susceptible to 

degradation by several reactions during processing, the major being the Maillard reaction, 

(Newkrik, 2002). The Maillard reaction is a chemical reaction between AA and reducing sugars 

which results in the formation of brown pigments and several aromas while processing of proteins 

(Hurrell, 1984; Gerrard, 2002). The temperature primarily controls the rate of Maillard reactions, 

with slower reaction rates at room temperature, which increases exponentially with rising 

temperatures and occur commonly during the drying stage when the temperatures are over 100°C 
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(Adrian, 1974). Yet another factor that influences the rate of the Maillard reactions is the pH 

wherein, alkaline pH promotes Maillard reactions and acidic pH is inhibitory. However, Maillard 

reactions have shown to occur when the pH is above 3 (Adrian, 1974). The rate of Maillard 

reactions also varies with the moisture content in the cake. Maillard reaction products have shown 

to increase with increasing moisture levels, yet high levels of moisture inhibit the reaction 

(Newkrik, 2002). Consequently, the introduction of moisture during processing of canola seeds 

could enhance the production of Maillard reactions products which in turn affect the content and 

availability of AA in the meal (Newkrik, 2002; De Almeida, 2013). 

 

2.4 CHEMICAL COMPOSITION OF CANOLA MEAL 

In Canada, CM is a less expensive protein source for monogastric animals, but the presence 

of high dietary fiber has limited its use as a sole protein source. Nutrient composition in CM is 

determined by various factors namely the variety, environmental conditions during crop 

development, harvest conditions, and processing of the seed and meal (Barthet and Daun, 2011; 

Messerschmidt et al., 2014; Eklund et al., 2015). Yellow-seeded canola varieties have a higher 

concentration of protein and oil, and less fiber when compared to meal produced from black-

seeded varieties (Slominski et al., 1994; Slominski et al., 2012; Trindade Neto et al., 2012). 

Likewise, CM from the solvent extraction technique has a higher concentration of protein and AA, 

and less concentration of oil when compared to expeller pressed CM (Sauvant et al., 2004; Spragg 

and Mailer, 2007; Newkirk, 2009; Seneviratne et al., 2010). The effect of excessive heat and 

moisture applied during processing and its effect on meal quality have been discussed in the 

previous sections. The basic nutrient composition of solvent extracted CM include protein, dietary 
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fiber, and fat, along with some anti-nutritive factors like glucosinolates, tannins, sinapine and 

phytic acid. 

 

2.4.1 Protein and Amino Acids 

Canola meal is a rich source of protein with a protein content varying between 40 and 44% 

(dry matter basis). The average protein and AA compositions of CM samples used in several 

previous studies in comparison to soybean meal are presented in Table 2.2. Compared to soybean 

meal, CM has a lower CP, however, with a balanced AA profile (Canola Council of Canada, 2015). 

Though limiting in lysine, CM is an excellent source of sulfur-containing AA (Woyengo et al., 

2010; Li et al., 2015; Ivanova et al., 2016). Canola meal has a rather high concentration of 

methionine, cysteine, and threonine, but low levels of lysine and tryptophan when compared to 

soybean meal (Newkirk, 2009; Khajali and Slominski, 2012). Apart from different factors like the 

variety, environmental conditions, harvest conditions, and meal processing as discussed earlier, 

protein quality in CM could also vary between different crushing plants (Li et al., 2015, Adewole 

et al., 2016; Wang et al., 2017). In a study by Adewole et al. (2016) significant variation in 

arginine, lysine, methionine, and threonine concentration of CM was reported from different 

processing plants across Canada. Moreover, pelleting has been shown to reduce the digestible AA 

content of the meal (Adewole et al., 2017), probably due to the Maillard reaction products formed 

during the pelleting process. 
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Table 2.2 Chemical composition of canola meal (CM) compared to soybean meal, % dry matter 

Item 
Solvent extracted CM (black-

seeded) 

Solvent extracted 

soybean meal 

CP 40.78 50.67 

EE 3.67 1.44 

GE, MJ/kg 20.67 22.33 

Starch 2.78 0.78 

Total fiber 35.22 24.22 

NSP 20.00 19.78 

NDF 28.22 13.33 

ADF 18.00 8.33 

Indispensable AA 
  

Arginine 2.52 4.20 

Histidine 1.31 1.46 

Isoleucine 1.43 2.62 

Leucine 2.86 4.30 

Lysine 2.30 3.46 

Methionine 0.78 0.72 

Phenylalanine 1.68 2.88 

Threonine 1.73 2.13 

Tryptophan 0.62 0.76 

Valine 1.87 2.76 

Dispensable AA 
  

Alanine 1.92 2.40 

Aspartic acid 3.03 6.46 

Cysteine 0.97 0.88 

Glycine 1.97 2.37 

Glutamic acid 7.32 10.20 

Proline 3.14 3.16 

Serine 2.02 2.69 

Tyrosine 1.08 2.20 

Ca 0.72 0.33 

P 1.33 0.78 

Mg 0.67 0.33 

Na 0.09 0.11 

K 1.43 2.22 

Vitamins, mg/kg 
  

Biotin 1.11 0.33 

Folic acid 2.56 1.44 

Niacin 188.33 32.22 

Pantothenic acid 10.56 17.78 

Riboflavin 4.11 3.22 

Thiamine 5.78 5.00 

Adapted from Khajali and Slominski, 2012; Mejicanos et al., 2016 
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2.4.2 Fiber 

Canola meal has relatively high fiber content mainly because of the hulls in the seeds 

remain with the meal (Newkirk, 2009; Barthet and Daun, 2011) and is one of the major factors 

that limit the use of CM as a primary protein source in diets for swine and poultry. In comparison 

to soybean meal, the NDF contents in CM is over 2 times higher (Adewole et al., 2016; Wang et 

al., 2017). Post-processing of canola seeds, the hull constitutes about 30% of the meal weight and 

is the major source for non-starch polysaccharides (NSP) and lignin (Slominski et al., 2012). The 

fiber component comprises of NSP, lignin and associated polyphenols, cell wall glycoproteins and 

minerals bound to fiber components (Simbaya, 1996; Jia et al., 2012). Based on solubility in water, 

dietary fibers are also grouped into water-soluble and insoluble. In CM, about 91.0% of the dietary 

fiber is water-insoluble, and around 9.0% is water-soluble (Wickramasuriya et al., 2015). Soluble 

fiber may increase digesta viscosity and prevent contact with endogenous enzymes thereby 

reducing nutrient digestibility (Jha and Berrocoso, 2015). Non-soluble fiber can accelerate digesta 

passage rate thereby resulting in reduced time for digestion and thus reducing nutrient utilization 

(Khajali and Slominski, 2012). 

 

2.4.3 Fat 

The residual oil in CM varies according to the processing techniques, with expeller press 

CM having a higher oil content compared to the solvent-extracted meal. The fat content of solvent 

extracted CM have shown to vary between 1.8 to 5.5 % (dry matter basis; Adewole et al., 2016). 

The higher efficiency of the solvent extraction technique results in the production of CM with 

more consistent oil content (Spragg and Mailer, 2007). However, the practice of adding back gums 
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and soapstocks from the refined oil back to the finished meal in certain processing plants results 

in higher oil content in the meal. Gums and soapstocks are the portion of phospholipid materials 

in crude canola oil which are removed while processing and are sometimes added back to the meal 

at the level of 0.5-2.0% with an intention to reduce the dustiness of the meal, increases the 

phospholipid content and the metabolizable energy content of the meal (Newkirk, 2009). 

 

2.4.5 Minerals and Vitamins 

The concentration of minerals in CM varies depending on the differences in soil 

concentration of minerals and seasonal variations (Bell and Keith, 1990; Mahan et al., 2005). 

Canola meal has higher concentrations of Ca, P, and Se ranging from 0.7 to 1.1%, 1.0 to 1.1%, 

and 1.1%, respectively, when compared to soybean meal (Bell, 1993; Newkirk, 2009; NRC, 2012). 

However, a majority of total P in CM is present as phytate-phosphorus and pigs are unable to 

digest phytate as they lack digestive enzymes that break it down and hence, the digestibility of P 

in CM fed to pigs is around 25-30% (Spragg and Mailer, 2007; Newkirk, 2009). Processing of 

canola has been shown to have no effect on the mineral concentration of the meal (Spragg and 

Mailer, 2007); however, the addition of soapstocks to the meal has been shown to affect the meal 

Na concentrations (Newkirk, 2009). Hardly any data exist on the vitamin concentration in CM, 

however, few studies have reported that CM contains high levels of biotin, choline, niacin, 

riboflavin, and thiamin, and low levels of folic acid and pantothenic acid when compared with 

soybean meal (Sauvant et al., 2004; Newkirk, 2009; NRC, 2012). 
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2.4.6 Anti-nutritional Factors 

Anti-nutritional factors are defined, are those biological compounds present in the 

feed/food that reduce nutrient utilization or feed intake, thereby contributing to impaired 

gastrointestinal and metabolic performance (Dunlop, 2004). Among the factors that affect the 

nutritive value of CM for pigs and poultry include the presence of certain anti-nutritional 

compounds such as the glucosinolates, phytic acid, sinapine, and tannins (Khajali and Slominski, 

2012). 

 

2.4.6.1 Glucosinolates 

Glucosinolates (alkyl aldoxime-O-sulphate esters with a β-D-thioglucopyranoside group) 

are a well-defined group of plant-produced sulfur-containing allelochemicals present in major oil- 

and protein-rich crops belonging to the plant order Capparales (Alexander et al., 2008; Khajali and 

Slominski, 2012). Glucosinolates are biologically inactive per se; however, they undergo 

hydrolysis either by myrosinase enzyme in the seed or by non-enzymatic factors such as heat and 

low pH (during meal processing), and hindgut microbial fermentation (Roland et al., 1996). 

Glucosinolate hydrolysis results in the production of a rage of undesirable products such as 

isothiocyanates, goitrin, nitriles, and thiocyanates, that interfere with the normal function of 

thyroid gland and negatively affect the performance in monogastric animals (McCurdy, 1990; 

Tripathi and Mishra, 2007; Khajali and Slominski, 2012). However, most of the myrosinase 

enzyme gets inactivated during various stages of solvent extraction technique, and moreover, the 

heat treatment during desolventizing and toasting process lowers the level of glucosinolates in the 

meal (Salunkhe et al., 1992; Jensen et al., 1995; Spragg and Mailer, 2007; Newkirk, 2009). The 

lack of desolventization process could be one of the probable reasons for a higher glucosinolates 
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content in expeller-pressed CM (Rahmani, 2017). Glucosinolates in canola are composed of two 

main types; aliphatic which comprise about 83% of the glucosinolates, and indole glucosinolates 

which account for the remaining 17% of glucosinolates in the meal (Adewole et al., 2016). 

Gluconapin, glucobrassicanapin, progoitrin, and napoleiferin are the major aliphatic glucosinolates 

present in CM of which progoitrin is bound to produce the anti-nutritional effect (Fendwick and 

Curtis, 1980; Simbaya, 1996). Among the CM varieties, those from B. juncea has a higher 

progoitrin content (10.1 μmol/g) when compared to the meal from B. napus (2.1 μmol/g; Mejicanos 

et al., 2016). In comparison to the parent rapeseed meal with a glucosinolate content of 110-150 

μmol/g (Bell, 1993), the new canola varieties are developed has very low levels (<10 μmol/g) of 

glucosinolates (Labalette et al., 2011; Mejicanos, 2015). A recent survey from crushing plants 

across Canada, reported very low levels of glucosinolates in CM, with an average level of 3.9 

μmol/g (Rogiewicz et al., 2012). The low glucosinolate content in current canola varieties was 

eventually attained through plant breeding techniques, thereby improving the meal quality (Weber 

et al., 2001; Newkirk, 2011).  

  

2.4.6.2 Phytic Acid 

Phytic acid [myo-inositol (1, 2, 3, 4, 5, 6-hexakis dihydrogen phosphate)] is the storage 

form of P found in plant-derived feedstuffs. The phytic acid molecule is comprised of a central 

ring of myo-inositol with six ester bonds to phosphate groups, and each phosphate group can form 

two ionic bonds with positively charged ions like minerals or proteins (Newkrik, 2002). When 

phytic acid is bound to a mineral, it is known as phytate. When in phytate form, phosphorus is not 

bioavailable to non-ruminants because they lack the digestive enzyme, phytase that is required to 

separate phosphate from the inositol in the phytate molecule. However, ruminants are readily able 
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to digest phytate because of the phytase produced by rumen microorganisms (Winter et al., 2015). 

Canola meal has a relatively high concentration of P; however, around 85% of total P is in phytate 

form (Spragg and Mailer, 2007; Newkirk, 2009), making it inaccessible to non-ruminants and 

hence, inorganic P sources need to be added in feeds to meet P requirements. Canola meal has an 

average phytic acid content of 0.64% (on dry matter basis, Newkrik, 2009; Khajali and Slominski, 

2012). Besides reducing P availability, phytate has shown to reduce the availability of other 

minerals such as Zn, Mg, and Ca as well as proteins (Cabahug et al., 1999). Phytic acid can also 

have a negative impact on animal performance by reducing nutrient digestibility by binding with 

nutrients or the digestive enzymes or both which consecutively result in increased endogenous 

loses of AA (Ravindran et al., 2000; Woyengo and Nyachoti, 2013). Phytic acid has shown to 

reduce energy digestibility, which could be attributed to reduction in energy-yielding substrates 

such as protein, starch and lipids, thereby reducing the energy available for growth (Nyachoti et 

al., 2018). Inclusion of exogenous phytase, an enzyme that catalyze the hydrolysis of phytic acid, 

is a common approach to improve the P digestibility and reduce P excretion in monogastric animals 

(Adeola and Cowieson, 2011, NRC, 2012, Nyachoti et al., 2018). 

 

2.4.6.3 Sinapine 

Sinapine is the choline ester of sinapic acid found in seeds of the cruciferous plants (Butler 

et al., 1982), and are responsible for the dark coloration, bitter taste, and astringency in CM 

(Kozlowska et al., 1990). Moreover, in laying hens sinapine present in CM can produce fishy taint 

in brown-shelled eggs (Butler et al., 1982), which is due to the presence of a compound known as 

trimethylamine in the egg yolk produced due to a genetic defect in Rhode Island Red breed of 

laying hens (Khajali and Slominski, 2012). Trimethylamine can be synthesized in the gut by 
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bacterial metabolism of its precursor, either sinapine or choline that are present in CM. However, 

CM has shown to contain around 1% sinapine, which is probably not high enough to produce a 

negative impact on animal performance (Newkrik, 2009). Besides, German researchers have been 

working on developing canola varieties with low sinapine and low-fiber content (Norddeutsche 

Pflanzenzucht H. G. Lembke KG, 2010). 

 

2.4.6.4 Tannins 

Tannins are phenolic compounds with a molecular weight ranging between 500 to 3,000 

Da and are present in CM at a concentration of 1.5–3.0% (Newkrik, 2009; Khajali and Slominski, 

2012). Tannins in canola are mainly concentrated in the hulls, with black-colored canola seeds 

having higher levels when compared to yellow-colored canola seeds (Durkee, 1971; Yapar and 

Clandinin, 1972). The amount of tannin in canola seeds are determined by the environmental 

growing conditions (Naczk et al., 1998). Tannins have shown to bind with protein and proteolytic 

enzymes in the gastrointestinal tract, thereby affecting the protein digestibility (Khajali and 

Slominski, 2012). Moreover, high tannin levels can cause astringency and bitter taste in CM 

(Simbaya, 1996). Supplementation with different levels of tannin-rich wood extract in young 

growing pigs, showed improved feed efficiency and a reduced proteolytic action by the gut 

microbes, indicating the beneficial effects of tannins, and not just anti-nutritive effects (Biagi et 

al., 2010). 

 

2.5 CANOLA MEAL AS A PROTEIN SOURCE IN SWINE DIETS  

Soybean meal has been used as a preferred protein source for livestock for an extended 

period of time. However, with the increasing cost of pig production, producers are looking for 
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alternative protein sources that are cost-effective. The use of less expensive protein source like 

CM is one of the ways to reduce the feed costs in livestock production. Moreover, its higher 

availability and a balanced AA profile (Spragg and Mailer, 2007), make CM a better substitute for 

soybean meal in swine diets. Although the meals from new varieties of canola are low in anti-

nutritional factors, the presence of high dietary fiber has constrained its usage as a major protein 

source in swine. However, the use of more accurate feed quality evaluation systems for energy and 

AA, which include formulating diets based on NE and standardized ileal digestible AA content 

could counteract any performance reduction associated with CM utilization (Zijlstra and Payne, 

2007). 

 

2.5.1 Energy Content of Canola Meal Fed to Pigs 

Canola meal is often considered to have a low digestibility of energy in swine, due to the 

high amount of fiber and a complex carbohydrate matrix (Newkrik, 2009, Mejicanos et al., 2016). 

The energy content of CM has been shown to differ between samples obtained from different 

processing plants due to the different oil extraction techniques being adopted, namely pre-press 

solvent extraction technique producing a meal with a lower amount of residual oil when compared 

to the meal from the expeller-press technique. A common practice in processing plants all over 

Canada is to add some oil refining products (1-2%) including gums and soapstocks back to the 

solvent-extracted meal, which increases the energy content of the meal since, the gums have been 

shown to contain around 50% of oil (McCuaig and Bell, 1981; Newkrik, 2009). The concentration 

of ME and NE in solvent extracted CM was reported to be 2,842 and 2,309 kcal/kg DM, 

respectively for growing pigs (Kim et al., 2018). Net energy values (2,102 and 2,341 kcal/kg for 

B. napus yellow and B. juncia yellow, respectively) reported in studies by Heo et al. (2014) were 
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also comparable to those reported by Kim et al. (2018) for growing pigs. The higher energy content 

for B. juncia could be due to the higher CP and starch content, and lower NDF content of B. juncea 

when compared to B. napus. However, expeller pressed CM has a higher NE value than solvent-

extracted CM (2,550 kcal /kg DM Seneviratne et al., 2010), mainly due to its higher residual oil 

content. 

 

2.5.2 Digestible Amino Acid Content of Canola Meal Fed to Pigs 

Amino acid digestibility in CM for pigs is influenced by various factors namely the source 

of the meal, the temperature during the seed processing, and the age of pigs. The protein and AA 

content of canola seeds have been shown to vary due to the differences in the growing conditions 

(Bell and Keith, 1991; Adewole et al., 2016). In a recent study, significant variation in the content 

of asparagine, glutamine, proline, alanine, cysteine, tyrosine, phenylalanine and lysine in canola 

seeds have been reported between different crushing plants across Canada (Rahmani, 2017). Even 

the digestibility of AA among CM samples from 6 processing plants in Canada were found to be 

different (Adewole et al., 2017). Adewole et al. (2017) observed a difference in apparent ileal 

digestibility (AID) of methionine, cysteine, threonine, valine, glycine, and serine, SID of 

methionine and cysteine, and standardized ileal digestible content of all AA among the CM 

sources. Similar variation among CM sources was also reported by Fan et al. (1996), who observed 

variations in AID of arginine, isoleucine, leucine, methionine, cysteine, valine and glutamic acid 

in CM produced in western Canada. This discrepancy in AA digestibility was correlated with the 

variation in tannin content, fiber content and source, and hull content among different sources of 

CM (Fan et al., 1996). Yet another reason for the variation in AA digestibility among CM could 

be associated with the heat treatment while meal processing (Khajali and Slominski, 2012). The 
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negative effect of the heat during desolventization and toasting process on AA digestibility has 

been reported in previous studies (Newkirk et al., 2003; Khajali and Slominski, 2012; Adewole et 

al., 2016). Excessive heating during canola processing could result in the formation of Maillard 

reaction products which are suggestive of protein damage and would lead to reduction in protein 

digestibility (Slominski, 1997; Almeida et al., 2014). The products of early Maillard reaction 

(hexose amino acids) cannot be completely digested by the pig, and hence reduce the digestibility 

of AA (Hurrell, 1984). The oil extraction techniques used to separate oil from canola seeds may 

also have an impact on the digestibility values of CM. Expeller extracted CM has a higher SID of 

nitrogen, arginine, isoleucine, leucine, phenylalanine, glutamic acid, and proline than the solvent 

extracted CM (Woyengo et al., 2010). The ability of a pig to digest protein or AA have also been 

shown to be influenced by the age, BW, and the feeding levels (Moughan, 1993; Stein et al., 1999). 

Likewise, sows have a higher digestibility coefficient for energy and nutrients, due to a larger 

digestive tract and a better ability to ferment fiber (Shi and Noblet 1993ab; Le Goff and Noblet 

2001). The SID of AA in CM fed to growing pigs from recent studies are summarized in Table 

2.3. In a recent study, wherein CM from different sources were used to determine its effect on 

growth performance in pigs showed that the difference in the meal quality had a significant impact 

on the pig performance (Wang et al., 2017). Hence for sustainable use of feed ingredients, it is 

crucial to use the precise digestibility values for AA in practical feed formulation (Li et al., 2015; 

Ravindran et al., 2017). 
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Table 2.3. Standardized ileal digestibility (%) of amino acids in solvent extracted canola meal fed 

to growing pigs 

Item 
Stein et 

al., 2001 

Woyengo 

et al., 

2010 

Gonzalez-

Vega and 

Stein, 2012 

Trindade 

Neto et 

al., 2012 

Sanjayan 

et al., 

2014 

Adewole 

et al., 

2016 

Indispensable AA, %       

Arginine 86.9 86.2 88.0 91.0 90.3 87.5 

Histidine 87.3 78.1 79.6 87.4 87.1 67.0 

Isoleucine 81.3 78.1 76.4 82.7 79.7 80.9 

Leucine 82.3 79.0 78.1 82.5 80.3 82.1 

Lysine 83.6 66.6 67.7 81.7 78.9 78.7 

Methionine 86.7 84.1 83.9 86.8 84.2 85.4 

Phenylalanine 82.6 90.4 78.0 77.0 70.8 83.3 

Threonine 78.5 72.1 70.5 78.8 77.1 75.0 

Tryptophan 88.7 NR 85.8 NR NR NR 

Valine 79.4 76.7 74.1 78.0 78.5 78.5 

Dispensable AA, %       

Alanine 80.0 76.3 75.9 82.3 78.2 80.5 

Aspartic acid 81.0 75.0 70.1 79.5 77.8 75.6 

Cysteine 81.5 79.3 73.0 83.9 79.8 69.2 

Glycine 77.5 82.2 75.8 79.0 76.5 79.3 

Glutamic acid 82.7 86.9 83.8 90.9 88.3 87.2 

Proline 97.7 101.9 115.0 84.6 NR 82.8 

Serine 81.1 76.7 72.0 86.1 80.7 77.2 

Tyrosine 81.9 96.3 75.7 78.0 78.7 80.1 

NR = Not reported 

  

2.5.3 Use of Canola Meal in Swine Diets 

2.5.3.1 Nursery Pigs 

The use of CM as a major protein source, especially in nursery pigs has been limited due 

to its high fiber content which has a negative impact on pig performance (Nyachoti et al., 2004). 

When given a choice, nursery pigs have been shown to consume soybean meal containing diets 

2.5 to 7.0 times more, when compared to CM-containing diets (Baidoo et al., 1986), which could 
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be probably because of the glucosinolates in CM. Glucosinolate breakdown products have been 

shown to have a negative impact on thyroid function in pigs (McKinnon and Bowland, 1977; 

Tripathi and Mishra, 2007). Moreover, voluntary feed intake could be affected because of reduced 

feed consumption as a result of reduced palatability (due to glucosinolates), bitter taste (due to 

sinapine), and astringent effect in the mouth (due to tannin; Mawson et al., 1994a; Tripathi and 

Mishra, 2007; Choi et al., 2015). Earlier studies in young weaned pigs have reported reduction in 

growth performance when fed diets containing CM (Baidoo et al., 1986, 1987; McIntosh et al., 

1986). However, newer varieties of CM with reduced fiber and low levels of anti-nutritive factors 

mainly glucosinolates have led to an increase in the usage of CM as a preferred protein source for 

pigs. Moreover, diets formulated based on NE values and standardized ileal digestible AA contents 

allow dietary inclusion of fibrous ingredients like CM at a higher level in pig diets without 

affecting performance (Zijlstra and Payne, 2007; Sanjayan et al., 2014). With diets formulated 

based on NE values and standardized ileal digestible AA contents, Seneviratne et al. (2011) 

reported that an inclusion of 15% solvent extracted CM in weaned pig diets did not affect the body 

weight gain. Similar results were observed with a higher inclusion level of 20% of solvent 

extracted CM in nursery pigs (Landero et al., 2011; Wang et al., 2017). Similarly, with up to 20% 

inclusion of expeller-pressed CM in nursery pig diets, no reduction in growth performance was 

reported (Landero et al., 2012). However, in both studies (Landero et al. 2011, 2012), increasing 

inclusion of CM (both solvent extracted and expeller-pressed) produced a linear reduction in total 

tract digestibility of energy and nutrients, which was mainly attributed to the increased fiber 

content in diets. Yet another study in weaned pigs in our lab reported that meals from both B. 

napus black and B. juncea yellow could be included at a level of 25% without compromising 

performance as long as the diets are formulated on NE content and standardized ileal digestible 
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AA basis (Sanjayan et al., 2014). In a recent study, it was observed that up to 30% inclusion of 

high protein CM or conventional solvent extracted CM in young weaned pig did not have any 

major impact on growth performance (Pedersen et al., 2016). 

 

2.5.3.2 Growing-finishing Pigs 

Increased fiber content in diets of finishing pigs can have a negative impact on carcass 

yield, since high dietary fiber increases the intestinal mass and thereby reducing lean yield, and 

also additional energy is needed to make up for lower nutrient availability (Pond et al., 1988; 

Pluske et al., 1998; Little et al., 2015). Moreover, glucosinolates in diets have been shown to cause 

enlargement of the thyroid gland in pigs, which in turn could result in muscle growth inhibition 

(Spencer, 1985; Busato et al., 1991; Mullan et al., 2000). Also growing pigs have shown to tolerate 

a total glucosinolates concentration of not more than 2 μmol/g of diet (Bell, 1993; Schone et al., 

2001). However, total glucosinolates content in newer canola varieties in Canada is found to be 

under 10.0 μmol/g (Newkirk et al., 2003; Khajali and Slominski, 2012; Mejicanos, 2015), which 

allows an increased dietary inclusion of CM in growing pigs. Previous studies in growing-finishing 

pigs have shown that pigs can tolerate up to 30% CM in diets without affecting its growth 

performance (Busboom et al., 1991; Mullan et al., 2000; King et al., 2001; McDonnell et al., 2010). 

However, one of the major factors influencing the inclusion rate of CM in diets for growing-

finishing pigs is the variation in the meal quality (Little et al., 2015). Roth-Maier et al. (2004) in 

their studies observed that growing pigs (up to 60 kg BW) could tolerate around 26% CM in diets 

without any negative impact on growth performance, however, in finishing pigs, an inclusion level 

of around 16% CM showed a significant reduction in performance. This reduction in performance 

was reported to be due to finishing pigs being more sensitive to glucosinolate content, even at 
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lower concentrations (Roth-Maier et al., 2004). Type of the meal used is yet another factor 

affecting the growth performance in pigs. In a study with increasing inclusion of expeller-pressed 

CM from 0 to 22.5% in growing-finishing pigs, resulted in a linear reduction in daily gain and feed 

intake (Seneviratne et al., 2010). 

 

2.5.3.3 Gestation and Lactation Sow Diets 

Energy and nutrient requirements in lactating sows are intended to maintain the body 

tissues, support milk production, along with maternal growth. When lactation diets fail to meet the 

energy and nutrient requirements, mobilization of body tissues take place to provide nutrients for 

milk production, mainly from fat stores (Wittemore, 1998). The excessive mobilization of fats and 

proteins often results in loss of BW, which can result in reproductive problems such as extended 

wean-to-estrus interval and smaller subsequent litter size (Boyd et al., 2002). There is a profound 

influence of gestation diets on lactation performance, since the nutrients supplied during gestation 

help to accommodate the deposition of the body reserves by laying down fat and protein tissue 

(Wittemore, 1998). Dietary protein concentrations have shown to influence the feed intake in sows. 

Mahan and Grifo (1975) observed a reduction in daily feed intake and consequent increase in sow 

BW loss during lactation with decreasing dietary protein levels. Similarly, the BW gain in piglets 

has shown to increase with an increasing dietary protein content (King et al., 1993; Yang et al., 

2000; Manjarin et al., 2012), which could be related to an increase in the protein content of milk 

(Guan et al., 2004; Laspiur et al., 2009). 

 

Canola meal with a balanced AA composition could be an exceptional protein source in 

sow diets with proper diet formulation. Early studies determining the effects of CM in sow diets 
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were carried out on varieties with high levels of glucosinolates, which resulted in delayed sexual 

maturity and reduced conception rates in gilts and sows (Manns and Bowland, 1963; Schuld and 

Bowland 1968; Marangos and Hill, 1977), reduced litter size and weight at birth (Manns and 

Bowland, 1963; Lee et al., 1985), and a high pre-weaning mortality (Schuld and Bowland 1968; 

Devilat and Skoknic´, 1971). Sows have shown to tolerate a daily intake of under 5 mmol of 

glucosinolate in gestation diets without affecting their reproductive performance, whereas the 

recommended glucosinolate content in lactation diets for sows is below 2 μmol/g (Quiniou et al., 

2012). However, with glucosinolate levels being relatively low in new cultivars of canola, the 

negative impact of glucosinolates on reproductive performance in sows should not be of major 

concern even with high inclusion levels of the meal. Moreover, feeding high fiber diets during 

pregnancy has shown to reduce aggressive behavior in sows mainly due to reduced hunger 

(Ramonet et al., 1999; Danielsen and Vestergaard, 2001). Still, the highest recommended inclusion 

level of CM in diets of lactating sows based on available literature was up to around 20% (Flipot 

and Dufour, 1977; King et al., 2001; Quiniou et al., 2012).  

 

2.5.4 Gap in Literature 

Over the years, CM has evolved into a better protein source for livestock, being cost 

effective and readily available. The high fiber content in CM in comparison to soybean meal has 

restricted its use as a major protein source in different stages of pig production. Previous studies 

have shown that with diets formulated on similar NE content and standardized ileal digestible AA 

values, the risks associated with high inclusion levels of CM in growing pig diets could be avoided 

(Sanjayan et al., 2014). However, there is inadequate data to support the use of CM as a sole protein 

source in diets of gestating and lactating sows, considering its impact on lowering the feed price 
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by completely replacing soybean meal. Moreover, the ileal digestibility coefficients of AA for 

several ingredients including CM has never been estimated for sows. Hence research involving 

sows depend on AA digestibility values determined in growing pigs. The capability of a sow to 

digest protein or AA might differ from that of growing pigs since factors like age, BW, and feeding 

level influence the utilization of dietary AA (Moughan, 1993; Stein et al., 2001). Hence the ileal 

digestibility of AA in CM for sows should differ from those determined in growing pigs. 
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CHAPTER 3 

HYPOTHESES AND OBJECTIVES 

The studies tested the following hypotheses: 

1. Optimal performance in lactating sows can be maintained while feeding diets containing a 

high inclusion level of CM if such diets are formulated on the basis of NE and standardized 

ileal digestible AA content. 

2. With a longer adaptation period, CM could be used as a sole protein source in lactating 

sow diets with no adverse effects on nutrient digestibility and that enzyme supplementation 

could improve nutrient digestibility in high CM diets. 

3. Standardized ileal digestibility of AA and STTD of P in CM in both gestating and lactating 

sows would differ from those published values for growing pigs. 

The overall objective was to determine the effect of high dietary CM inclusion in lactating sows. 

The specific objectives were: 

1. To determine the effects of increasing dietary CM inclusion on lactation performance, milk 

composition and nutrient digestibility of sows. 

2. To determine the effects of high CM inclusion from early gestation through to lactation on 

reproductive performance, milk composition, fecal bacterial profile and nutrient and 

energy digestibility of sows. 

3. To determine the SID of CP and AA and the standardized total tract digestibility of P in 

CM fed to gestating and lactating sows with or without a multi-enzyme complex. 
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CHAPTER 4 

MANUSCRIPT I 

EFFECT OF INCREASING DIETARY CANOLA MEAL INCLUSION ON LACTATION 

PERFORMANCE, MILK COMPOSITION AND NUTRIENT DIGESTIBILITY IN 

LACTATING SOWS  

 

4.1 ABSTRACT 

The aim was to determine the effects of increasing dietary canola meal (CM) in substitution for 

soybean meal in lactation sow diets. Forty-five sows with an average parity of 1.8 (SD = 0.83) 

were randomly assigned to 1 of 3 dietary treatments (n = 15) consisting of a corn-based control 

diet and two diets with 15 and 30% CM formulated by replacing soybean meal with CM. Diets 

were formulated to be similar in standardized ileal digestible AA content and NE value and to 

meet or exceed NRC (2012) nutrient recommendations for lactating sows. Sows were moved to 

farrowing crates on d 111 of gestation and fed the experimental diets until weaning on d 21. Sows 

were fed 3.0 kg/d from d 111 of gestation until parturition. After farrowing, feed was gradually 

increased through d 6 after which the diets were offered on an ad libitum basis until weaning. Sows 

were weighed and backfat thickness measured on d 111 of gestation and also on d 0, 7 and 21 post-

farrowing. Litters were weighed on d 0, 7 and 21. Weaning to estrus interval in sows was also 

recorded. Blood and milk samples were collected 2 h post-feeding from sows on d 0, 7 and 21 and 

analyzed for plasma urea nitrogen (PUN) and milk composition. Fecal samples were collected on 

d 10, 11 and 12 post-farrowing to determine energy and nutrient digestibility. There were no 

dietary effects on lactation feed intake, sow BW and backfat change, weaning to estrus interval 

and milk fat, protein, lactose, and urea composition. Also, there were no dietary effects on piglet 
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ADG (P > 0.10). Sows fed diets containing 15 and 30% CM had lower (linear, P < 0.05) PUN 

values compared with those fed the control diet on d 0, 7 and 21 post-farrowing. Apparent total 

tract digestibility (ATTD) of DM, CP and P were reduced linearly (P < 0.05) with increasing CM 

inclusion. In conclusion, up to 30% CM in lactation diet can support satisfactory sow and suckling 

piglet performance. 

Key words: Canola meal, digestibility, milk composition, performance, sows, suckling piglets. 

 

4.2 INTRODUCTION 

Solvent-extracted canola meal, the main co-product of the canola seed crushing industry 

and a commonly used supplemental protein source for swine, has a lower CP and AA content 

(Woyengo et al., 2014) and approximately three times the fiber content (Bell, 1993) when 

compared to soybean meal. In recent years, the development of canola meal (CM) with low 

glucosinolate content has increased its usage in swine diets, but the higher fiber content has shown 

to reduce energy and nutrient digestibility in pigs (González-Vega and Stein, 2012). Therefore, 

when feeding CM as a major protein source for swine, proper diet formulation needs to be 

considered (Newkirk, 2009). Formulating diets based on standardized ileal digestible AA content 

and NE value would reduce the risk associated with reductions in growth performance when 

feeding high fiber ingredients in swine diets (Zijlstra and Payne, 2007). 

 Studies have shown that inclusion of up to 25% CM in weaned pigs did not have a negative 

effect on growth performance when diets were formulated to contain equivalent NE value and 

standardized ileal digestible AA content (Sanjayan et al., 2014). Dietary inclusion of CM in 

concentrations of up to 20% in lactating sow diets did not have adverse effects on production 

performance (King et al., 2001). During lactation in sows, excessive mobilization from body 



37 
 

tissues can occur because of inadequate nutrient intake; which can have detrimental consequences 

on sow reproduction and piglet survivability (Mejia-Guadarrama et al., 2002). However, there has 

been little, if any, research conducted to evaluate the effects of feeding high levels of CM on 

lactating sow and piglet performance. Hence, it was hypothesized that optimal performance in 

lactating sows can be maintained when feeding diets containing high inclusion levels of CM if 

such diets are formulated on the basis of NE value and standardized ileal digestible AA content. 

Therefore, the objectives of this study were to determine the effects of increasing dietary CM 

inclusion on lactation performance, milk composition and nutrient digestibility of sows. 

 

4.3 MATERIALS AND METHODS 

The experimental procedures were reviewed and approved by the University of Manitoba 

Animal Care Committee and pigs were cared for according to the guidelines of the Canadian 

Council on Animal Care (CCAC, 2009). 

 

4.3.1 Animals, Housing and Diets 

The experiment was conducted at the Glenlea Swine Research Unit, University of 

Manitoba. Forty-five (Yorkshire × Landrace) sows with an average parity of 1.8 (SD = 0.83) and 

their litters were involved in a 26-d experiment. The study was conducted over 3 consecutive 

farrowing groups, farrowing every 3 wk with 15 sows per group and 5 sows per treatment per 

group. Within farrowing group, sows were allocated to treatment based on parity and backfat 

depth. On d 111 of gestation, sows were moved from gestation pens and housed individually in 

fully slatted farrowing crates (2.30 × 1.70 m) equipped with a sow feeder, and a nipple drinker. 

Farrowing rooms were mechanically ventilated, and the temperature was maintained at 
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approximately 18 to 20°C. For piglets, each crate had a heat lamp and mat (Innovative Heating 

Technologies Inc., MB, Canada). Piglets were weaned at 21 d of age. Cross-fostering of piglets 

within treatment groups was performed within 48-h post-farrowing to adjust litter size to 

approximately 12 piglets per sow.  

 

Experimental diets were formulated to contain similar standardized ileal digestible AA 

content and NE value and to meet or exceed NRC (2012) nutrient recommendations for lactating 

sows with an average post-farrowing BW of 210 kg, an expected average BW loss of 5.8 kg, and 

an expected piglet ADG of 230 g. The three experimental diets (Table 4.1) consisted of a corn-

based control diet and two diets with 15 and 30% CM formulated by replacing soybean meal with 

CM (Diet A, B and C, respectively). Diets contained titanium dioxide (TiO2) as an indigestible 

marker. 
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Table 4.1 Ingredient composition and analyzed nutrient content of experimental diets1 

 

1as fed basis. All diets were formulated to contain 2.51 Mcal/kg of NE with 0.78, 0.21, 0.49 and 

0.15% standardized ileal digestible lysine, methionine, threonine and tryptophan, respectively and 

0.68 and 0.60% Ca and total P, respectively. 
2Supplied the following per kg of finished feed: vitamin A, 6,058 IU; vitamin D, 805 IU; vitamin 

E, 66 IU; vitamin K, 6 mg; choline, 550 mg; pantothenic acid, 23 mg; riboflavin, 7 mg; folic acid, 

1.65 mg; niacin, 33 mg; thiamin, 1.01 mg; vitamin B6, 2.5 mg; biotin, 0.30 mg; vitamin B12, 0.04 

mg, Cu, 12 mg as copper sulfate; Zn, 122 mg as zinc oxide; Fe, 122 mg as ferrous sulfate; Mn, 15 

mg as manganese sulfate; I, 0.4 mg as potassium iodate; Se, 0.3 mg as sodium selenite. 

  

Items Dietary CM inclusion level, % 

0 15 30 

Ingredients, % of diet    

Corn 64.00 64.89 58.69 

Canola meal - 15.00 30.00 

Soybean meal, 46% CP 28.40 11.55 2.00 

Vegetable oil 4.50 5.10 5.90 

Limestone 0.85 1.10 1.32 

Monocalcium phosphate 0.90 0.70 0.39 

Iodized Salt 0.40 0.40 0.40 

Vitamin- mineral premix2 0.65 0.65 0.65 

L-Lysine - 0.28 0.31 

L-Tryptophan - 0.03 0.04 

Titanium dioxide 0.30 0.30 0.30 

Calculated composition    

NE, kcal/kg 2,532 2,532 2,530 

SID Lys, % 0.90 0.90 0.90 

SID Met, % 0.27 0.26 0.29 

SID Cys, % 0.29 0.28 0.31 

SID Thr, % 0.61 0.53 0.55 

SID Trp, % 0.20 0.18 0.18 

Ca, % 0.69 0.69 0.69 

Total P, % 0.61 0.60 0.60 

Analyzed composition    

CP, % 17.60 15.90 16.90 

Ca, % 0.63 0.70 0.72 

Total P, % 0.58 0.61 0.64 

NDF, % 4.90 7.05 9.89 

Total Glucosinolates, μmoles/g 0.00 1.32 2.82 
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4.3.2 Sow and Litter Performance 

On d 111 of gestation, sows were washed and moved into the farrowing crates. Sows were 

assigned randomly to 1 of 3 treatments to give 15 replicates per treatment based on parity and 

backfat depth according to a randomized complete block design. Sows were fed 3.0 kg/d from d 

111 of gestation until parturition. After farrowing, feed was gradually increased from 3.0 kg/d (by 

approximately 0.5 kg/d) through d 6 after which the diets were offered on an ad libitum basis until 

weaning on d 21. Sows were fed twice daily at 0700 and 1400 h such that they had ad libitum 

access to feed and water. The quantity of feed provided and feed refusal per sow were recorded 

daily. 

Sow BW and backfat depth were measured and recorded on d 111 of gestation, after farrowing (d 

0), d 7 post-farrowing and at weaning (d 21). Backfat thickness was measured using an A-mode 

ultrasonic device (Renco Lean-Meater series 12, Renco corporation, Minneapolis, MN) at the 10th 

rib and 6 cm off the midline. Values from the two measurements from both sides of the mid-line 

were averaged to obtain a single backfat measurement, according to the report of Wang et al. 

(2008). Total number born alive, stillborn, mummies and weaned piglets per sow were recorded 

and piglets were weighed on d 0, 7 and 21 to calculate ADG. Detection of estrus in sows was 

conducted post-farrowing to determine weaning to estrus interval. A sow was considered to be in 

estrus if the animal exhibited a standing response induced by a back pressure test when fence-line 

boar exposure is provided (Hossain et al., 2015). Sows were checked for estrus once a day using a 

3 yr old boar.  
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4.3.3 Blood Collection and Analysis 

  Blood samples (5 mL) were collected from each sow via venipuncture of jugular vein into 

vacutainer tubes with heparin, 2 h after the morning feed on d 0, 7 and 21. Sows were restrained 

using a metallic snout snare around the upper jaw, caudal to the canines. Blood samples were 

centrifuged at 3,000 × g for 15 min at 4°C and plasma was pipetted into plastic screw-cap vials 

and frozen at −20°C until analyzed for plasma urea nitrogen (PUN) concentration. Plasma samples 

were thawed and then analyzed for PUN using a Nova Stat Profile M blood gas and electrolyte 

analyzer (Nova Biomedical Corporation, Waltham, MA) as described by Jayaraman et al. (2015). 

 

4.3.4 Milk Collection and Analysis 

Colostrum on d 0 and milk samples on d 7 and 21 post-farrowing were collected soon after 

blood collection. To stimulate milk release, sows were administered an i.m. injection of 20 USP 

oxytocin (Rafter 8 products Inc., Calgary, AB, Canada) before collection. Milk samples from all 

the teats were collected manually and frozen at −20°C for analysis of fat, protein, lactose and urea 

content by Fourier transform infrared spectroscopy using CombiFoss 6000 (Foss Electric, 

Denmark) at Horizon Lab Ltd. (Winnipeg, MB, Canada). 

 

4.3.4 Fecal Collection and Analysis 

Fecal samples from all sows were collected once on d 10, 11 and 12 post-farrowing by grab 

sampling via rectal palpation. Feed and fecal samples were stored at −20°C until required for 

analysis. Fecal samples were thawed and oven dried at 50°C over a 5-d period and pooled within 

sow. Dried feces and experimental diets were ground to pass through a 1 mm screen before 

chemical analysis. Dry matter content was determined according to the AOAC (1990; method 
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925.09) by oven drying 5 g of sample at 102°C overnight. Gross energy was measured using an 

adiabatic bomb calorimeter (model 6400, Parr Instrument, Moline, IL) which was calibrated using 

benzoic acid as a standard. Nitrogen content was determined using the combustion method 

(method 990.03; AOAC, 1990) using the LECO N analyzer (model CNS-2000; LECO Corp., St. 

Joseph, MI) and CP was calculated as nitrogen x 6.25. Neutral detergent fiber was analyzed 

according to the method of Van Soest et al. (1991) using the Ankom 200 Fiber Analyzer (Ankom 

Technology, Fairport, NY). Samples for analysis of Ca and P were ashed for 12 h and digested 

according to AOAC (2005; method 985.01) and read on a Varian inductively coupled plasma mass 

spectrometer (Varian Inc, Palo Alto, CA). Titanium content was determined according to the 

procedures described by Lomer et al. (2000) and read on an inductively coupled plasma mass 

spectrometer (Varian Inc., Palo Alto, CA). Glucosinolates in the diets were determined according 

to the procedures described by Niu et al. (2015). Apparent total tract digestibility (ATTD) 

coefficients were calculated using the following equation: Apparent nutrient digestibility (%) = 

100 − {[(Nd/Nf) × (Tif/Tid)] × 100}, Where Nd = nutrient concentration in feces (mg/kg DM), Nf = 

nutrient concentration in feed (mg/kg DM), Tif = TiO2 concentration in feed (mg/kg DM), Tid = 

TiO2 concentration feces (mg/kg DM). 

 

4.3.5 Statistical Analysis 

Data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) for a 

randomized complete block design. The individual sow was considered as the experimental unit. 

Models included the treatment as a fixed effect and block (farrowing group) as the random effect. 

Milk composition and PUN data collected repetitively were treated as repeated measures. Sow BW 

and backfat depth for d 0 was included in the model as a covariate to test their effects on response 
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variables. Orthogonal polynomial contrasts were used to determine linear and quadratic effects of 

increasing dietary inclusion levels of CM. Differences were considered significant when P ≤ 0.05, 

and trends were noted when 0.05 < P < 0.10.  

 

4.4 RESULTS 

 Dietary treatments had no effect on sow BW loss, sow backfat change and ADFI during 

lactation (Table 4.2). Moreover, no significant difference in weaning to estrus interval was 

observed with increasing CM inclusion. There also was no difference in litter size at weaning, 

piglet BW at birth and weaning and piglet ADG among treatments (Table 4.3).  

 The composition of sow colostrum and milk are shown in Table 4.4. No differences were 

observed in fat, protein, lactose or milk urea N among the sows fed increasing levels of CM in 

diets. The PUN concentrations in sows fed diets containing CM were lesser (linear, P < 0.05) when 

compared with sows fed control diet (Table 4.4). 

The ATTD of energy and nutrients are presented in Table 4.5. The ATTD of DM, GE, CP and P 

showed a linear (P < 0.05) reduction with increasing CM inclusion in diets. However, ATTD of 

Ca and NDF were similar among treatments.  
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Table 4.2 Effect of increasing dietary canola meal (CM) inclusion on lactation performance in 

sows1 

1A total of 45 sows (n=15) and their litters were used. 
2 Quadratic effects were not significant and hence their P-values were omitted from the tables. 

  

Items 
Dietary CM inclusion level, % 

SEM 
P value2 

0 15 30 Linear 

Parity 1.7 2.1 1.8 0.25 0.876 

Sow BW, kg 

d 111 of gestation 283.1 282.5 268.9 8.46 0.174 

d 0  260.9 260.6 248.1 8.17 0.211 

d 7  259.3 258.7 247.9 8.45 0.298 

d 21 (weaning) 255.4 253.9 242.3 8.04 0.163 

BW loss (d 0-d 21) 5.5 6.8 5.8 0.79 0.110 

ADFI, kg/d/sow 

Lactation  7.4 7.2 7.6 0.36 0.813 

Backfat thickness, mm 

d 111 of gestation 19.6 19.9 19.1 0.59 0.559 

d 0 19.5 19.6 19.0 0.60 0.623 

d 7 19.9 19.6 18.8 0.65 0.173 

d 21 (weaning) 17.1 17.2 16.5 0.57 0.272 

Backfat change (d 21-d 0) -2.3 -2.5 -2.6 0.58 0.661 

Wean-to-estrus interval, d 4.4 4.7 4.5 0.29 0.162 
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Table 4.3 Effect of increasing dietary canola meal (CM) inclusion on suckling piglet performance 

1Quadratic effects were not significant and hence their P-values were omitted from the tables. 

  

Items 
Dietary CM inclusion level, % 

SEM 
P value1 

0 15 30 Linear 

Litter, no.        

Piglets farrowed 16.0 15.1 15.6 1.05 0.702 

Piglets born live 13.9 14.2 14.1 0.92 0.917 

Piglets weaned 10.8 10.3 10.4 0.64 0.396 

Piglet BW, kg/piglet        

d 0 1.46 1.50 1.44 0.05 0.873 

d 7 2.86 2.99 2.97 0.14 0.695 

d 21 6.6 6.7 6.6 0.25 0.862 

ADG, g/d/piglet        

d 0 to d 7 202 219 216 13.2 0.616 

d 7 to d 21 264 262 258 13.8 0.667 

Overall (d 0 to 21) 243 247 244 11.9 0.899 
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Table 4.4 Effect of increasing dietary canola meal (CM) inclusion on milk composition and plasma 

urea nitrogen in lactating sows1 

Items 
Dietary CM inclusion level, % 

SEM 
P value2 

0 15 30 Linear 

Milk fat, %        

      d 0 5.4 6.4 6.4 0.68 0.292 

      d 7 7.9 8.7 9.0 0.72 0.108 

      d 21 7.5 7.4 8.2 0.62 0.211 

Milk CP, %        

      d 0 9.7 9.0 8.6 0.67 0.133 

      d 7 5.2 5.3 5.1 0.21 0.659 

      d 21 4.9 5.1 4.9 0.15 0.743 

Milk lactose oligosaccharide, %     

      d 0 4.7 4.7 4.9 0.18 0.294 

      d 7 6.4 6.2 6.0 0.32 0.285 

      d 21 6.4 6.2 6.5 0.24 0.693 

Milk urea N, mg/dL        

      d 0 49.6 50.2 51.9 2.25 0.471 

      d 7 57.2 52.1 53.2 2.90 0.271 

      d 21 55.6 50.1 52.5 3.25 0.146 

Plasma urea N, mmol/L      

      d 0 3.7 3.1 3.2 0.19 0.019 

      d 7 5.1 4.2 4.1 0.20 0.005 

      d 21 5.3 4.3 4.4 0.20 0.004 
1A total of 45 sows (n=15) and their litters were used. 
2Quadratic effects were not significant and hence their P-values were omitted from the tables. 

 

  



47 
 

Table 4.5 Effect of increasing dietary canola meal (CM) inclusion on apparent total tract 

digestibility of nutrients and energy in lactating sows 1 

1A total of 45 sows (n=15) and their litters were used. 
2Quadratic effects were not significant and hence their P-values were omitted from the tables. 

 

 

  

Items 
Dietary CM inclusion level, % 

SEM 
P value2 

0 15 30 Linear 

DM, % 88.4 85.3 82.2 0.34 < 0.001 

GE, % 89.2 86.4 83.8 0.28 < 0.001 

CP, % 91.0 87.0 84.4 0.38 < 0.001 

Ca, % 30.8 29.2 30.0 1.12 0.756 

P, % 42.6 38.5 35.5 1.62 0.001 

NDF, % 32.6 27.7 31.2 2.91 0.159 
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4.5 DISCUSSION 

4.5.1 Sow and Litter Performance 

The breeding of canola has resulted in cultivars with low concentrations of anti-nutritional 

factors (mainly glucosinolates), making it a conventional feedstuff for swine. Solvent-extracted 

CM, though a commonly used supplemental protein source for swine, only limited information is 

available on its feeding value in lactating sows. Performance data from the current study indicated 

that, CM could be well incorporated as a major protein source in lactating sow diets. Previous 

studies have shown that feeding CM-containing diets to pigs reduce growth performance (Baidoo 

et al., 1986, 1987; McIntosh et al., 1986). This could be because the diets in the above studies were 

formulated based on CP content and DE value, and the energy values of diets rich in protein or 

fiber are overestimated when expressed on DE basis (Velayudhan et al., 2015). Hence, NE system 

enables more effective utilization of high fiber ingredients like CM without affecting the animal 

performance. Results from the present study are in agreement with the contemporary research 

where in, it was observed that 15 to 25% CM could be included in weaned pig diets without any 

negative effects on growth performance (Landero et al., 2011; Seneviratne et al., 2011; Sanjayan 

et al., 2014; Parr et al., 2015). In sows, inclusion of 10% rapeseed meal in gestation and lactation 

diets had no deleterious effect on sow reproductive and suckling piglet performance (Flipot and 

Dufour, 1977; Quiniou et al., 2012). Quiniou et al. (2012) also observed no effect on ADFI in sows 

fed CM when such diets were formulated on similar NE values. Moreover, solvent-extracted CM 

when included at 202 g/kg in lactating sow diets had no adverse affect on sow performance (King 

et al., 2001). In the present study, the inclusion was further increased to 30%, replacing soybean 

meal. 
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Anti-nutritional factors in CM such as glucosinolates and fiber limit its utilization in swine diet 

(Schöne et al., 2001) even though the meal has a balanced AA profile (Khajali and Slominski, 

2012). Growing pigs tolerate dietary glucosinolates levels between 2.0-2.5 μmol/g (Bell, 1993; 

Schöne et al., 1997; Roth-Maier et al., 2004). Parr et al. (2015) have observed a linear reduction 

in ADFI in weaned pigs fed diets containing increasing levels of CM, which could be attributed to 

increase in dietary glucosinolates. Sows can tolerate a maximum level of 4 μmol/g of total 

glucosinolates in diets, above which their reproductive performance is impaired (Mawson et al., 

1994b). However, for lactating sows to avoid reduction in ADFI, a few studies have recommended 

to maintain the dietary glucosinolates concentration below 2 μmol/g (Spratt and Leeson, 1985; 

Schöne et al., 1999; Quiniou et al., 2012). With traditional plant breeding techniques, there has 

been a substantial reduction in the levels of glucosinolates (< 10 μmol/g) in CM (Khajali and 

Slominski, 2012). The CM used in the present experiment contained relatively low levels (7.9 

μmol/g) of glucosinolates (Rogiewicz et al., 2014), which means the CM diets contained even 

lower (1.32 and 2.82 μmol/g for diets with 15 and 30% CM, respectively) contents of this anti-

nutritional factor. Therefore, the lack of difference in ADFI between treatments in the current study 

could be due to the fact that lactating sows can tolerate a greater level (2.82 μmol/g for diets C) of 

glucosinolates in diets, which is in contrast with the previous studies. 

 

4.5.2 Milk Composition and PUN 

Nutrients absorbed during lactation in sows are primarily utilized by the mammary glands 

(Bauman and Currie, 1980); around 70% of the total energy requirement and 90% of the absorbed 

AA are used for milk production and mammary gland development (Boyd and Kensinger, 1998). 

When nutrient intake does not meet nutrient requirements, predominantly protein and energy, 
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protein from body tissues are mobilized to meet milk production needs (King, 1998). Furthermore, 

excessive mobilization of body tissues, mainly protein can result in post-weaning anestrus in sows 

(Jones and Stahly, 1999; Vinsky et al., 2006). Milk production in sows are relatively unaffected 

by marginal deficiencies in dietary protein and energy (De Bettio et al., 2016). In the present study, 

sows fed diets including CM had similar milk composition when compared to control probably 

because the diets were formulated to contain similar standardized ileal digestible AA contents. 

Average daily weight gain of piglets is positively correlated with the quantity and quality of milk 

produced by the sow, even though there are several factors associated with piglet weight gain 

(Skok et al., 2007). In the present study, the one reason for similar ADG of piglets could be due to 

no difference in the sow milk composition. 

 

Urea is the main nitrogenous end product derived from catabolism of dietary protein not 

utilized by the body or from tissue protein turnover. Plasma urea N concentration in pigs has a 

weak but direct relationship with the dietary protein content and is inversely related to protein 

quality or the biological value of the protein (Eggum, 1970; Orok and Bowland, 1975; Bassily et 

al., 1982). However, PUN levels can also be influenced by factors apart from protein utilization 

(Cai, 1992). The nature of the dietary protein is much more important in determining the blood 

urea levels when compared to the amount of protein consumed (Makdani et al., 1988). Canola 

meal has a well-balanced AA profile and a high biological value when compared to soybean meal 

(Newkirk and Classen, 2002; Ghodsvali et al., 2005). This could be the probable reason for lower 

PUN values observed in the present study in sows fed CM when compared to those fed diets 

containing soybean meal. 
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4.5.3 Energy and Nutrient Digestibility 

There has been an ongoing interest in considering the inclusion of CM as a major protein 

source for swine. In a cost-effective manner, soybean meal can be replaced with the conventional 

CM in diets for growing-finishing pigs (Woyengo et al., 2014). Sow and litter performance from 

the present study also indicate that CM could be used as a major protein source in lactating sows. 

On the contrary, the linear reductions in energy and nutrient digestibility values with increasing 

inclusion of CM could be likely attributed to increasing dietary fiber content. Though the 

increasing fiber content did not affect any of the growth indices in the present study, the lower 

nutrient digestibility coefficients were consistent with previous research in growing pigs fed diets 

containing higher inclusion levels of CM (Landero et al., 2011, 2012; Sanjayan et al., 2014). 

Furthermore, in the current study, a higher dietary inclusion of CM was restricted to lactation, 

which is a relatively short period in the sow reproductive cycle. Hence, there is a need for further 

investigation with long term feeding of higher levels of CM in diets from early gestation to 

lactation to determine the mechanisms underlying the nutrient digestibility depressing effects of 

CM in sows. 

 

4.6 CONCLUSION 

Results from the research showed no difference in sow and litter performance when 

soybean meal was replaced with increasing levels of CM in lactation diets. However, energy and 

nutrient digestibilities were reduced with increasing dietary CM inclusion, probably due to 

increased fiber content. Result indicates that inclusion of up to 30% CM in lactation diet can 

support satisfactory sow and suckling piglet performance. 
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CHAPTER 5 

MANUSCRIPT II 

EFFECT OF CANOLA MEAL INCLUSION AS A MAJOR PROTEIN SOURCE IN 

GESTATION AND LACTATION SOW DIETS WITH OR WITHOUT ENZYMES ON 

REPRODUCTIVE PERFORMANCE, MILK COMPOSITION, FECAL BACTERIAL 

PROFILE AND NUTRIENT DIGESTIBILITY 

 

5.1 ABSTRACT 

The goal of this research was to determine the effects of high canola meal (CM) inclusion in 

gestation and lactation diets on reproductive performance, milk composition, fecal bacterial profile 

and nutrient and energy digestibility of sows. Forty-five sows were randomly assigned to 1 of 3 

dietary treatments consisting of a corn-soybean meal control diet, control diet containing 30% 

solvent-extracted CM with or without multi-enzyme complex (MEC). Sows were individually 

housed and offered the experimental diets from d 60 of gestation until weaning on d 21. Sows were 

weighed and backfat thickness measured on d 60 and 111 of gestation, and on d 0 and 21 post-

farrowing. Litters were weighed on d 0 and 21. Weaning to estrus interval in sows was recorded. 

Blood and milk samples were collected 2 h post-feeding from sows on d 0 and 21 to determine the 

plasma urea nitrogen (PUN) content and milk composition. Fecal samples were collected from 

sows during lactation to determine energy and nutrient digestibility, and during gestation and 

lactation to determine the fecal bacterial profile. There were no dietary effects on lactation feed 

intake, sow backfat loss, weaning to estrus interval and milk fat, protein and lactose composition, 

and suckling piglet performance except for sow body weight (BW) loss during lactation, wherein 

sows fed CM-containing diets with MC had lower (P < 0.05) BW loss than those fed the control 



53 
 

diet. Sows fed diets containing CM (with and without MEC) had lower (P < 0.05) PUN values 

compared with those fed the control diet on d 21 post-farrowing. Apparent total tract digestibility 

(ATTD) of energy and nutrients showed no dietary effect except for ATTD of phosphorus (P), 

wherein sows fed CM-containing diets with MEC showed higher (P < 0.05) P digestibility 

compared to those fed CM-containing diets without MEC. Sows fed CM-containing diets with or 

without MEC had greater (P < 0.05) abundances of Lactobacillus and Enterococcus and lower (P 

< 0.05) abundances of Firmicutes when compared to those fed the control diet on d 90 of gestation. 

In conclusion, inclusion of up to 30% CM in gestation and lactation diet can support satisfactory 

sow and suckling piglet performance without affecting energy and nutrient digestibility, along with 

an increase in the abundance of gut lactic acid bacteria in sows. Moreover, enzyme 

supplementation reduced the sow BW loss and improved P digestibility in CM diets. 

Key words: Canola meal, digestibility, milk composition, performance, sows, suckling piglets. 

 

5.2 INTRODUCTION  

Canola meal (CM) has become a widely used supplemental protein source for all phases of 

growth in swine. In comparison to soybean meal, CM contains a lower content of crude protein 

(CP) and amino acids (AA), with nearly three times the fiber content (Velayudhan and Nyachoti, 

2017). Though recent varieties of CM are low in glucosinolate content, the presence of high dietary 

fiber has restricted its usage as a major protein source in swine (Sanjayan, 2013). However, 

formulating diets based on net energy (NE) value and standardized ileal digestible AA content has 

been shown to maintain optimal performance in pigs when fed fibrous ingredients (Agyekum et 

al., 2014; Sanjayan et al., 2014).  
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Lactation in sow is a catabolic phase, wherein lipid and protein catabolism occur from the body 

tissue to furnish the shortfall of nutrients for milk synthesis (Kim et al., 2013; Rosero et al., 2016). 

Henceforth, nutrients supplied during gestation must replenish the body reserves of the sow to 

meet the lactation requirements (Whittemore, 1998). Moreover, proper nutritional management is 

important in sows during gestation to maximize the number of piglets per sow per year, sow 

longevity, milk production and immunity among the herd heads (Hossain et al., 2015). Utilizing 

CM as a sole protein source in sow diets has not been studied. Available literature suggests an 

inclusion of 10-20% CM in gestation and lactation diets without affecting sow and litter 

performance (King et al., 2001; Clowes et al., 2003; Quiniou et al., 2012). Indeed, as reported in 

chapter 4, the inclusion of up to 30% CM in lactation sow diets formulated to be similar in 

standardized ileal digestible AA content and NE value was shown to support adequate sow and 

suckling piglet performance although energy and nutrient digestibility were reduced. Since, pigs 

have shown to adapt better with a longer period of feeding of fibrous diets (Varel, 1987; Agyekum 

and Nyachoti, 2017), it was hypothesized that with a longer adaptation period, CM could be used 

as a major protein source in sow diets without any negative effects on nutrient digestibility. 

However, there has been little, if any, research conducted to evaluate the effects of feeding high 

levels of CM during gestation, on lactating sow and piglet performance. Thus, it was hypothesized 

that optimal performance in lactating sows and suckling piglets could be maintained by feeding 

diets containing high inclusion levels of CM formulated on the basis of NE value and standardized 

ileal digestible AA content from early gestation through to lactation. Also, enzyme 

supplementation to diets containing high inclusion of CM could improve the energy and nutrient 

digestibility. Therefore, the objectives of this study were to determine the effects of a high dietary 

CM inclusion with or without a multi-enzyme complex (MEC) from early gestation through to 
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lactation on lactation performance, milk composition, potential gut health benefits and nutrient 

digestibility of sows and suckling piglet performance. 

 

5.3 MATERIALS AND METHODS  

The experimental procedures were reviewed and approved by the University of Manitoba 

Animal Care Committee, and sows and piglets were cared for according to the guidelines of the 

Canadian Council on Animal Care (CCAC, 2009). 

 

5.3.1 Animals, Housing, and Diets 

The experiment was conducted at the Glenlea Swine Research Unit, University of 

Manitoba. Forty-five (Yorkshire × Landrace) sows with an average parity of 3.1 (SD = 0.75), and 

average initial backfat depth of 19 mm (SD = 1.7) and their litters were used in a 76-d experiment. 

The study was conducted over 3 consecutive farrowing groups, farrowing every 3 wk with 15 sows 

per group and 5 sows per treatment per group. Within the farrowing group, sows were allocated to 

treatment based on parity and backfat depth. From d 60 of gestation, sows were housed 

individually in gestation pens (2.10 × 0.69 m) equipped with a sow feeder, and a nipple drinker. 

On d 111 of gestation, sows were moved from gestation pens and housed individually in fully 

slatted farrowing crates (2.30 × 1.70 m) with a sow feeder and a nipple drinker. All rooms were 

mechanically ventilated, and the temperature was maintained at approximately 18 to 20°C. For 

newborn piglets, each crate had a heat lamp and mat (Innovative heating technologies Inc., MB, 

Canada). Piglets were weaned at 21 d of age. Cross-fostering of piglets within treatment groups 

was performed within 48-h post-farrowing to adjust litter size to approximately 12 piglets per sow.  
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Experimental diets (gestation and lactation) were formulated to contain similar 

standardized ileal digestible AA content and NE values and to meet or exceed NRC (2012) nutrient 

requirement recommendations for gestating and lactating sows. The three experimental diets 

(Table 5.1) consisted of a corn-soybean meal-based control diet, the control diet containing 30% 

solvent-extracted CM with or without a multi-enzyme complex (MEC). The MEC used was a 

mixture of carbohydrases (Superzyme-OM, 1 g/kg of diet) and phytase (Bio-phytase, 0.2 g/kg of 

diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada). All diets contained 3 g/kg 

of titanium dioxide (TiO2) as an indigestible marker. 
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Table 5.1 Ingredient composition and analyzed nutrient content of experimental diets (as-fed 

basis) 

Items Diets1 

Lactation Gestation 

Control CM Control CM 

Ingredient, % of diet     

Corn 64.00 60.63 65.01 61.35 

Canola meal - 30.00 - 30.00 

Soybean meal 28.40  28.40 - 

Vegetable oil 4.50 5.90 4.29 5.90 

Limestone 0.85 1.32 0.65 1.10 

Monocalcium phosphate 0.90 0.39 0.60 0.24 

Iodized Salt 0.40 0.40 0.40 0.40 

Vitamin-mineral premix2 0.65 0.65 0.65 0.65 

L-Lysine - 0.37 - 0.32 

L-Tryptophan - 0.04 - - 

Titanium dioxide 0.30 0.30 - - 

Calculated composition     

Net energy (MJ/kg) 10.6 10.5 10.6 10.6 

Lysine3, % 0.90 0.90 0.90 0.90 

Methionine3, % 0.27 0.29 0.27 0.29 

Threonine3, % 0.61 0.55 0.61 0.55 

Tryptophan3, %  0.20 0.18 0.20 0.14 

Analysed composition     

Gross energy (MJ/kg) 16.9 17.4 15.7 17.3 

Crude protein, %  18.10 16.80 17.90 16.20 

Calcium, % 0.72 0.85 0.58 0.59 

Total phosphorus, % 0.54 0.57 0.55 0.57 

Neutral detergent fiber, % 8.50 14.90 8.80 13.20 

Total glucosinolates (μmoles/g) - 2.79 - 2.73 
1 Experimental diets consisted of a corn-soybean meal control diet, control diet containing 300 

g/kg solvent-extracted canola mean (CM) with or without multi-enzyme complex (MEC). The 

MEC used was a mixture of carbohydrases (Superzyme-OM, 1 g/kg of diet) and phytase (Bio-

phytase, 0.2 g/kg of diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada). 
2 Supplied the following per kg of finished feed: vitamin A, 6,058 IU; vitamin D, 805 IU; vitamin 

E, 66 IU; vitamin K, 6 mg; choline, 550 mg; pantothenic acid, 23 mg; riboflavin, 7 mg; folic acid, 

1.65 mg; niacin, 33 mg; thiamin, 1.01 mg; vitamin B6, 2.5 mg; biotin, 0.30 mg; vitamin B12, 0.04 

mg, Cu, 12 mg as copper sulfate; Zn, 122 mg as zinc oxide; Fe, 122 mg as ferrous sulfate; Mn, 15 

mg as manganese sulfate; I, 0.4 mg as potassium iodate; Se, 0.3 mg as sodium selenite. 
3 Standardized ileal digestible basis.  
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5.3.2 Sow and Litter Performance 

Sows were individually housed in gestation stalls from d 60 of gestation and were assigned 

randomly to 1 of 3 dietary treatments to give 15 replicates per treatment based on parity and backfat 

depth according to a randomized complete block design. On d 111 of gestation, sows were washed 

and moved into the farrowing crates. Sows were fed 3.0 kg/d from d 60 of gestation, and feed 

intake was increased to 3.5 kg/d during the last 10 d of gestation. After farrowing, the feed was 

gradually increased from 3.0 kg/d (by approximately 0.5 kg/d) through d 6 after which the diets 

were offered on an ad libitum basis until weaning on d 21. Post-farrowing, sows were fed twice 

daily at 0700 and 1400 h and had ad libitum access to water. The quantity of feed provided and 

the feed refusals per sow were recorded daily to determine the average daily feed intake (ADFI). 

Detection of estrus in sows was conducted post-weaning to determine weaning to estrus interval. 

A sow was considered to be in estrus if she exhibited a standing response induced by a back 

pressure test when fence-line boar exposure was provided (Hossain et al., 2015). Sow body weight 

(BW) and backfat depth were measured and recorded on d 60 and 111 of gestation, after farrowing 

(d 0), and at weaning (d 21). Backfat thickness was measured using an A-mode ultrasonic device 

(Renco Lean-Meater series 12, Renco corporation, Minneapolis, MN) at the 10th rib and 6 cm off 

the midline. Values from the two measurements from both sides of the mid-line were averaged to 

obtain a single backfat measurement, according to the report of Wang et al. (2008). Total number 

born alive, stillborn, mummies and weaned piglets per sow were recorded, and litters were weighed 

on d 0 and 21 to calculate average daily gain (ADG).  
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5.2.3 Milk Collection and Analysis 

Colostrum on d 0 and milk samples on d 21 post-farrowing were collected soon after blood 

collection. To stimulate milk release, sows were administered an intramuscular injection of 20 

USP oxytocin (Rafter 8 products Inc., Calgary, AB, Canada) before collection. Milk samples from 

all the teats were collected manually and frozen at −20°C for fat, protein, and lactose 

oligosaccharide composition, determined by Fourier transform infrared spectroscopy using 

CombiFoss 6000 (Foss Electric, Denmark) at Horizon Lab Ltd. (Winnipeg, MB, Canada). 

 

5.3.4 Blood Collection and Analysis 

Blood samples (5 mL) were collected from each sow via venipuncture of jugular vein into 

vacutainer tubes with heparin, 2 h after the morning feed on d 0 and 21. Blood samples were 

centrifuged at 3,000 × g for 15 min at 4°C and plasma was pipetted into plastic screw-cap vials 

and frozen at −20°C until analyzed for plasma urea N (PUN) concentration. Plasma samples were 

thawed and then analyzed for PUN using a Nova Stat Profile M blood gas and electrolyte analyzer 

(Nova Biomedical Corporation, Waltham, MA) as described by Jayaraman et al. (2015). 

 

5.3.5 Fecal Collection and Determination of Energy and Nutrient Digestibility 

Fecal samples from all sows were collected by grab sampling via rectal palpation on d 10, 

11 and 12 post-farrowing. Feed and fecal samples were stored at −20°C until required for analysis. 

Fecal samples were thawed and oven dried at 50°C over a 5-d period and pooled within sow. Dried 

feces and experimental diets were ground to pass through a 1 mm screen before chemical analysis. 

Dry matter content was determined according to the AOAC (1990; method 925.09) by oven drying 

5 g of sample at 102°C overnight. Gross energy was measured using an adiabatic bomb calorimeter 
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(model 6400, Parr Instrument, Moline, IL) which was calibrated using benzoic acid as a standard. 

Nitrogen content was determined using the combustion method (method 990.03; AOAC, 1990) 

using the LECO N analyzer (model CNS-2000; LECO Corp., St. Joseph, MI) and CP was 

calculated as nitrogen x 6.25. Neutral detergent fiber was analyzed according to the method of Van 

Soest et al. (1991) using the Ankom 200 Fiber Analyzer (Ankom Technology, Fairport, NY). 

Samples for analysis of Ca and P were ashed for 12 h and digested according to AOAC (2005; 

method 985.01) and read on a Varian inductively coupled plasma mass spectrometer (Varian Inc, 

Palo Alto, CA). Titanium contents were determined according to the procedures described 

by Lomer et al. (2000) and read on an inductively coupled plasma mass spectrometer (Varian Inc., 

Palo Alto, CA). Glucosinolates in the diets were determined according to the procedures described 

by Niu et al. (2015). Apparent total tract digestibility (ATTD) coefficients were calculated using 

the following equation: Apparent nutrient digestibility (%) = 100 − {[(Nd/Nf) × (Tif/Tid)] × 100}, 

Where Nd = nutrient concentration in feces (mg/kg DM), Nf = nutrient concentration in feed (mg/kg 

DM), Tif = TiO2 concentration in feed (mg/kg DM), Tid = TiO2 concentration feces (mg/kg DM). 

 

5.3.6 Extraction of Fecal Bacterial Genomic DNA and Quantitative Real-time PCR 

Fecal samples were collected from ten sows per treatment by rectal palpation on d 60 and 

90 of gestation, and d 21 post-farrowing and were immediately stored at −80°C until required for 

analysis. 

Bacterial genomic DNA was extracted from fecal samples using QIAamp DNA Stool Mini 

Kit (QIAGEN, Ontario, Canada) according to the manufacturer’s instruction. Fecal samples were 

thawed before DNA was extracted. Briefly, 200 mg fecal samples were homogenized in stool lysis 

buffer, ASL, and heated at 95◦C for 5 min to lyse bacterial cells. After removal of potential 
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inhibitors by incubation with an InhibitEx tablet, the lysates were treated with proteinase K and 

buffer AL at 70◦C for10 min to remove protein and polysaccharides. The DNA was precipitated 

by ethanol, applied to a column provided in the kit followed by washes with buffers AW1 and 

AW2 and then dissolved in elution buffer. Quantity and quality of isolated DNA was determined 

using a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 

Pairs of primers used for quantification of different bacterial groups were obtained from previously 

published works (Table 5.2). Quantitative real-time PCR was performed in duplicate reactions 

including nuclease-free water, the forward and reverse primers, template cDNA, and SYBR Green 

as a detector using a CFX Connect TM Real-Time PCR Detection System (Life Science Research, 

Bio-Rad, Canada). Expression data for all bacterial groups were generated using the ∆∆Ct method 

by normalizing the expression of the target bacterial group to that of total eubacteria, and the values 

were reported as fold changes of the expression of the target group in treatments compared with 

the control group.  

 

5.3.7 Statistical Analysis 

Data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) for a 

randomized complete block design. The individual sow was considered as the experimental unit. 

Models included the treatment as a fixed effect and block (farrowing group) as the random effect. 

Milk composition and PUN data collected repetitively were treated as repeated measures. Sow BW 

and backfat depth for d 0 were included in the model as a covariate to test their effects on response 

variables. Least square means were compared using the Tukey test and differences were 

considered significant when P ≤ 0.05, and trends were noted when 0.05 < P < 0.10.  
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5.4 RESULTS  

Dietary treatments had no effect on ADFI, sow backfat loss, weaning to estrus interval and 

milk fat, protein, and lactose composition, except for sow BW loss during lactation, wherein sows 

fed CM-containing diets with MEC had a significantly lower (P < 0.05) BW loss (Table 5.3). Also, 

there were no dietary effects on number of piglets born alive, stillborn, mummies, weaned piglets 

and piglet overall ADG. However, piglet ADG showed a tendency (P < 0.10) for improvement in 

sows fed CM containing diets on d 0 and 21 (Table 5.4).  

The composition of sow colostrum and milk are shown in Table 5.5. No differences were observed 

in milk fat, protein and lactose composition among treatments. Sows fed diets containing CM (with 

and without MEC) had significantly lower (P < 0.05) PUN values compared with those fed the 

control diet on d 21 post-farrowing. 

The coefficients of ATTD of energy and nutrients are presented in Table 5.6. Apparent total tract 

digestibility of DM, GE, CP, Ca and NDF showed no dietary effect except for ATTD of P, wherein 

sows fed CM-containing diets with MEC showed a significantly higher (P < 0.05) P digestibility. 

The relative abundance of fecal bacteria is presented in Table 5.7. There were no 

differences in the relative abundance of any of the selected microbial community on d 60 of 

gestation. Sows fed CM-containing diets with or without MEC had greater (P < 0.05) abundances 

of bacteria belonging to Lactobacillus and Enterococcus and lower (P < 0.05) abundances of 

Firmicutes when compared to those fed the control diet on d 90 of gestation. However, there were 

no differences (P > 0.10) in the abundance of any of the microbial community on d 21 post-

farrowing. 
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Table 5.2 Pairs of primers used for quantitative real-time PCR assay 

Target bacterial 

group 

Annealing 

temperature 

(°C) 

Primer sequence Reference 

Forward Reverse 

Total Eubacteria 58 CGGYCCAGACTCCTACGGG TTACCGAGGCTGCTGGCAC Lee et al. 

(1996) 

Lactobacillus 62 AGCAGTAGGGAATCTTCCA CACCGCTACACATGGAG Karlsson et al. 

(2011) 

Enterobacteriaceae 63 CATTGACGTTACCCGCAGAAGAAGC CTCTACGAGACTCAAGCTTGC Bartosch et al. 

(2004) 

Bifidobacterium 63 TCGCGTCYGGTGTGAAAG CCACATCCAGCRTCCAC Rinttilä et al. 

(2004) 

Enterococcus 60 CCCTTATTGTTAGTTGCCATCATT ACTCGTTGTACTTCCCATTGT Bartosch et al. 

(2004) 

Firmicutes 60 GGAGYATGTGGTTTAATTCGAAGCA AGCTGACGACAACCATGCAC Guo et al. 

(2008) 

Clostridium 

cluster IV 

56 GCACAAGCAGTGGAGT CTTCCTCCGTTTTGTCAAC Matsuki et al. 

(2002) 
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Table 5.3 Effect of dietary canola meal (CM) inclusion with or without multi-enzyme complex 

(MEC) on lactation performance in sows1 

Items Diets2 SEM P-value 

Control CM (−) CM (+) 

Parity 3.3 3.3 3.1 0.24 0.514 

Sow BW (kg)      

d 60 of gestation 266.7 268.5 272.7 4.90 0.639 

d 111 of gestation 306.6 308.9 309.4 5.12 0.887 

d 0 of lactation 280.7 283.7 282.4 5.50 0.897 

d 21 of lactation 274.6 278.3 280.2 5.75 0.696 

Gestation BW gain (d 60 to 111) 41.1 40.0 38.9 1.04 0.111 

Lactation BW loss (d 0 to 21) 6.0a 5.3a 3.3b 1.15 0.037 

Lactation ADFI (kg) 7.05 7.6 7.3 0.39 0.173 

Backfat thickness (mm)      

d 60 of gestation 19.5 19.2 19.4 0.51 0.271 

d 111 of gestation 18.6 19.6 17.9 0.70 0.187 

d 0 of lactation 18.4 18.9 17.8 0.72 0.139 

d 21 of lactation 17.6 17.6 16.8 0.48 0.137 

Lactation backfat loss (d 0 to 21) 1.1 1.2 1.2 0.11 0.331 

Estrus interval (d) 4.7 4.5 5.1 0.49 0.500 

Within a row, means with different superscripts (a,b) differ (P < 0.05). 
1A total of 45 sows (n=15) and their litters were used. 
2 Experimental diets consisted of a corn-soybean meal control diet, control diet containing 300 

g/kg solvent-extracted canola mean (CM) with or without multi-enzyme complex (MEC). The 

MEC used was a mixture of carbohydrases (Superzyme-OM, 1 g/kg of diet) and phytase (Bio-

phytase, 0.2 g/kg of diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada). +/– 

represents presence or absence MEC.  
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Table 5.4 Effect of dietary canola meal (CM) inclusion with or without multi-enzyme complex 

(MEC) on suckling piglet performance 

Items Diets1 SEM P-value 

Control CM (−) CM (+) 

Litter      

Piglets farrowed 15.9 16.2 15.7 1.26 0.873 

Stillborn 1.4 1.7 1.7 0.61 0.763 

Mummies 0.4 0.1 0.2 0.22 0.409 

Piglets born live 14.1 14.1 13.9 0.70 0.958 

Piglets weaned 11.1 10.6 11.1 0.32 0.464 

Piglet BW (kg)      

d 0  1.37 1.38 1.49 0.05 0.088 

d 21 6.8 7.2 7.5 0.19 0.079 

Overall ADG  0.260 0.280 0.285 0.011 0.189 
1 Experimental diets consisted of a corn-soybean meal control diet, control diet containing 300 

g/kg solvent-extracted canola mean (CM) with or without multi-enzyme complex (MEC). The 

MEC used was a mixture of carbohydrases (Superzyme-OM, 1 g/kg of diet) and phytase (Bio-

phytase, 0.2 g/kg of diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada). +/– 

represents presence or absence MEC.  
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Table 5.5 Effect of dietary canola meal (CM) inclusion with or without multi-enzyme complex 

(MEC) on milk composition and plasma urea nitrogen in lactating sows1 

Items Diets2 SEM P-value 

Control CM (−) CM (+) 

Milk fat, %      

d 0 5.3 5.5 4.9 0.49 0.693 

d 21 6.9 7.4 7.5 0.39 0.117 

Milk crude protein, %      

d 0 10.1 10.9 11.6 1.07 0.794 

d 21 5.5 5.1 4.9 0.39 0.295 

Milk lactose oligosaccharide, %      

d 0 4.8 4.4 4.3 0.35 0.606 

d 21 6.7 6.7 6.6 0.12 0.788 

Plasma urea nitrogen (mmol/L)      

d 0 4.1 3.5 3.4 0.35 0.249 

d 21 6.4a 4.9b 4.4b 0.44 0.002 

Within a row, means with different superscripts (a,b) differ (P < 0.05). 
1 A total of 45 sows (n=15) and their litters were used. 
2 Experimental diets consisted of a corn-soybean meal control diet, control diet containing 300 

g/kg solvent-extracted canola mean (CM) with or without multi-enzyme complex (MEC). The 

MEC used was a mixture of carbohydrases (Superzyme-OM, 1 g/kg of diet) and phytase (Bio-

phytase, 0.2 g/kg of diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada). +/– 

represents presence or absence MEC. 
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Table 5.6 Effect of dietary canola meal (CM) inclusion with or without multi-enzyme complex 

(MEC) on apparent total tract digestibility (ATTD) coefficients of energy and nutrients in 

lactating sows1 

Items Diets2 SEM P-value 

Control CM (−) CM (+) 

ATTD coefficients      

Dry matter 84.1 80.0 82.9 3.20 0.192 

Gross energy 85.5 81.9 84.6 2.80 0.218 

Crude protein 84.5 80.1 82.9 3.10 0.170 

Calcium 39.4 34.8 39.1 6.30 0.481 

Phosphorus 38.4ab 32.6b 41.7a 3.40 0.050 

Neutral detergent fiber 43.9 49.2 46.4 4.90 0.605 

Within a row, means with different superscripts (a,b) differ (P < 0.05). 
1 A total of 45 sows (n=15) and their litters were used. 
2 Experimental diets consisted of a corn-soybean meal control diet, control diet containing 300 

g/kg solvent-extracted canola mean (CM) with or without multi-enzyme complex (MEC). The 

MEC used was a mixture of carbohydrases (Superzyme-OM, 1 g/kg of diet) and phytase (Bio-

phytase, 0.2 g/kg of diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada). +/– 

represents presence or absence MEC. 
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Table 5.7 Effect of dietary canola meal (CM) inclusion with or without multi-enzyme complex 

(MEC) on the relative abundance of selected fecal bacterial community1 

Items Diets2 SEM P-value 

Control CM (−) CM (+) 

Lactobacillus      

d 60 of gestation 1.99 1.44 1.54 0.623 0.777 

d 90 of gestation 1.49b 4.99a 5.46a 0.914 0.015 

d 21 of lactation 1.45 2.97 2.74 0.808 0.445 

Enterobacteriaceae      

d 60 of gestation 1.94 1.97 1.89 0.797 0.997 

d 90 of gestation 1.54 1.41 0.65 0.468 0.379 

d 21 of lactation 2.09 2.97 3.32 0.992 0.721 

Enterococcus      

d 60 of gestation 1.54 1.68 1.58 0.665 0.986 

d 90 of gestation 1.37b 4.41a 3.80a 0.664 0.019 

d 21 of lactation 3.11 2.09 2.86 0.995 0.726 

Fermicutes      

d 60 of gestation 1.02 1.11 0.94 0.108 0.426 

d 90 of gestation 1.00a 0.79b 0.75b 0.051 0.008 

d 21 of lactation 1.08 0.81 0.85 0.110 0.159 

Bifidobacteriam      

d 60 of gestation 1.86 2.98 2.61 0.791 0.559 

d 90 of gestation 1.88 3.08 3.61 0.909 0.119 

d 21 of lactation 1.75 1.59 1.20 0.393 0.605 

Clostridium Custer IV      

d 60 of gestation 1.06 1.21 0.95 0.227 0.654 

d 90 of gestation 1.05 0.77 0.76 0.158 0.145 

d 21 of lactation 1.12 0.78 0.76 0.138 0.127 

Within a row, means with different superscripts (a,b) differ (P < 0.05). 
a A total of 45 sows (n=15) and their litters were used. 
2 Experimental diets consisted of a corn-soybean meal control diet, control diet containing 300 

g/kg solvent-extracted canola mean (CM) with or without multi-enzyme complex (MEC). The 

MEC used was a mixture of carbohydrases (Superzyme-OM, 1 g/kg of diet) and phytase (Bio-

phytase, 0.2 g/kg of diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada). +/– 

represents presence or absence MEC. 
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5.5. DISCUSSION  

5.5.1 Sow and Litter Performance 

Over the recent years, CM has gained its importance as an economical protein source for 

swine. When compared to soybean meal, CM has a lower protein content. However, due to 

increased availability of CM, a high dietary inclusion in swine diets would result in a better 

utilization of the locally available feed ingredient, thereby reducing the feed cost. The inclusion 

of CM in swine diets as a major protein source has often been limited due to the high fiber content 

and the presence of glucosinolates. With diets formulated based on similar NE values and 

standardized ileal digestible AA content, no negative effects of CM inclusion were observed in 

the current study. The NE system of feed formulation has shown to improve the utilization of high 

fiber ingredients in swine diets (Zijlstra and Payne, 2007; Velayudhan et al., 2015). Results from 

the current study are in agreement with our previous research in lactating sows (chapter 4) 

wherein, it was observed that inclusion of up to 30% CM in lactation diet could support 

satisfactory sow and suckling piglet performance when diets were formulated based on NE system 

and standardized ileal digestible AA content. Quiniou et al. (2012) also reported no effect on daily 

feed intake in sows fed CM containing diets when such diets were formulated on similar NE 

values. 

High level of glucosinolates in CM-containing diets has been shown to have a negative 

effect on the liver and thyroid functions in pigs (Tripathi and Mishra, 2007), thereby affecting the 

feed intake and BW gain. But sows have shown the ability to tolerate a higher level of 

glucosinolates in diets when compared to growing pigs without affecting its reproductive 

performance (Mawson et al., 1994b; Schöne et al., 1997; Roth-Maier et al., 2004). However, with 

advanced plant breeding techniques, canola with relatively low levels of glucosinolates have been 
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developed. The CM used in the current experiment had a glucosinolate content of 7.9 μmol/g, 

which could be one of the reasons for no difference in ADFI among treatments and is in agreement 

with results of our earlier study (chapter 4) wherein a 30% inclusion CM in lactation diets did not 

affect the sow performance. Previous studies concluded that a glucosinolate intake of less than 5 

mmol/d in gestation diets would not affect the sow reproductive performance (Quiniou et al., 

2012). However, in the current study up to 30% CM inclusion in gestation diets showed no 

negative effect on the reproductive performance of the sow and piglet performance, suggesting a 

higher glucosinolate tolerance level of up to 7.1 mmol/d (with an ADFI of 3.0 kg/d and with a 

glucosinolate content of 2.73 μmol/g diet at 30% inclusion rate of CM) in gestating sows. Also 

during lactation, the glucosinolate content in the diets had no effect on ADFI which is in agreement 

with previous studies wherein feeding diets containing less than 2 μmol/g of glucosinolates did 

not affect the daily feed intake in lactating sows (Schöne et al., 1999; Quiniou et al., 2012). 

However, with dietary levels above 2 μmol/g of glucosinolates, feed intake in lactating sows was 

reported to be reduced (Schöne et al., 1999). The corresponding glucosinolate content in diets 

were higher in the current study (2.79 μmol/g), and the lack of any negative effect on lactation 

feed intake could probably be due to the sows getting acclimatized to the high inclusion levels of 

CM fed from early gestation. 

In the current study, it was recognized that the experimental design for measuring certain 

reproductive parameters such as the total number of piglets born, the number of piglets born alive, 

d 0 piglet BW, and the number of piglets weaned, were limited due to the small number of sows 

(n = 15) used in the study. The small number of replicates could have influenced the power of the 

study (for n = 15, the statistical power was 0.6). Assuming the average coefficient of variation for 

reproductive trails like the total number of piglets born to be 20%, to detect a difference of at least 
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10% with 80% power and a significance level of 5%, the number of sows required per treatment 

would be around 63 (Aaron and Hays, 2004). However, it should be noted that small number of 

sows, comparable to those in the current study have been used in previous studies to determine 

sow and suckling piglet performance (Nyachoti et al., 2006; Park et al., 2010; Flohr et al., 2014; 

Cheng et al., 2015). Since the number of sows used in the current study could have influenced the 

power of certain reproductive traits, to enhance the robustness of the study, future study designs 

could consider using a larger number of replications. 

 

5.5.2 Milk Composition and PUN 

Dietary AA in lactating sows is mainly utilized for the synthesis of milk protein depending 

on the animal’s nutritional state, body condition and milk yield (King, 1998). Reproductive 

performance in young sows has shown to be compromised when the dietary supply of AA does 

not meet the maintenance requirement, milk production and tissue deposition (Tritton et al., 1996). 

In the current study, replacing soybean meal in the control diet with CM had no effect on the milk 

composition probably because the diets were formulated on standardized ileal digestible AA 

content. Moreover, minimal deficiencies in dietary protein has shown to have less effect on milk 

composition in sows (De Bettio et al., 2016). These results are consistent with our previous study 

(chapter 4) which showed no differences in milk composition in sows fed lactation diets containing 

15 and 30% CM. 

Canola protein has a higher biological value when compared to soybean meal (Ghodsvali 

et al., 2005). In spite of a lower AA digestibility, CM has a well-balanced AA composition 

(Newkirk and Classen, 2002). While, PUN levels can be affected by factors apart from protein 

utilization (Cai, 1992), the probable reason for a lower PUN content in the current study in sows 
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fed CM containing diets could be due to the inverse relationship with the protein quality or the 

biological value of the dietary protein to the PUN levels in pigs (Eggum, 1970; Orok and Bowland, 

1975; Bassily et al., 1982). However, it should be noted that the biological value of dietary protein 

(a blend of protein from different feed ingredients), is determined by the complementarity of the 

ingredient protein and the synthetic AA added. 

 

5.5.3 Energy and Nutrient Digestibility 

The adverse effects of substituting soybean meal in swine diets with CM on animal 

performance could partly be explained by the higher fiber content in CM. Factors including dietary 

fiber composition (soluble vs. insoluble; Kritchevsky, 1988), processing of fiber post-harvesting 

(McDougall et al., 1996) and age and physiological status of the animal (Noblet and Shi, 1993) 

have a profound effect on nutrient digestibility in pigs fed fibrous diets. However, in the current 

study, a high fiber content in CM-containing diets did not affect any growth indices or energy and 

nutrient digestibility coefficients probably because the diets were formulated according to NE 

content and standardized ileal digestible AA. On the contrary, our previous study (chapter 4) 

showed a lower energy and nutrient digestibility in sows fed lactation diets containing 15 and 30% 

CM from d 115 of gestation till weaning presumably due to the short adaptation period to the high 

fiber content in CM-containing diets. Moreover, with a longer adaptation, sows can efficiently 

utilize the high dietary fiber as evident in the current study, probably due to an increase in hindgut 

fermentation because of an increased gut microbial mass (Varel, 1987). 

Canola meal has a relatively higher phosphorus content when compared to soybean meal, 

most of which is in the phytate form and hence not available to pigs (Summers et al., 1989; 

Wickramasuriya et al., 2015). Hence exogenous phytase supplementation could improve the 
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availability of phosphorus in such diets as observed in the present study wherein supplementation 

of CM containing diets with MEC improved the phosphorus digestibility. 

 

5.5.4 Relative Abundance of Fecal Bacteria 

Diet is one of the major factors that help in shaping the mammalian gut microbial 

population which in turn influences digestion and absorption of nutrients (Awati et al., 2005; Frese 

et al., 2015). The dietary fiber, because of its physio-chemical properties (like viscosity, solubility, 

and water-holding capacity) has shown to alter the gut environment by influencing the growth and 

development of gut microbiome (Awati et al., 2005; Jha et al., 2010). Increased cellulolytic 

bacterial activity in hindgut of pigs due to fermentation of fiber has shown to reduce the pH (due 

to increased volatile fatty acid production), which in turn promotes the growth of probiotic species 

of bacteria in the gut. Similar observations were found in the current study wherein feeding CM-

containing diets increased the abundance of lactic acid bacteria such as Lactobacillus and 

Enterococcus during later part of gestation. However, such variations were not observed during 

the end of lactation suggesting some kind of adaptation of the gut microbiome in sows which 

warrants additional studies to elucidate the link between dietary fiber and probiotic bacteria. 

Wellock et al. (2007) in his studies reported that water-insoluble non-starch polysaccharides have 

less influence on the growth of beneficial bacteria in the gut when compared to water-soluble non-

starch polysaccharides. This could be the probable reason for not finding a major variation in the 

bacterial abundance in CM fed sows compared to those fed soybean meal based control diets, 

since CM contain around 144 g/kg of water-insoluble non-starch polysaccharides and only 14 g/kg 

of water-soluble non-starch polysaccharides (Newkirk, 2009). 
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5.6. CONCLUSION 

Results of this study indicate that up to 30% CM can be included in sow diets as a sole 

protein source from early gestation until weaning without affecting sow and suckling piglet 

performance, and energy and nutrient digestibility, along with an increase in the abundance of 

beneficial bacteria in the gut. Furthermore, enzyme supplementation improved P digestibility post-

farrowing in sows fed CM containing diets. 
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CHAPTER 6 

MANUSCRIPT III 

STANDARDIZED ILEAL AMINO ACID DIGESTIBILITY AND STANDARDIZED 

TOTAL TRACT PHOSPHORUS DIGESTIBILITY OF CANOLA MEAL FED TO 

GESTATING AND LACTATING SOWS  

 

6.1 ABSTRACT 

The study was conducted to determine the standardized ileal digestibility (SID) of CP and AA, 

and the standardized total tract digestibility (STTD) of P in canola meal (CM) fed to gestating and 

lactating sows with or without a multi-enzyme complex (MEC). Eight sows cannulated on d 40 of 

gestation were used for the study. Sows were assigned at random to the 4 dietary treatments in a 

replicated 4 × 4 Latin square design. The 4 diets included 2 cornstarch-based diets with solvent 

extracted CM as the only source of AA and P, with or without a multi-enzyme complex (MEC), a 

casein-cornstarch diet to determine ileal endogenous AA losses, and a P-free diet to determine the 

endogenous P losses. All diets contained 0.3% titanium dioxide as an indigestible marker. Sample 

collection was done over 3 phases; mid-gestation, late-gestation, and lactation. Each phase had 4 

experimental periods lasting for 8 d each. In each period, after 5-d acclimation to the experimental 

diets, fecal samples were collected by grab sampling via rectal palpation on d 6. On d 7 and 8, 

ileal digesta samples were collected continuously for 12 h. Sows in lactation had higher (P < 0.05) 

AID for CP, and all AA, when compared to sows in mid- or late-gestation, except for AID of 

proline which tended (P = 0.062) to be higher in lactating sows. The MEC supplementation 

improved (P < 0.05) the AID of AA, namely histidine, lysine, methionine, valine and alanine, and 

showed a tendency (0.05 < P < 0.10) for improvement in AID of arginine, isoleucine, tryptophan, 
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and cysteine during the lactation phase. However, SID of most AA did not show any significant 

effect of the collection phase. The MEC supplementation improved (P < 0.05) the SID of arginine, 

histidine, lysine, methionine, and valine during lactation. Similarly, there were no differences in 

ATTD values for nutrients between the collection phases. Enzyme supplementation only improved 

(P < 0.05) the ATTD of DM and P, and STTD of P during lactation. The SID of indispensable 

AA in CM in gestating and lactating sows were, respectively: Arg, 89.2 and 91.3%; His, 93.1 and 

94.0%; Ile, 85.9 and 87.0%; Leu, 89.2 and 89.2%; Lys, 87.0 and 87.7%; Met, 92.2 and 93.2%; 

Phe, 89.2 and 87.8%; Thr, 84.3 and 82.7%; Trp, 88.1 and 91.5%; Val, 85.9 and 84.3%. When 

compared to the average SID coefficients of AA in CM fed to growing pigs from previous studies, 

the SID coefficients for AA in lactating sows were higher in the current study. Supplementation 

with MEC improved the SID of some AA during lactation. The average STTD for P in CM fed in 

sows was 44.7 % and MEC significantly improved the STTD of P in CM during lactation. Results 

from the current study imply that the adoption of nutrient digestibility values for CM in growing 

pigs would result in an underestimation of those for gestating and lactating sows. 

Key words: Amino acids, canola meal, digestibility, gestating sows, lactating sows, phosphorus.  

 

6.2 INTRODUCTION  

Solvent extracted canola meal (CM) is a commonly used feed ingredient in swine diets; 

however, its content of anti-nutritional factors such as glucosinolates and fiber has restricted its 

use as a major protein source (Schone et al., 2001; Newkirk, 2009; Barthet and Daun, 2011). Even 

though, the amino acid (AA) content in CM is reasonably high (NRC, 2012), high dietary inclusion 

has resulted in a reduction in feed intake, and energy and nutrient utilization in growing pigs 

(Nyachoti et al., 2004; González-Vega and Stein, 2012). However, newly developed canola 
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varieties have a reduced fiber content and low contents of glucosinolates (Slominski, 1997; 

Mejicanos, 2015). Recent studies have shown that a high inclusion of CM up to 25% in weaned 

pig diets (Sanjayan et al., 2014) and up to 30% in lactating sow diets (chapter 4) did not have a 

negative impact on performance when diets were formulated to have similar NE content and 

standardized ileal digestible AA values. Hence, determination of standardized ileal digestibility 

(SID) coefficients of AA of CM from new cultivars is indispensable for precise diet formulation, 

to achieve predictable performance in pigs.  

 

Ileal digestibility of AA for feed ingredients including CM in pigs has been reported in 

various studies. However, the majority of these studies were done using either weaned, growing 

or finisher pigs (Fan and Sauer,1995; Fan et al.,1996; Grala et al., 1998; Woyengo et al., 2010; 

Kim et al., 2015). Hence not much data exists regarding ileal digestibility coefficients of AA for 

ingredients fed to sow. Accordingly, dietary supply of AA in studies involving sows have to rely 

on digestibility values from growing pigs. Factors like age, BW, and feeding level have shown to 

influence the ability of pigs to digest AA in a given diet (Moughan, 1993; Stein et al., 2001). 

Consequently, sows and growing pigs may digest dietary proteins differently. Also, Stein et al. 

(1999) reported that apparent total tract and apparent ileal AA digestibility of various ingredients 

obtained in growing pigs are not always similar to those corresponding values in gestating or 

lactating sows. It is also critical to optimize P utilization by sows to reduce the cost of feeding and 

potential for environmental pollution, for which the dietary P supply should not exceed the 

animal’s requirement (NRC, 2012). However, there are no comparative data for P digestibility in 

CM fed to sows. 

Thus, when utilizing CM as a main protein source for sows, proper diet formulation need 

to be considered. Therefore, it was hypothesized that the SID of AA in CM in both gestating and 
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lactating sows would differ from those for growing-finishing pigs. Thus, the objectives of this 

experiment were to 1) determine the SID of AA in CM fed to gestating and lactating sows; 2) 

determine the effect of enzymes on ileal digestibility of AA in CM in gestating and lactating sows; 

3) determine the standardised total tract digestibility (STTD) of P in CM fed to gestating and 

lactating sows. 

 

6.3 MATERIALS AND METHODS  

All experimental procedures were reviewed and approved by the University of Manitoba 

Animal Care Committee, and sows and piglets were cared for according to the guidelines of the 

Canadian Council on Animal Care (CCAC, 2009). 

 

6.3.1 Animals, Housing, and Diets 

Eight gestating sows (Yorkshire-Landrace female × Duroc male; d 35 of gestation) with 

an average parity of 2.8 (SD = 0.83) were obtained from the University of Manitoba Glenlea Swine 

Research Unit and were fitted with a simple T-cannula at the distal ileum as described by Stein et 

al. (1998) on d 40 of gestation. Post-surgery, sows were housed individually in gestating pens (3.0 

× 2.4 m) with smooth sides and plastic-covered, expanded metal sheet flooring, equipped with a 

stainless-steel sow feeder, and a nipple drinker. On d 112 of gestation, sows were moved from 

gestation pens and housed individually in fully slatted farrowing crates (2.30 × 1.70 m) with a 

stainless-steel sow feeder and a nipple drinker. All rooms were mechanically ventilated, and the 

temperature was maintained at approximately 18 to 20°C. The sows were allowed a recovery 

period of 10 d after surgery, during which they were fed a corn-soybean meal based diet before 

the commencement of the experiment. 
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The 4 experimental diets included 2 cornstarch-based diets containing solvent extracted 

CM as the only source of AA and P, with or without a multi-enzyme complex (MEC), a casein-

cornstarch diet to determine ileal endogenous AA losses, and a P-free diet to determine the 

endogenous phosphorus losses. The MEC used was a mixture of carbohydrases (Superzyme-OM, 

1.5 g/kg of diet) and phytase (Bio-phytase, 0.25 g/kg of diet) provided by Canadian Bio-System 

Inc. (Calgary, Alberta, Canada). All diets contained 0.3% titanium dioxide as an indigestible 

marker and were fed in mash forms.  
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Table 6.1 Ingredient composition and analyzed nutrient content of experimental diets (as-fed 

basis). 

Item Diets 

CM1  LND2 PFD3 

Ingredient, %    

Canola meal 31.30 - - 

Cornstarch 61.35 59.75 51.10 

Casein - 5.00 - 

Dextrose - 25.20 23.00 

Pork gelatin - - 14.00 

Vegetable oil 5.00 2.00 4.00 

Limestone 1.00 0.40 1.40 

Solka flock - 4.00 3.500 

Monocal phosphate - 2.30 - 

Iodized salt 0.40 0.40 0.40 

Vitamine-mineral premix4 0.65 0.65 0.65 

Lys-HCl - - 0.30 

DL-Met - - 0.15 

L-Thr - - 0.30 

L-Trp - - 0.15 

L-Ile - - 0.25 

L-Leu - - 0.20 

L-Val - - 0.30 

Titanium dioxide 0.30 0.30 0.30 

Analyzed nutrient content    

DM, % 89.0 90.0 88.0 

CP, % 12.9 4.7 13.5 

GE, kcal/kg 4,103 3,963 3,991 

Ca, % 0.62 0.67 0.70 

P, % 0.43 0.57 0.00 
1CM = Canola meal containing diet with or without multi-enzyme complex (MEC). The MEC 

used was a mixture of carbohydrases (Superzyme-OM, 1.5 g/kg of diet) and phytase (Bio-phytase, 

0.25 g/kg of diet) provided by Canadian Bio-System Inc. (Calgary, Alberta, Canada), and was 

added to the CM-containing diet (top dress) to make the second treatment. 
2LND = Low nitrogen diet (casein-cornstarch diet). 
3PFD = Phosphorus-free diet.  
4 Supplied the following per kg of finished feed: vitamin A, 6,058 IU; vitamin D, 805 IU; vitamin 

E, 66 IU; vitamin K, 6 mg; choline, 550 mg; pantothenic acid, 23 mg; riboflavin, 7 mg; folic acid, 

1.65 mg; niacin, 33 mg; thiamin, 1.01 mg; vitamin B6, 2.5 mg; biotin, 0.30 mg; vitamin B12, 0.04 

mg, Cu, 12 mg as copper sulfate; Zn, 122 mg as zinc oxide; Fe, 122 mg as ferrous sulfate; Mn, 15 

mg as manganese sulfate; I, 0.4 mg as potassium iodate; Se, 0.3 mg as sodium selenite. 
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Table 6.2 Analyzed composition of canola meal (dry matter basis; CM) 

Item Solvent extracted CM 
  

CP, % 41.49 
EE, % 3.90 

Ash, % 7.40 

NDF, % 28.79 

ADF, % 18.29 

NSP, % 20.60 

Ca, % 0.69 

P, % 

 

1.28 

Phytate P, % 0.81 

Non-phytate P, % 0.46 

Glucosinolates, μmol/g 7.80 

Indispensable AA, %  

Arginine 2.27 

Histidine 1.18 

Isoleucine 1.29 

Leucine 2.57 

Lysine 2.07 

Methionine 0.68 

Phenylalanine 1.51 

Threonine 1.56 

Tryptophan 0.56 

Valine 1.68 

Dispensable AA, %  

Alanine 1.73 

Aspartic acid 2.73 

Cysteine 0.87 

Glycine 1.77 

Glutamic acid 6.59 

Proline 2.83 

Serine 1.82 

Tyrosine 0.97 
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6.3.2 Experimental Design and Procedures 

After a 10-d recovery period, the eight sows were assigned at random to the dietary 

treatments in a repeated 4 × 4 Latin square design to give 8 observations per treatment. Gestating 

sows were fed 3.0 kg/d of the respective experimental diets, whereas, during lactation, sows had 

ad libitum access to their diets. Two equal meals were offered at 0700 and 1300 h as dry mash. 

Sample collection was done over 3 phases; mid-gestation, late-gestation, and lactation. Each phase 

had 4 experimental periods lasting for 8 d each. In each period, after 5-d acclimation to the 

experimental diets, fecal samples were collected by grab sampling via rectal palpation on d 6. On 

d 7 and 8, ileal digesta samples were collected continuously for 12 h (0700 to 1900 h) into plastic 

bags that were attached to the barrel of the ileal T-cannulas by a hose clamp as described by 

Nyachoti et al. (2002). Collection bags contained 10 mL of 10% (vol/vol) formic acid to minimize 

bacterial activity. Every 1 h or whenever the bags were three-quarters full, bags with digesta were 

removed and replaced with a new bag. Digesta and fecal samples were immediately frozen at 

−20°C until further processing. 

 

6.3.3 Sample Preparation and Chemical Analyzes 

Ileal digesta samples were thawed and pooled for each sow and period, homogenized in a 

heavy-duty blender (Waring Commercial, Torrington, CT), sub-sampled, and freeze-dried. Fecal 

samples were dried in an oven at 50°C for 5 d, and sub-sampled. Dried digesta, feces, and 

experimental diets were ground to pass through a 1 mm screen before chemical analysis. Ileal 

digesta, fecal, and diet samples were analyzed for DM, AA (digesta and diets only), CP, GE, Ca, 

P and titanium. 
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Dry matter content was determined according to the AOAC (1990; method 925.09) by 

oven drying 5 g of sample at 102°C overnight. Gross energy was measured using an adiabatic 

bomb calorimeter (model 6400, Parr Instrument, Moline, IL) which was calibrated using benzoic 

acid as a standard. Nitrogen content was determined using the combustion method (method 

990.03; AOAC, 1990) using the LECO N analyzer (model CNS-2000; LECO Corp., St. Joseph, 

MI) and CP was calculated as nitrogen x 6.25. Neutral detergent fiber was analyzed according to 

the method of Van Soest et al. (1991) using the Ankom Fiber Analyzer (Ankom Technology, 

Fairport, NY). Samples for analysis of Ca and P were ashed for 12 h and digested according to 

AOAC (2005; method 985.01) and read on a Varian inductively coupled plasma mass 

spectrometer (Varian Inc, Palo Alto, CA). Titanium content was determined according to the 

procedures described by Lomer et al. (2000) and read on an inductively coupled plasma mass 

spectrometer (Varian Inc., Palo Alto, CA). The AA content was determined as described in method 

994.12 (AOAC, 1990), as modified by Mills et al. (1989). Briefly, a 100-mg sample was digested 

in 4 mL of 6 M HCl in vacuo for 24 h at 110°C. The digested mixture was neutralized with 4 mL 

of 6.25 M NaOH and allowed to cool at room temperature. The neutralized mixture was made up 

to a 50-mL volume with sodium citrate buffer solution (19.6 g/L; pH 2.2) and analyzed using an 

AA analyzer (Sykam, Eresing, Germany). Samples for analysis of S-containing AA (Met and Cys) 

were subjected to performic acid oxidation before acid hydrolysis. Tryptophan was determined 

according to the procedures described by Hugli and Moore, (1972). Briefly, 50-mg of sample was 

hydrolyzed with 25% NaOH at 120°C for 20 h and was analyzed using an AA analyzer (Sykam, 

Eresing, Germany). 
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6.3.4 Calculations and Statistical Analysis 

Apparent ileal (AID) and apparent total tract digestibility (ATTD) coefficients were 

calculated using the following equation: 

Apparent nutrient digestibility (%) = 100 − {[(Nd/Nf) × (Tif/Tid)] × 100},  

Where Nd = nutrient concentration in digesta/feces (mg/kg DM), Nf = nutrient concentration in 

feed (mg/kg DM), Tif = titanium concentration in feed (mg/kg DM), Tid = titanium concentration 

in digesta/feces (mg/kg DM). 

Standardized ileal digestibility of AA or STTD of P were calculated using the following 

Equations (Adewole et al., 2017; Kim et al., 2017): 

% SID = AID + [(EAL/AAf) × 100] 

% STTD = ATTD + [(EAL/AAf) × 100] 

Where EAL = basal endogenous loss of AA/P (mg/kg DM intake), AAf = dietary content of the 

AA (mg/kg DM), EAL for AA/P was calculated according to the following equation: 

EAL = Nex × (Tif/Tid) 

Where Nex = concentration of AA in ileal digesta from sows fed casein-cornstarch/concentration 

of P in feces from sows fed P-free diet (mg/kg DM), Tif = titanium concentration in feed (mg/kg 

DM) and Tid = titanium concentration in ileal digesta/feces (mg/kg DM). 

Data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). The 

model included treatment as the fixed variable and pen and period as the random variables. The 

effects of pen and period were not statistically significant, and thus the final model had treatment 

as the main effect. Results were considered significant at P ≤ 0.05 and tendencies were observed 

at 0.05 < P < 0.10. 

 



85 
 

6.4 RESULTS  

The analyzed chemical compositions of the experimental diets and the solvent extracted 

CM samples are presented in Tables 6.1 and 6.2 The analyzed CP content of the diet were close 

to the calculated values. 

 

6.4.1 Apparent Ileal Digestibility of Amino Acids 

Apparent ileal digestibility values for DM, CP, and AA in CM are presented in Table 6.3. 

Sows in lactation had higher (P < 0.05) AID for CP, and all AA, when compared to sows in mid- 

or late-gestation, except for AID of proline which tended (P = 0.062) to be higher in lactating 

sows. The MEC supplementation improved (P < 0.05) the AID of AA, namely histidine, lysine, 

methionine, valine and alanine, and showed a tendency (0.05 < P < 0.10) for improvement in AID 

of arginine, isoleucine, tryptophan, and cysteine during the lactation phase. However, except 

glutamic acid showing higher (P = 0.007) AID and serine showing a tendency (P = 0.071) for 

improvement during mid-gestation, there was no enzyme effect in AID of AA during both mid- 

and late-gestation. 

 

6.4.2 Standardized Ileal Digestibility of Amino Acids 

Standardized ileal digestibility values for CP and AA in CM fed to gestating and lactating 

sows are presented in Table 6.4. The ileal endogenous N and AA losses determined using a low-

protein diet are presented in Table 6.6. The reason behind the use a low protein diet instead of a 

protein-free diet in the current study is because the Animal care committee does not allow to feed 

100% nitrogen-free diets and moreover, low protein diets does affect the protein or AA retention 

and subsequently does not upset the outcome of the study. No significant effect of the collection 
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phase was observed except for arginine, histidine, lysine, methionine, tryptophan, and serine 

which showed higher (P < 0.05) SID valued during lactation, and SID of glutamic acid, which 

tend (P = 0.091) to be higher in lactating sows. The MEC supplementation improved (P < 0.05) 

the SID of glutamic acid during mid-gestation, and SID of arginine, histidine, lysine, methionine, 

and valine during lactation. Moreover, during lactation SID of tryptophan and alanine showed 

tendency for improvement with enzyme supplementation. 

 

6.4.3 Total Tract Digestibility of Nutrients 

Total tract digestibility of energy and nutrients in CM fed to gestating and lactating sows 

are presented in Table 6.5. The endogenous P losses determined in sows fed a P-free diet are 

presented in Table 6.6. There were no differences in total tract digestibility values for nutrients 

between the collection phases (mid- and late-gestation, and lactation). Moreover, MEC 

supplementation only improved (P < 0.05) the ATTD of DM and P, and STTD of P during 

lactation. Also, ATTD of CP showed a tendency (P = 0.054) for improvement during lactation. 
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Table 6.3 Apparent ileal digestibility of DM, CP, and AA in canola meal (CM) fed to sows with or without multi-enzyme complex 

(MEC)1 

Item 

Phase 

P-value Mid gestation Late gestation Lactation 

Diets2 

SEM 

Diets2 

SEM 

Diets2 

SEM CM 

(-) 

CM 

(+) 

CM 

(-) 

CM 

(+) 

CM 

(-) 

CM 

(+) 

Mid 

gestation 

Late 

gestation 
Lactation Phase 

DM, % 75.9 79.4 1.63 75.8 78.5 2.34 75.9 77.0 0.95 0.124 0.349 0.126 0.936 

CP, % 65.2 65.9 0.83 65.6 65.6 0.96 67.0 69.4 0.95 0.554 0.999 0.135 0.004 

Indispensable AA, % 

Arginine 75.8 75.3 0.90 77.3 75.9 0.74 83.5 86.1 0.71 0.699 0.279 0.059 <0.001 

Histidine 35.8 35.3 0.58 37.8 37.2 0.75 53.2 57.2 0.39 0.611 0.218 <0.001 <0.001 

Isoleucine 72.6 73.5 1.09 74.5 73.3 1.09 79.4 81.6 0.64 0.672 0.333 0.087 <0.001 

Leucine 77.3 76.6 0.68 78.3 77.0 0.63 80.5 82.5 0.85 0.625 0.270 0.222 <0.001 

Lysine 74.7 74.5 0.57 75.4 74.5 0.82 80.3 82.8 0.58 0.779 0.401 0.041 <0.001 

Methionine 84.0 83.6 0.78 85.4 84.8 0.54 87.6 89.9 0.39 0.757 0.307 0.007 <0.001 

Phenylalanine 76.3 76.8 1.35 77.7 77.2 0.63 79.9 82.5 1.02 0.764 0.650 0.123 0.003 

Threonine 61.8 61.1 1.28 62.9 61.0 2.62 72.5 73.3 0.80 0.798 0.506 0.472 <0.001 

Tryptophan 73.8 75.6 1.90 75.8 76.0 1.36 85.7 88.1 0.63 0.505 0.895 0.053 <0.001 

Valine 72.4 72.1 1.06 73.0 72.6 0.61 74.5 81.1 0.79 0.853 0.720 0.001 <0.001 

Dispensable AA, % 

Alanine 70.5 72.0 0.93 70.9 71.6 1.44 76.7 78.9 0.64 0.373 0.678 0.031 <0.001 

Aspartic acid 59.1 59.4 1.10 59.2 59.5 2.36 71.1 71.0 1.19 0.871 0.884 0.954 <0.001 

Cysteine 71.2 71.1 1.63 72.7 71.9 1.30 78.5 81.0 0.79 0.974 0.683 0.059 <0.001 

Glycine 67.0 68.0 0.49 67.1 68.1 0.66 73.2 74.6 1.40 0.344 0.502 0.506 <0.001 

Glutamic acid 81.4 83.5 0.49 83.5 83.9 0.42 86.6 87.8 0.68 0.007 0.352 0.158 <0.001 

Proline 55.2 55.8 4.58 56.4 53.9 3.93 64.8 66.0 2.25 0.944 0.578 0.781 0.062 

Serine 69.8 72.5 0.76 71.8 72.6 0.56 73.9 75.8 0.60 0.071 0.471 0.134 0.001 

Tyrosine 69.5 70.2 1.13 70.5 70.4 1.41 78.1 78.6 1.09 0.740 0.979 0.772 <0.001 
1n=8. 
2CM = Canola meal containing diet. +/−Represents presence or absence multi-enzyme complex (MEC). 
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Table 6.4 Standardized ileal digestibility of DM, CP, and AA in canola meal (CM) fed to sows with or without multi-enzyme complex 

(MEC)1 

Item 

Phase 

P-value Mid gestation Late gestation Lactation 

Diets2 SEM Diets2 SEM Diets2 SEM 

CM (-) 
CM 

(+) 
 CM (-) 

CM 

(+) 
 CM 

(-) 

CM 

(+) 
 Mid 

gestation 

Late 

gestation 
Lactation Phase 

CP, % 79.9 80.6 0.83 79.7 80.3 0.96 77.9 80.3 0.95 0.551 0.736 0.135 0.457 

Indispensable AA, % 

Arginine 88.7 88.4 0.88 89.8 88.9 0.74 91.3 94.2 0.68 0.831 0.486 0.036 <0.001 

Histidine 93.5 92.6 0.56 92.6 93.1 0.75 94.0 95.8 0.38 0.265 0.571 0.030 0.001 

Isoleucine 85.9 86.7 1.09 86.0 86.6 1.09 87.0 88.9 0.65 0.675 0.636 0.150 0.127 

Leucine 88.8 88.7 0.70 89.5 88.7 0.63 89.2 90.5 0.91 0.909 0.445 0.446 0.469 

Lysine 86.9 86.8 0.59 87.0 86.7 0.82 87.7 89.9 0.58 0.881 0.781 0.045 0.005 

Methionine 91.6 90.9 0.76 92.9 92.0 0.54 93.3 95.1 0.39 0.615 0.203 0.026 <0.001 

Phenylalanine 88.7 88.0 1.36 89.6 88.7 0.63 87.8 89.9 0.99 0.686 0.416 0.253 0.819 

Threonine 84.7 84.0 1.29 83.9 84.0 2.62 82.7 83.8 0.74 0.786 0.975 0.355 0.670 

Tryptophan 87.5 89.1 1.92 88.8 89.8 1.36 91.5 93.8 0.63 0.548 0.574 0.059 0.006 

Valine 85.8 84.7 1.00 86.1 84.9 0.61 84.3 89.3 0.78 0.512 0.328 0.004 0.281 

Dispensable AA, % 

Alanine 85.8 85.6 0.93 87.5 85.7 1.44 84.9 86.7 0.69 0.894 0.277 0.068 0.561 

Aspartic acid 84.8 84.8 1.15 82.5 85.3 2.36 84.7 83.9 1.17 0.982 0.192 0.751 0.676 

Cysteine 87.0 86.3 1.51 87.5 86.5 1.30 87.2 88.5 0.80 0.812 0.615 0.215 0.665 

Glycine 90.2 91.3 0.51 91.0 91.3 0.66 90.7 91.6 1.46 0.296 0.813 0.684 0.885 

Glutamic acid 90.6 92.6 0.49 93.6 93.1 0.42 92.4 93.6 0.67 0.008 0.331 0.138 0.091 

Proline 101.8 102.5 4.59 103.0 100.7 7.92 97.0 99.1 2.30 0.941 0.780 0.635 0.603 

Serine 88.8 91.7 0.75 90.6 91.7 0.56 84.6 86.7 0.61 0.052 0.360 0.101 <0.001 

Tyrosine 86.5 85.6 1.15 86.1 86.0 1.41 87.5 88.3 1.06 0.684 0.974 0.677 0.232 
1n=8. 
2CM = Canola meal containing diet. +/−Represents presence or absence multi-enzyme complex (MEC). 
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Table 6.5 Apparent total tract digestibility (ATTD) of nutrients and standardized total tract digestibility (STTD) of P in canola meal 

(CM) fed to sows with or without multi-enzyme complex (MEC)1 

Item 

Phase 

P-value Mid gestation Late gestation Lactation 

Diets2 

SEM 

Diets2 

SEM 

Diets2 

SEM CM 

(-) 

CM 

(+) 

CM 

(-) 

CM 

(+) 

CM 

(-) 

CM 

(+) 

Mid 

gestation 

Late 

gestation 
Lactation Phase 

ATTD, %              

DM 84.0 83.8 1.32 83.6 85.0 1.24 84.5 86.2 0.56 0.896 0.589 0.024 0.383 

CP 83.7 84.5 1.10 83.2 85.4 1.39 84.0 85.7 0.63 0.622 0.406 0.054 0.800 

NDF 56.9 56.2 4.84 56.6 56.1 4.59 55.7 56.4 1.63 0.668 0.773 0.500 0.887 

Ca 58.8 58.2 2.71 58.6 59.3 5.07 58.8 58.9 3.00 0.480 0.776 0.889 0.741 

P 33.9 39.6 2.65 34.9 38.4 4.47 38.2 42.9 0.91 0.197 0.344 0.012 0.165 

STTD, %              

P 44.5 50.4 2.65 45.5 49.2 4.47 44.2 48.9 0.92 0.188 0.326 0.011 0.904 
1n=8. 
2CM = Canola meal containing diet. +/−Represents presence or absence multi-enzyme complex (MEC). 
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Table 6.6 Non-specific endogenous Nitrogen, AA and P losses in sows1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1n=8. 
2The non-specific endogenous loss of AA was estimated in sows fed the low nitrogen diet and the 

non-specific endogenous loss of P was estimated in sows fed the P-free diet. 

  

Item 
Non-specific endogenous losses2, mg/kg DMI 

Mid Gestation Late Gestation Lactation 

Nitrogen 3206.6 3065.9 2382.8 

P 614.1 609.1 343.0 

Indispensable AA 

Arginine 797.9 769.4 502.7 

Histidine 2091.9 1984.1 1479.2 

Isoleucine 599.6 520.5 318.7 

Leucine 868.4 842.6 600.1 

Lysine 857.8 816.4 502.9 

Methionine 201.3 198.8 148.1 

Phenylalanine 520.1 503.8 306.8 

Threonine 1094.8 900.5 501.2 

Tryptophan 236.3 224.8 98.8 

Valine 719.8 701.8 405.6 

Dispensable AA  

Alanine 762.6 725.9 424.6 

Aspartic acid 1971.2 1711.2 994.6 

Cysteine 423.6 395.1 217.4 

Glycine 1406.4 1448.7 1033.4 

Glutamic acid 2033.2 2042.3 1289.9 

Proline 3407.2 3254.1 2419.7 

Serine 993.5 985.8 569.7 

Tyrosine 466.9 428.7 264.1 
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6.5. DISCUSSION  

The prime objective of this study was to determine the AA and P digestibility in CM in 

two different physiological stages in sows, namely gestation and lactation. The solvent extracted 

CM used in the current study had comparable concentrations of CP, NDF, AA, and minerals when 

compared with CM used in previous studies (González-Vega and Stein, 2012; Adewole et al., 

2016, 2017). However, studies have shown that CM from different processing plants in Canada 

vary in their nutrient composition, mainly due to differences in growing and harvesting conditions, 

and also due to the variation in heat treatment during processing (Bell and Keith, 1991; Adewole 

et al., 2016) 

 

6.5.1 Apparent Ileal Digestibility of Amino Acids 

Studies associated with AA digestibility in CM fed to sows are limited, restricting the 

comparison between studies. The AID of CP in CM fed to gestating and lactating sows in the 

current study was found to be higher (46 and 24%, respectively for gestating and lactating sows) 

when compared to the digestibility coefficients in sows reported by Stein et al. (1999). Similarly, 

for AA, except for histidine, most of the AID coefficients observed in the current study in both 

gestating and lactating sows were found to be higher than those reported in sows by Stein et al. 

(1999). Protein and AA digestibility in CM fed to pigs has shown to be influenced by factors like 

the age of the pig (Maison and Stein, 2014), canola variety, and oil extraction technique used 

(Woyengo et al., 2010; Trindade Neto et al., 2012; Adewole et al., 2017). The AID coefficients of 

CM used in different studies has shown to vary consistently depending on the concentrations of 

tannin, NDF, and the hull in different varieties of canola being used (Fan et al., 1996). Moreover, 

the heat treatment during the meal processing has been reported to have a negative effect on AA 
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digestibility, mainly because of overheating (Parsons et al., 1991; Khajali and Slominski, 2012; 

Adewole et al., 2016).  

Apparent ileal digestibility coefficients of CP and AA for lactating sows in the current 

study were found to be higher when compared to the corresponding values for growing-finishing 

pigs reported in previous studies (Stein et al., 1999; González-Vega and Stein, 2012; Maison and 

Stein, 2015b; Adewole et al., 2017). However, when compared with studies by Kim et al. (2015) 

and Liu et al. (2018) in growing pigs, similar AID coefficients in lactating sows were observed in 

the current study, except for AID of histidine, methionine, tryptophan, and proline. Moreover, AID 

of most of the AA in CM fed to gestation sows in the current study were either similar or even 

lower than those values in growing-finishing pigs as reported in the above-listed studies.  

The major assumptions behind sows having a higher AID for protein and AA compared to 

growing pigs include a more efficient digestive system, due to a larger and more developed 

gastrointestinal tract in sows (Bridges et al., 1986). An increase in the intestinal volume could 

result in longer residence time for the digesta in sows (Varel, 1987; Low, 1993), resulting in better 

absorption of nutrients. Yet another factor that influences digestibility of nutrients is the feed intake 

by pigs. Lactating sows and growing pigs are usually allowed ad libitum feed intake, while 

gestating sows are maintained on restricted diets. Even though, ileal digestibility of AA in pigs are 

not directly affected by feeding levels (Haydon et al., 1984; Moter and Stein, 2004), a reduced 

feed intake has been shown to increase the digestibility of energy, crude fiber and fat (Cunningham 

et al., 1962; Everts et al., 1986; Shi and Noblet, 1993a). However, non-specific or the basal 

endogenous losses for AA (g/kg DM intake) are elevated with a reduction in feed intake (Moter 

and Stein, 2004; Adeola et al., 2016), and a higher excretion of non-specific endogenous AA 

results in a lower AID values of AA (Hess and Sève, 1999; Hodgkinson et al., 2000; Leterme and 
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Théwis, 2004; Adeola et al., 2016). The non-specific endogenous losses of AA are related only to 

the DM intake of the animal and are not influenced by the type of diet or the feed ingredient itself. 

Gestating sows in the current study showed an elevated endogenous AA loss when compared to 

lactating sows (Table 6.6). Moreover, the values for non-specific endogenous AA losses observed 

in the current study were higher for gestating sows and similar or even lesser for lactating sows 

for most of the AA when compared to those reported in growing pigs (Adeola et al., 2016; Adewole 

et al., 2017). The elevated non-specific endogenous losses of AA observed of gestating sows in 

the current study could be attributed to the restricted feed intake (3kg/d) which in turn could have 

resulted in a lower estimate of AID for AA in gestating sows when compared to lactating sows 

(average feed intake of 6.8 kg/d). Accordingly, for lactating sows with a similar endogenous losses 

as growing pigs is expected to have a similar AID for AA, however, in the current study, the high 

AID values in lactating when compared to growing pigs indicate an improved digestibility of AA. 

Similarly, gestating sows are expected to have a lower AA digestibility when compared to growing 

pigs, owing to a higher endogenous loss, but the fact that the results in the current study were not 

different from those in growing pigs from the previous studies could probably be due to a better 

AA digestibility in gestating sows. 

 

6.5.2 Standardized Ileal Digestibility of Amino Acids 

The SID of CP and AA in CM in gestating and lactating sows in the current study were 

found to be higher, but comparable to those SID coefficients for CM in sows reported by Stein et 

al. (2001). Lactating and gestating sows in the current study had similar SID coefficients for most 

AA, except for higher SID coefficients for arginine, histidine, lysine, methionine, tryptophan, and 

serine in lactating sows. The fact that SID of certain AA in lactating sows were higher than that in 
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gestating sows shows an improved AA digestibility. However, it should be noted that SID of AA 

are influenced by the level of feed intake (Stein et al., 2007), and hence SID coefficients obtained 

from pigs fed restricted diets may not be comparable to those obtained from pigs fed ad libitum 

diets (Moter and Stein, 2004). When compared to the average SID coefficients of AA in CM fed 

to growing pigs from previous studies (Stein et al., 2001; Woyengo et al., 2010; Gonzalez-Vega 

and Stein, 2012; Trinidade Neto et al., 2012; Sanjayan et al., 2014; Adewole et al., 2017), the SID 

coefficients for AA in lactating sows were higher in the present study. On the contrary, Stein et al. 

(2001) reported similar SID values for most of AA in CM in lactating sows and growing pigs.  

The major site for fiber fermentation in pigs is the large intestine; however, a small but a 

significant amount of the soluble component of the dietary fiber is also being fermented in the 

distal part of the small intestine (Jha et al., 2010; Jha and Leterme, 2012). An improved 

fermentative capacity by the microbes in the small intestine of lactation sows when compared to 

growing pigs could be one of the probable reasons for a better AA digestibility in lactating sows. 

Since SID coefficients in lactating sows in the current study were higher when compared to those 

in growing pigs in previous studies, and the fact that both growing pigs and lactating sows were 

fed close to ad libitum, SID for AA in CM determined in growing pigs may not be representative 

for lactating sows. 

 

6.5.3 Total Tract Digestibility of Nutrients 

The ATTD of nutrients in the current study were found to be similar for gestating and 

lactating sows. On average, ATTD of protein in CM fed to sows was 83.6%, which was higher 

than that reported for CM in sows by Stein et al. (1999; 70.8 and 75.0% for gestating and lactating 

sows, respectively). Moreover, when protein digestibly in lactation sows were compared with 



95 
 

studies determining ATTD of protein in CM in growing pigs (Stein et al., 1999; Liu et al., 2018), 

it was observed that sows had a higher total tract digestibility coefficient. An improvement in 

digestive capacity in pigs with age has been observed in several studies, where they found an 

increased ATTD of CP in diets for sows when compared to growing pigs (Fernandez et al., 1986; 

Noblet and Shi, 1993; Etienne et al., 1997). Hindgut fermentation of fiber in sows is more efficient 

owing to an increased cellulolytic bacterial activity when compared to that in growing pigs (Varel, 

1987; Fernandez et al., 1986). This could be the probable reason for a higher ATTD of NDF in the 

current study when compared to those reported of CM in growing pigs by Maison et al. (2015b; 

56.4 vs. 51.9%). 

To our knowledge, the STTD of P has not been previously reported for CM fed to gestating 

or lactating sows. In the current study P digestibility (both ATTD and STTD) were similar in both 

gestating and lactating sows, indicating that the physiological status of the sow had no influence 

on the digestibility coefficients. On average, the ATTD and STTD of P in CM in sows were 35.7 

and 44.7%, respectively. Phosphorus excreted in the feces is comprised of non-digested P and 

endogenous P. The basal endogenous P losses measured in the current study varied between 

gestating and lactating sows, with gestating sows having a higher basal endogenous P loss. Bikker 

et al. (2016) reported a lower endogenous P loss for gestating sows (500 mg/kg DMI), which could 

probably be associated with a lower BW of sows (201 kg) when compared to the sows used in the 

current study (initial BW 260 kg). Studies have shown a direct relationship between BW and 

endogenous P losses in pigs (expressed as mg/kg DMI), wherein, P losses increase with increasing 

BW (Bikker et al., 2016, 2017). Similarly, endogenous P losses in growing pigs reported in 

previous studies (Adhikari et al., 2015; Kim et al., 2017; Mejicanos et al., 2018) were lower when 

compared to those in sows from the current study, which could also be attributed to a lower BW 
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in growing pigs. However, the current finding that the basal endogenous P loss was lower (343 vs. 

611 mg/kg DMI) for lactating sows (fed close to ad libitum and with a lower BW) when compared 

to gestating sows fed restricted diet (higher initial BW) contradicts the finding by Bikker et al. 

(2016), where they observed an increase in endogenous P loss in pigs with increasing feeding 

levels. Hence it is true that variation in endogenous P loss in pigs is independent of the variation 

in BW and feed intake (Bikker et al., 2017). 

The P digestibility in oilseeds fed to pigs vary according to the amount of phytate P (Selle 

and Ravindran 2008; Rodriguez et al., 2013). This could be one of the probable reasons for a wide 

variation in the STTD of P in CM (30.0 to 50.0%) fed to growing pigs in previous studies 

(Akinmusire and Adeola, 2009; Rodriguez et al., 2013; Adhikari et al., 2015; Maison et al., 2015a; 

Mejicanos et al., 2018). The STTD of P in the current study (44.7%), though was within the range 

observed in growing pigs, it is difficult to make a comparison due to the wide variation in P 

digestibility of CM in growing pigs. The phytate content in CM is influenced by the plant variety 

and P availability in soil (Uppström and Svensson, 1980). Consequently, the phytate P content in 

CM may vary depending on the canola varieties, the environmental conditions, and the area where 

the canola is grown (Rodriguez et al., 2013). Hence, while comparing the P digestibility of CM 

among studies, the phytate P content of the meal should also be taken into consideration. 

Calcium digestibility was similar in both gestating and lactating sows, with an average 

ATTD of 58.7% for CM. Apart from CM, limestone was also a source of Ca in the current study. 

On comparison with published values in growing pigs, ATTD of Ca in CM in sows were found to 

be higher than those reported by Adhikari et al. (2015) and Mejicanos et al. (2018) and lower than 

those reported by Rodriguez et al. (2013). However, comparable values for ATTD of Ca in CM 

were observed in studies by Maison et al. (2015a). 
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6.5.4 Enzyme Supplementation 

Oilseeds, when used in high inclusion rates in the swine diet, may significantly contribute 

to the total quantity of non-starch polysaccharides (NSP) and phytate in the diet. High-NSP diets 

have been shown to reduce AA digestibility in pigs (Torre et al., 1991; Myrie et al., 2008), mainly 

by physical entrapments of nutrients, thereby creating a barrier for absorption (Bedford and 

Schulze, 1998), or due to higher flow of endogenous AA directly caused by the fiber component 

(Le Goff and Noblet, 2001; Bartelt et al., 2002). Phytate, on the other hand, could bind to six 

phosphate groups, making P unavailable, since non-ruminant animals lack the enzyme phytase to 

break these bonds. 

The use of a mixture of carbohydrases that target different NSP has shown to produce more 

significant benefits than the use of individual NSP-degrading enzymes since one enzyme may 

facilitate the activity of the other (Olukosi and Adeola, 2013). Moreover, the use of carbohydrases 

and phytase combination, results in hydrolysis of the cell wall by carbohydrases, which improves 

the contact of phytase and phytate, thus enhancing phytase activity (Parkkonen et al., 1997; Simon, 

1998). 

The use of exogenous enzymes in sow diets has not been studied much probably because 

sows can utilize fibrous feedstuffs more effectively than growing pigs. The stage of reproduction 

has a significant influence on the effect of enzyme supplementation in sows (Olukosi and Adeola, 

2013). Nyachoti et al. (2006) observed an improvement in P digestibility during late-gestation 

when compared to early gestation in sows supplemented with phytase. On the contrary, in the 

current study, phytase supplementation only improved the P digestibility during lactation. This 

finding is in agreement with Kemme et al. (1997), who reported that phytase has a higher efficacy 

in lactating sows when compared to gestating ones. It should also be noted that the effect of phytase 
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on P utilization also varies depending upon the hydrolyzing activity of phytase which in turn varies 

depending on the source (Paditz et al., 2004; Nyachoti et al., 2006). However, considering the 

effect of phytase on P digestibility of CM, several studies in growing pigs have reported consistent 

results, wherein phytase supplementation improved the STTD of P (Akinmusire and Adeola, 2009; 

Rodriguez et al., 2013; Adhikari et al., 2015; Maison et al., 2015). 

 

The efficacy of multi-carbohydrases in degradation of cell wall polysaccharide of CM has 

been verified by Meng et al. (2005) in an in-vitro study. However, with in-vivo studies, the results 

of multi-carbohydrases supplementation in pigs have been inconsistent. Studies involving the use 

of Superzyme OM (multi-carbohydrase used in the current study), did not improve the AA 

digestibility in growing pigs (Sanjayan, 2013). However, in the current study, improvement in 

nutrient digestibility with MEC supplementation was predominantly observed during the lactating 

phase, the probable reason being lactating sows fed ad libitum feed compared to gestating sows 

fed restricted diets.  

 

6.6. CONCLUSION  

In conclusion, SID of essential and non-essential AA in CM in gestating and lactating sows 

were determined and when compared to the average SID coefficients of AA in CM fed to growing 

pigs from previous studies, the SID coefficients for AA in lactating sows were higher in the present 

study. Supplementation with MEC improved the SID of some AA during lactation. The average 

STTD for P in CM fed in sows was 44.7 % and MEC significantly improved to STTD of P in CM 

during lactation. The results imply that the adoption of nutrient digestibility values for CM in 

growing pigs would result in an underestimation of those for gestating and lactating sows.  
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CHAPTER 7 

GENERAL DISCUSSION 

 

Solvent extracted canola meal is a co-product of canola crushing industry and could be a 

cost-effective protein source in lactating sow diets. However, the high fiber and high glucosinolate 

content in the CM have been a major concern in using CM as a sole protein source in sows. 

However, the current cultivars of canola have low concentrations of glucosinolates, leading to 

production of CM with lower glucosinolates content which in turn allows higher inclusion levels 

in diets for sows. Hence, the overall objective of this study was to determine the effects of 

including solvent extracted CM as a sole protein source in lactating sow diets on reproductive 

performance, milk composition, suckling piglet performance, gut health and nutrient digestibility. 

Standardized ileal digestibility of AA and STTD of P in CM fed to gestating and lactating sows 

were also determined. The findings from the studies conducted to define the above objectives are 

discussed here. 

In manuscript I, effects of increasing dietary CM in substitution for soybean meal in 

lactation sow diets were determined. Lactation performance data from the current study showed 

that CM could be well incorporated as a major protein source in lactating sow diets. Previous 

studies have shown that feeding CM-containing diets to pigs reduce growth performance (Baidoo 

et al., 1986, 1987; McIntosh et al., 1986). This could be attributed to the fact that the diets in the 

above studies were formulated based on CP content and DE value, and that the energy values of 

diets rich in protein or fiber are overestimated when expressed on DE basis (Velayudhan et al., 

2015). Hence, NE system enables more effective utilization of high fiber ingredients like CM 

without affecting pig performance. The recommended dietary glucosinolate concentration for 
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lactating sows is below 2 μmol/g, so as to avoid any reduction in feed intake (Spratt and Leeson, 

1985; Schöne et al., 1999; Quiniou et al., 2012). The CM used in the present experiment contained 

relatively low levels (7.9 μmol/g) of glucosinolates and hence the diets with 15, and 30% inclusion 

of CM contained 1.32 and 2.82 μmol/g of glucosinolates, respectively. Therefore, the lack of 

difference in daily feed intake in sows between treatments in the current study could be because 

lactating sows can tolerate a higher level (2.82 μmol/g for 30% CM inclusion) of glucosinolates 

in diets. In manuscript I, sows fed CM containing diets had similar milk composition when 

compared to those fed control diet probably because the diets were formulated to contain similar 

standardized ileal digestible AA contents. The quantity and quality of milk produced by the sow 

has an influence on the BW gain in piglets (Skok et al., 2007) and one reason for a similar BW 

gain of piglets in the current study could be due to no difference in the sow milk composition. 

Plasma urea N concentration in pigs has a direct relationship with the dietary protein content and 

is inversely related to protein quality or the biological value of the protein (Eggum, 1970; Orok 

and Bowland, 1975; Bassily et al., 1982). The probable reason for lower PUN values observed in 

the present study in sows fed CM when compared to those fed diets containing soybean meal could 

be due to the fact that CM protein has a high biological value when compared to soybean meal 

(Newkirk and Classen, 2002; Ghodsvali et al., 2005). Moreover, the CP content of the corn 

soybean meal based control diets were higher when compared to those diets containing CM, 

resulting in a higher PUN values in sows fed control diets. However, increasing inclusion of CM 

in this study resulted in a linear reduction in energy and nutrient digestibility in lactating sows and 

could be likely attributed to increasing dietary fiber content. 

In manuscript II, it was hypothesized that with a longer adaptation period, CM could be used 

as a sole protein source in sow diets with no adverse effects on nutrient digestibility and that enzyme 

supplementation could improve nutrient digestibility in high CM diets. In this study, the effects of 
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CM inclusion as a sole protein source with or without enzymes from early gestation through to 

lactation on reproductive performance, milk composition, fecal bacterial profile and nutrient and 

energy digestibility in sows were determined. Lactation performance showed no negative effects 

of using CM as the only protein source in sows when diets formulated on similar NE values and 

standardized ileal digestible AA content were fed from early gestation. Also, it was recognized 

that the experimental design for measuring specific reproductive parameters such as the total 

number of piglets born, the number of piglets born alive, day 0 piglet BW, and the number of 

piglets weaned, were limited due to the small number of sows (n = 15) used in the study. Milk 

composition data and PUN content were consistent with results from manuscript I. Also, with a 

longer adaptation, sows were able to efficiently utilize the high dietary fiber in CM containing 

diets without any reduction in energy and nutrient digestibility, probably due to an increase in 

hindgut fermentation because of an increased gut microbial mass (Varel, 1987). Moreover, enzyme 

supplementation improved P digestibility in CM-containing diets. Fermentation of fiber has shown 

to increase the cellulolytic bacterial activity in hindgut of pigs and the resulting production of 

volatile fatty acid reduces the gut pH, which in turn promotes the growth of probiotic species of 

bacteria in the gut. Similarly, in the current study feeding CM-containing diets increased the 

abundance of lactic acid bacteria such as Lactobacillus and Enterococcus during the later part of 

gestation. Such variations in the abundance of beneficial bacteria in the gut were not observed 

during the end of lactation suggesting some kind of adaptation of the gut microbiome in sows 

which warrants additional studies to explain the association between dietary fiber and probiotic 

bacteria. 

Accurate knowledge of the standardized ileal digestible AA and standardized total tract P 

contents would be essential for a more precise and cost-effective diet formulation and in the 
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ranking of feedstuffs. Therefore, for manuscript III, the primary objective was to determine SID 

of AA and STTP of P in CM fed to gestating and lactating sows and to compare with the 

corresponding published values for growing pigs. The solvent extracted CM used in the current 

study had comparable nutrient composition when compared with CM used in previous studies. 

However, it should be noted that CM from different processing plants could vary in their nutrient 

composition, mainly due to differences in growing and harvesting conditions, and due to the 

variation in heat treatment while processing (Bell and Keith, 1991; Adewole et al., 2016). Only 

limited studies have determined the AA digestibility of CM in sows, restricting the comparison 

between studies. The AID of CP and most of the AA in CM in gestating and lactating sows in the 

current study were found to be higher when compared to those digestibility coefficients for CM in 

sows reported by Stein et al. (1999). Moreover, lactating sows had a significantly higher AID for 

most of the AA when compared to sows in gestation. When compared to growing-finishing pigs 

(Stein et al., 1999; González-Vega and Stein, 2012; Maison and Stein, 2015; Adewole et al., 2017), 

AID coefficients of CP and AA in CM for lactating sows in the current study were found to be 

higher, however, AID coefficients of AA for gestating sows were either similar or even lower. The 

high non-specific endogenous losses of AA observed in gestating sows in the current study when 

compared to lactating sows could have resulted in a lower estimate of AID for AA in gestating 

sows. Accordingly, for lactating sows with similar endogenous losses as growing pigs is expected 

to have a similar AID for AA, however, in the current study, the elevated AID values in lactating 

sows when compared to growing pigs from previous studies indicate an improved digestibility of 

AA. The SID of CP and AA in CM in gestating and lactating sows in the current study were found 

to be higher, but comparable to those SID coefficients in sows reported by Stein et al. (2001). 

However, lactating and gestating sows in the current study had similar SID coefficients for AA, 
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except for higher SID coefficients for arginine, histidine, lysine, methionine, tryptophan, and 

serine in lactating sows. The fact that SID of certain AA in lactating sows were higher than 

gestating sows suggests an improved AA digestibility. When compared to the average SID 

coefficients of AA in CM fed to growing pigs from previous studies (Stein et al., 2001; Woyengo 

et al., 2010; Gonzalez-Vega and Stein, 2012; Trinidade Neto et al., 2012; Sanjayan et al., 2014; 

Adewole et al., 2017), the SID coefficients for AA in lactating sows were higher in the present 

study. Microbes in the distal part of small intestine in pigs have been shown to utilize smaller 

amounts of dietary fiber. An improved fermentative capacity by the microbes in the small intestine 

of lactating sows when compared to growing pigs could be one of the probable reasons for better 

AA digestibility in lactating sows. Since SID coefficients in lactating sows in the current study 

were higher when compared to those in growing pigs in previous studies, and the fact that both 

growing pigs and lactating sows were fed close to ad libitum, SID for AA in CM determined in 

growing pigs may not be representative for lactating sows. The ATTD of nutrients in the current 

study were found to be similar for gestating and lactating sows. Hence, on average, the ATTD and 

STTD of P in CM in sows were 35.7 and 44.7%, respectively. The P digestibility in oilseeds fed 

to pigs vary according to the amount of phytate P (Selle and Ravindran 2008; Rodriguez et al., 

2013). This could be one of the probable reasons for a wide variation in the STTD of P in CM 

(30.0-50.0%) fed to growing pigs in previous studies (Akinmusire and Adeola, 2009; Rodriguez 

et al., 2013; Adhikari et al., 2015; Maison et al., 2015a; Mejicanos et al., 2018). The STTD of P in 

the current study, though was within the range observed in growing pigs, it is difficult to make a 

comparison due to the wide variation in P digestibility of CM in growing pigs. Also, enzyme 

supplementation improved the SID of some AA and STTD of P during lactation. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE STUDIES 

 

8.1. Conclusions 

The following conclusions can be drawn from the present research: 

1. Replacing soybean meal with increasing levels of CM in lactation diets showed no effect 

on sow and suckling piglet performance. 

2. Solvent extracted CM up to 30% in lactation diet can support satisfactory sow and 

suckling piglet performance. 

3. With high inclusions of CM during lactation, energy and nutrient digestibility were 

reduced, probably due to increased fiber content and a shorter adaptation period to diets. 

4. With longer adaptation period, up to 30% CM in lactation diet can support satisfactory 

sow and suckling piglet performance, without any adverse effects on energy and nutrient 

digestibility. 

5. Feeding CM containing diets increased the abundance of beneficial bacteria in the gut. 

6. Phytase supplementation improved P digestibility in CM during lactation period. 

7. Standardized ileal digestibility coefficients for AA in CM in lactating sows were higher 

compared to those published for growing pigs. 

8. Supplementation with a mixture of carbohydrases and phytase improved the SID of some 

AA and STTD of P in CM during lactation. 

9. Standardized ileal digestibility for AA in CM determined in growing pigs may not be 

representative for lactating sows. 
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8.2. Future Studies 

1. Determine the effect of CM inclusion as a sole protein source on reproductive performance 

and nutrient digestibility in consecutive reproductive cycles in sows. 

2. To repeat the study in a commercial facility with larger number of sows to determine the 

cost efficiency in replacing soybean meal with CM. 

3. Since the number of sows used in the current study to determine lactation performance was 

less, to enhance the robustness of the study, future study designs could consider using a 

larger number of replications. 

4. To determine the ileal digestibility values simultaneously in growing pigs and sows to 

validate the current findings. 



106 
 

CHAPTER 9 

LITERATURES CITED 

Aaron, D. K., and V. W. Hays. 2004. How many pigs? Statistical power considerations in swine 

nutrition experiments. J. Anim. Sci. 82:E245-E254. 

https://doi.org/10.2527/2004.8213_supplE245x. 

Adeola, O., and A. J. Cowieson. 2011. Board-invited review: Opportunities and challenges in 

using exogenous enzymes to improve nonruminant animal production. J. Anim. Sci. 

89:3189-3218. 

Adeola, O., P. C. Xue, A. J. Cowieson, and K. M. Ajuwon. 2016. Basal endogenous losses of 

amino acids in protein nutrition research for swine and poultry. Anim. Feed Sci. Technol. 

221:274-283. https://doi.org/10.1016/j.anifeedsci.2016.06.004. 

Adewole, D. I., A. 2017. The effect of pre-press solvent extraction conditions on the chemical 

composition and nutritive value of canola meal for broiler chickens and pigs. PhD Thesis. 

Univ. of Manitoba, Manitoba, Canada. 

Adewole, D. I., A. Rogiewicz, B. Dyck, and B. A. Slominski. 2016. Chemical and nutritive 

characteristics of canola meal from Canadian processing facilities. Anim. Feed Sci. 

Technol. 222:17–30. doi:10.1016/j.anifeedsci.2016.09.012.  

Adewole, D. I., A. Rogiewicz, B. Dyck, C. M. Nyachoti, and B. A. Slominski. 2017. 

Standardized ileal digestible amino acid contents of canola meal from Canadian crushing 

plants for growing pigs. J. Anim. Sci. 95:2670-2679. 

https://doi.org/10.2527/jas.2017.1372. 

https://doi.org/10.1016/j.anifeedsci.2016.06.004
https://doi.org/10.2527/jas.2017.1372


107 
 

Adhikari, P. A., J. M. Heo, and C. M. Nyachoti. 2015. True and standardized total tract 

digestibility in canola meals from Brassica napus and Brassica juncea fed to growing 

pigs. J. Anim. Sci. 93:209–216. doi:10.2527/jas.2014-7569. 

Adrian, J. 1974. Nutritional and physiological consequences of the Maillard reaction. World 

Rev. Nutr. Dietetics. 19:71-122. 

Agyekum, A. K., and C. M. Nyachoti. 2017. Nutritional and metabolic consequences of feeding 

high-fiber diets to swine: A Review. Eng. 3:716–725. 

http://dx.doi.org/10.1016/J.ENG.2017.03.010 

Agyekum, A. K., T. A. Woyengo, B. A. Slominski, Y. L. Yin, and C. M. Nyachoti. 2014. Effects 

of formulating growing pig diet with increasing levels of wheat‐corn distillers dried 

grains with solubles on digestible nutrient basis on growth performance and nutrient 

digestibility. J. Anim. Physiol. Anim. Nutr. 98:651–658. 

https://doi.org/10.1111/jpn.12112. 

Akinmusire, A. S., and O. Adeola. 2009. True digestibility of phosphorus in canola and soybean 

meals for growing pigs: influence of microbial phytase. J. Anim. Sci. 87: 977-983. 

https://doi.org/10.2527/jas.2007-0778. 

Alexander, J., G. A. Auðunsson, D. Benford, A. Cockburn, J. Cravedi, E. Dogliotti, A. D. 

Domenico, M. L. Fernandez-Cruz, P. Furst, J. Fink-Gremmels, C. L. Galli, P. Grandjean, 

J. Gzyl, G. Heinemeyer, N. Johansson, A. Mutti, J. Schlatter, R. Van Leeuwen, C. Van 

Peteghem, and P. Verger. 2008. Glucosinolates as undesirable substances in animal feed. 

EFSA J. 590:1–76. 

https://doi.org/10.2527/jas.2007-0778


108 
 

Almeida, F. N., J. K. Htoo, J. Thomson, and H. H. Stein. 2014. Effects of heat treatment on the 

apparent and standardized ileal digestibility of amino acids in canola meal fed to growing 

pigs. Anim. Feed Sci. Technol. 187:44–52. 

AOAC. 1990. Official methods of analysis. 15th ed. Assoc. Offic. Anal. Chem., Arlington, VA. 

AOAC. 2005. Official Methods of Analysis. 18th ed. Assoc. Offic. Anal. Chem., Arlington, VA. 

Awati, A., S. R. Konstantinov, B. A. Williams, A. D. L. Akkermans, M. W. Bosch, H. Smidt, 

and M. W. A. Verstegen. 2005. Effect of substrate adaptation on the microbial 

fermentation and microbial composition of faecal microbiota of weaning piglets studied 

in vitro. J. Sci. Food Agric. 85:1765–1772. https://doi.org/10.1002/jsfa.2178. 

Baidoo, S. K., B. N. Mitaru, F. X. Aherne, and R. Blair. 1987. The nutritional value of canola 

meal for early-weaned pigs. Anim. Feed Sci. Technol. 18:45–53. doi:10.1016/0377-

8401(87)90028-9. 

Baidoo, S. K., M. K. McIntosh, and F. X. Aherne. 1986. Selection preference of starter pigs fed 

canola meal and soybean meal supplemented diets. Can. J. Anim. Sci. 66:1039–1049. 

doi: 10.4141/cjas86-114. 

Bartelt, J., A. Jadamus, F. Wiese, E. Swiech, L. Buraczewska, and O. Simon. 2002. Apparent 

prececal digestibility of nutrients and level of endogenous nitrogen in digesta of the small 

intestine of growing pigs as affected by various digesta viscosities. Arch. Anim. Nutr. 

56:93–107. https://doi.org/10.1080/00039420214182. 

Barthet, V. J., and J. K. Daun. 2011. Seed morphology, composition, and quality. In: J. K. Daun, 

N. A. M. Eskin, and D. Hickling, editors, Canola: Chemistry, production, processing, and 

utilization. AOCS Press, Urbana, IL. p. 125–145. 

https://doi.org/10.1080/00039420214182


109 
 

Bartosch, S., Fite, A., Macfarlane, G.T., McMurdo, M.E.T., 2004. Characterization of bacteria 

communities in feces from healthy elderly volunteers and hospitalized elderly patients by 

using Real-Time PCR and effects of antibiotic treatment on the fecal microbiota. Appl. 

Environ. Microbiol. 70:3575–3581. doi:10.1128/AEM.70.6.3575-3581.2004. 

Bassily, N. S., K. G. Michael, and A. K. Said. 1982. Blood urea content for evaluating dietary 

protein quality. Food/Nahrung. 26:759–764. doi:10.1002/food.19820260912. 

Bauman, D. E., and W. B. Currie.1980. Partitioning of nutrients during pregnancy and lactation: 

a review of mechanisms involving homeostasis and homeorhesis. J. Dairy Sci. 63: 1514–

1529. doi:10.3168/jds.S0022-0302(80)83111-0. 

Bedford, M. R., and H. Schulze. 1998. Exogenous enzymes for pigs and poultry. Nutr. Res. Rev. 

11:91–114. 

Bell, J. M. 1984. Nutrients and toxicants in rapeseed meal: a review. J Anim Sci. 58:996–1010. 

Bell, J. M. 1993. Factors affecting the nutritional value of canola meal: A review. Can. J. Anim. 

Sci. 73:689–697. doi:10.4141/cjas93-075. 

Bell, J. M. 1993. Factors affecting the nutritional value of canola meal: a review. Can J Anim 

Sci. 73:689–697. doi: 10.4141/cjas93-075. 

Bell, J. M., and M. O. Keith. 1991. A survey of variation in the chemical composition 

commercial canola meal produced in Western Canadian crushing plants. Can. J. Anim. 

Sci. 71:469–480. https://doi.org/10.4141/cjas91-056. 

Biagi, G., I. Cipollini, B. R. Paulicks, and F. X. Roth. 2010. Effect of tannins on growth 

performance and intestinal ecosystem in weaned piglets. Arch. Anim. Nutr. 64:121–35. 

https://doi.org/10.1080/17450390903461584.  



110 
 

Bikker, P., C. M. C. Van der Peet-Schwering, W. J. J. Gerrits, V. Sips, C. Walvoort, and H. van 

Laar. 2017. Endogenous phosphorus losses in growing-finishing pigs and gestating sows. 

J. Anim. Sci. 95:1637-1643. https://doi.org/10.2527/jas.2016.1041. 

Bikker, P., H. van Laar, V. Sips, C. Walvoort, and W. J. J. Gerrits. 2016. Basal endogenous 

phosphorus losses in pigs are affected by both body weight and feeding level. J. Anim. 

Sci. 94:294–297. doi:10.2527/jas2015-9801. 

Boyd, R. D., and R. S. Kensinger.1998. Metabolic precursors for milk synthesis. In: M. W. A. 

Verstegen, P. J. Moughan, and J. W. Schrama, editors, The Lactating Sow. Wageningen 

Press, Wageningen, The Netherlands. p. 71–95. 

Boyd, R. D., G. C. Castro, and R. A. Cabrera. 2002. Nutrition and management of the sow to 

maximize lifetime productivity. Advances in Pork Production, 13:47–59. 

Bredeson, D. K. 1983. Mechanical oil extraction. J. Am. Oil Chem. Soc. 60:211-213. 

Bridges, T. C., L. W. Turner, E. M. Smith, T. S. Stahly, and O. J. Loewer. 1986. A mathematical 

procedure for estimating animal growth and body composition. Amer. Soc. Agric. Eng. 

29:1342-1347. 

Brookes, G., and P. Barfoot. 2015. Environmental impacts of genetically modified (GM) crop 

use 1996–2013: Impacts on pesticide use and carbon emissions. GM crops food. 6:103-

133. https://doi.org/10.1080/21645698.2015.1025193 

Burrows, G. E., and R. J. Tyrl. 2012. Toxic Plants of North America. John Wiley & Sons. 

Busato, A., G. E. Bestetti, G. L. Rossi, H. Gerber, H. J. Peter, and J. W. Blum. 1991. Effects of 

feeding rapeseed-meal on liver and thyroid gland function and histomorphology in 

growing pigs. J. Anim. Physiol. Anim. Nutr. 66:12–27. 

https://doi.org/10.2527/jas.2016.1041


111 
 

Busboom, J. R., D. C. Rule, D. Colin, T. Heald, and A. Mazhar. 1991. Growth, carcass 

characteristics, and lipid composition of adipose tissue and muscle of pigs fed canola. J. 

Anim. Sci. 69:1101–1108. 

Butler, E. J., A. W. Pearson, and G. R. Fenwick. 1982. Problems which limit the use of rapeseed 

meal as a protein source in poultry diets. J. Sci. Food Agric. 33:866–875. 

https://doi.org/10.1002/jsfa.2740330909.  

Cabahug, S., V. Ravindran, P. H. Selle, and W. L. Bryden. 1999. Response of broiler chickens to 

microbial phytase supplementation as influenced by dietary phytic acid and non-phytate 

phosphorus contents. I. Effects on bird performance and toe ash. Br. Poult. Sci. 40:660-

666. https://doi.org/10.1080/00071669987052. 

Cai, Y. J. 1992. Impact of nutritional and environmental factors on plasma urea and amino acid 

concentrations in pigs. PhD Diss. Iowa State Univ., Iowa, USA. 

Canadian Council on Animal Care. 2009. Guide to the Care and Use of Experimental Animals.  

 2nd ed., Vol. 1. Can. Counc. Anim. Care, Ottawa, Ontario, Canada. 

Canola Council of Canada. 2015. Canola meal feed industry guide, 5th edition. Publication of 

Canola Council of Canada, Winnipeg, MB, Canada. 

Canola Council of Canada, 2018. Market and stats. https://www.canolacouncil.org/markets-

stats/statistics/bushelsacre/ (Accessed on 10 April 2018.) 

Cheng, L. K., L. X. Wang, Q. S. Xu, L. J. Huang, D. S. Zhou, Z. Li, S. G. Li, Y. G. Du, and H. 

Yin. 2015. Chitooligosaccharide supplementation improves the reproductive performance 

and milk composition of sows. Livest. Sci. 174:74–81. 

http://dx.doi.org/10.1016/j.livsci.2015.02.003. 

https://www.canolacouncil.org/markets-
https://www.canolacouncil.org/markets-


112 
 

Choi, H. B., J. H. Jeong, D. H. Kim, Y. Lee, H. Kwon, and Y. Y. Kim. 2015. Influence of 

rapeseed meal on growth performance, blood profiles, nutrient digestibility and economic 

benefit of growing-finishing pigs. Asian-Australas. J. Anim. Sci. 28: 1345–1353. 

https://doi.org/10.5713/ajas.14.0802.  

Clowes, E. J., R. Kirkwood, A. Cegielski, F. X. Aherne. 2003. Phase-feeding protein to gestating 

sows over three parities reduced nitrogen excretion without affecting sow 

performance. Livest. Prod. Sci. 81:235–246. https://doi.org/10.1016/S0301-

6226(02)00275-0. 

Cunningham, H. M., D. W. Friend, and J. W. G. Nicholson. 1962. The effect of age, body 

weight, feed intake, and adaptability of pigs on the digestibility and nutritive value of 

cellulose. Can. J. Anim. Sci. 42:167-175. https://doi.org/10.4141/cjas62-027. 

Danielsen, V., and E. Vestergaard. 2001. Dietary fibre for pregnant sows: Effect on performance 

and behavior. Anim. Feed Sci. Technol. 90:71–80. https://doi.org/10.1016/S0377-

8401(01)00197-3. 

da Silva Filardi, R., O. M. Junqueira, A. C. de Laurentiz, E. M. Casartelli, E. Aparecida 

Rodrigues, and L. Francelino Araujo. 2005. Influence of different fat sources on the 

performance, egg quality, and lipid profile of egg yolks of commercial layers in the 

second laying cycle. J. Appl. Poult. Res. 14:258–264. 

https://doi.org/10.1093/japr/14.2.258. 

Daun, J. K., 2011. Origin, distribution, and production. In: J. K. Daun, N. A. M. Eskin, and D. 

Hickling, editors, Canola, Chemistry, Production, Processing, and Utilization. AOCS 

Press, Urbana, Illinois, United States. p. 1–27. 

https://doi.org/10.4141/cjas62-027
https://doi.org/10.1093/japr/14.2.258


113 
 

De Almeida, F. N. 2013. Effects of the Maillard reactions on chemical composition and amino 

acid digestibility of feed ingredients and on pig growth performance. PhD Thesis. Univ. 

of Illinois at Urbana-Champaign, IL. 

De Bettio, S., A. Maiorka, L. N. E. Barrilli, R. Bergsma, and B. A. N. Silva. 2016. Impact of 

feed restriction on the performance of highly prolific lactating sows and its effect on the 

subsequent lactation. Animal. 10:396–402. https://doi.org/10.1017/S1751731115002001. 

Devilat, J., and A. Skoknic. 1971. Feeding high levels of rapeseed meal to pregnant gilts. Can. J. 

Anim. Sci. 51:715–719. https://doi.org/10.4141/cjas71-096.  

Do, S. H., B. O. Kim, L. H. Fang, D. H. You, J. su Hong, and Y. Y. Kim 2017. Various levels of 

rapeseed meal in weaning pig diets from weaning to finishing periods. Asian-Australas. J. 

Anim. Sci. 30:1292-1302. https://dx.doi.org/10.5713%2Fajas.16.0953. 

Downey, R. K. and S. R. Rimmer. 1993. Agronomic improvements in oilseed Brassicas. Adv. 

Agron. 50:1–66.  

Dunlop, R. H. 2004. Pathophysiology of homeostatic and toxic disorders. In: R. H. Dunlop, C. 

H. Malbert, editors, Veterinary pathophysiology. 1st ed. Ames, IA, Blackwell. p. 478-

489. 

Durkee, A. B. 1971. The nature of tannins in rapeseed (Brassica campestris). Phytochemistry. 

10:1583–1585. 

Eggum, B. O. 1970. Blood urea measurement as a technique for assessing protein quality. Br. J. 

Nutr. 24:983–988. https://doi.org/10.1079/BJN19700101. 

Eklund, M., N. Sauer, F. Schone, U. Messerschmidt, P. Rosenfelder, J. K. Htoo, and R. 

Mosenthin. 2015. Effect of processing of rapeseed under defined conditions in a pilot 

https://doi.org/10.4141/cjas71-096


114 
 

plant on chemical composition and standardized ileal amino acid digestibility in rapeseed 

meal for pigs. J. Anim. Sci. 93:2813-2815. doi: 10.2527/jas.2014-8210. 

Eskin, N. A. M. 2013. Canola research: historical and recent aspects, In: U. Thiyan-Holländer, 

N. A. M. Eskin, and B. Matthäus, editors, Canola and Rapeseed: Production, Processing, 

Food Quality and Nutrition. CRC Press, Boca Raton, FL. p. 1–20. 

Etienne, M., J. Noblet, J. Y. Dourmad, and J. Castaing. 1997. Digestive utilization of feeds in 

lactating sows. Comparison with growing pigs. In: J. P. Laplace, C. Fevrier, and A 

Barbeau, editors, Digestive Physiology in Pigs. EAAP Publ, St. Malo, France. No. 88 p. 

583-586.  

Everts, H., B. Smits, and A. W. Jongbloed. 1986. Effect of crude fibre, feeding level, and body 

weight on apparent digestibility of compound feeds by swine. Neth. J. Agric. Sci. 34:501-

503. 

Fan, M. Z., and W. C. Sauer. 1995. Determination of apparent ileal amino acid digestibility in 

barley and canola meal for pigs with the direct, difference, and regression methods. J. 

Anim. Sci. 73:2364–2374. 

Fan, M. Z., W. C. Sauer, and V. M. Gabert. 1996. Variability of apparent ileal amino acid 

digestibility in canola meal for growing-finishing pigs. Can. J. Anim. Sci. 76:563–569. 

https://doi.org/10.4141/cjas96-084.  

Fendwick, G. R., and R. F. Curtis. 1980. Rapeseed meal and it use in poultry diets, a review. 

Anim Feed Sci. Technol. 5:255–98. 

Fernandez, J. A., H. Jorgensen, and A. Just. 1986. Comparative digestibility experiments with 

growing pigs and adult sows. Anim. Prod. 43:127-132.  



115 
 

 Flipot, P., and J. J. Dufour. 1977. Reproductive performance of gilts fed rapeseed meal cv. 

Tower during gestation and lactation. Can. J. Anim. Sci. 57:567–571. doi: 

10.4141/cjas77-073. 

Flohr, J. R., M. D. Tokach, S. S. Dritz, J. M. DeRouchey, R. D. Goodband, J. L. Nelssen, and J. 

R. Bergstrom. 2014. An evaluation of the effects of added vitamin D3 in maternal diets 

on sow and pig performance. J. Anim. Sci. 92:594–603. doi:10.2527/jas2013-6792. 

Frese, S. A., K. Parker, C. C. Calvert, D. A. Mills. 2015. Diet shapes the gut microbiome of pigs 

during nursing and weaning. Microbiome. 3:28. https://doi.org/10.1186/s40168-015-

0091-8. 

Gerrard, J. A. 2002. New aspects of an ageing chemistry – recent developments concerning the 

Maillard reaction. Aust. J. Chem. 55:299-310. 

Ghodsvali, A., M. H. Haddad Khodaparast, M. Vosoughi, and L. L. Diosady. 2005. Preparation 

of canola protein materials using membrane technology and evaluation of meals 

functional properties. Food Res. Int. 38:223–231. 

https://doi.org/10.1016/j.foodres.2004.10.007. 

González-Vega, J. C., and H. H. Stein. 2012. Amino acid digestibility in canola, cottonseed, and 

sunflower products fed to finishing pigs. J. Anim. Sci. 90:4391–4400. 

https://doi.org/10.2527/jas.2011-4631.  

Guan, X., J. E. Pettigrew, P. K. Ku, N. K. Ames, B. J. Bequette, and N. L. Trottier. 2004. Dietary 

protein concentration affects plasma arteriovenous difference of amino acids across the 

porcine mammary gland. J. Anim. Sci. 82: 2953–2963. 

https://doi.org/10.2527/2004.82102953x. 

https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.2527/jas.2011-4631


116 
 

Guo, X., X. Xia, R. Tang, J. Zhou, H. Zhao, and K. Wang. 2008. Development of a real-time 

PCR method for Firmicutes and Bacteroidetes in faeces and its application to quantify 

intestinal population of obese and lean pigs. Lett. Appl. Microbiol. 47:367–373. doi: 

10.1111/j.1472-765X.2008.02408.x. 

Grala, W., M. W. A. Verstegen, A. J. M. Jansman, J. Huisman, and P. van Leeusen. 1998. Ileal 

apparent protein and amino acid digestibilities and endogenous nitrogen losses in pigs fed 

soybean and rapeseed products. J. Anim. Sci. 76:557–568 

Haydon, K. D., D. A. Knabe, and T. D. Tanksley, Jr. 1984. Effects of level of feed intake on 

nitrogen, amino acid, and energy digestibilities measured at the end of the small intestine 

and over the total digestive tract of growing pigs. J. Anim. Sci. 59:717-724. 

Heo, J. M., D. Adewole, and C. M. Nyachoti. 2014. Determination of the net energy content of 

canola meal from Brassica napus yellow and Brassica juncea yellow fed to growing pigs 

using indirect calorimetry. Animal Sci. J. 85:751-756. https://doi.org/10.1111/asj.12196. 

Hess, V., and B. Sève. 1999. Effects of body weight and feed intake level on basal ileal 

endogenous losses in growing pigs. J. Anim. Sci. 77, 3281–3288. 

Hodgkinson, S. M., P. J. Moughan, G. W. Reynolds, and K. A. James. 2000. The effect of 

dietary peptide concentration on endogenous ileal amino acid loss in the growing pig. Br. 

J. Nutr. 83:421–430. https://doi.org/10.1017/S0007114500000520. 

Hossain, M.M., M. Begum, C. M. Nyachoti, J. D. Hancock, and I. H. Kim. 2015. Dietary 

fenugreek seed extract improves performance and reduces fecal E. coli counts and fecal 

gas emission in lactating sows and suckling piglets. Can. J. Anim. Sci. 95, 561–568. 

https://doi.org/10.4141/cjas-2014-154. 

https://doi.org/10.1017/S0007114500000520
https://doi.org/10.4141/cjas-2014-154


117 
 

Hugli, T. E., and S. Moore. 1972. Determination of tryptophan content of proteins by ion 

exchange chromatography of alkaline hydrolysates. J. Biol. Chem. 247:2828-2834. 

Hurrell, R. F. 1984. Reactions of food proteins during processing and storage and their 

nutritional consequences. In: B. J. F. Hudson, editor, Developments in food proteins. 

Applied Science publishers, London, United Kingdom. p. 213–244. 

Ivanova, P., V. Chalova, G. Uzunova, L. Koleva, and I. Manolov 2016. Biochemical 

characterization of industrially produced rapeseed meal as a protein source in food 

industry. Agric. Agric. Sci. Proc.10: 55-62. https://doi.org/10.1016/j.aaspro.2016.09.009. 

Jayaraman, B., J. Htoo, and C. M. Nyachoti. 2015. Effects of dietary threonine: lysine ratios and 

sanitary conditions on performance, plasma urea nitrogen, plasma-free threonine and 

lysine of weaned pigs. Anim. Nutr. 1:283-288. 

https://doi.org/10.1016/j.aninu.2015.09.003. 

Jensen, S. K., Y. G. Liu, and B. O. Eggum. 1995. The effect of heat treatment on glucosinolates 

and nutritional value of rapeseed meal in rats. Anim. Feed Sci. Technol. 53:17–28. 

https://doi.org/10.1016/0377-8401(94)00740-Z.  

Jha, R., and J. D. Berrocoso. 2015. Review: Dietary fiber utilization and its effects on 

physiological functions and gut health of swine. Animal 9:1441-1452. 

https://dx.doi.org/10.1017%2FS1751731115000919. 

Jha, R., and P. Leterme. 2012. Feed ingredients differing in fermentable fibre and indigestible 

protein content affect fermentation metabolites and faecal nitrogen excretion in growing 

pigs. Animal. 6:603–611. https://doi.org/10.1017/S1751731111001844. 

Jha, R., B. Rossnagel, R. Pieper, A. Van Kessel, and P. Leterme. 2010. Barley and oat cultivars 

with diverse carbohydrate composition alter ileal and total tract nutrient digestibility and 

https://doi.org/10.1017/S1751731111001844


118 
 

fermentation metabolites in weaned piglets. Animal. 4:724-731. 

https://doi.org/10.1017/S1751731109991510. 

Jia, W., D. Mikulski, A. Rogiewicz, Z. Zdunczyk, J. Jankowski, and B. A. Slominski. 2012. 

Low-fiber canola. Part 2. Nutritive value of the meal. J. Agric. Food Chem. 60:12231-

12237. doi: 10.1021/jf302118c. 

Jones, D. B., and T. S. Stahly. 1999. Impact of amino acid nutrition during lactation on body 

nutrient mobilization and milk nutrient output in primiparous sows. J. Anim. 

Sci. 77:1513–1522. doi:10.2527/1999.7761513x. 

Kaldmae, H., R. Leming, M. Kass, A. Lember, S. Tolp, and O. Kart. 2010. Chemical 

composition and nutritional value of heat-treated and cold-pressed rapeseed cake. Vet. 

Med. Zoot. 49:55-60. 

Karlsson, C. L. J., G. Molin, C. M. Cilio, and S. Ahrne. 2011. The pioneer gut microbiota in 

human neonates vaginally born at term-a pilot study. Pediatr. Res. 70:282–286. http://dx. 

doi.org/10.1038/pr.2011.507. 

Kasprzak, M. M., J. G. M. Houdijk, S. Kightley, O. A. Olukosi, G. A. White, P. Carre, and J. 

Wiseman. 2016. Effects of rapeseed variety and oil extraction method on the content and 

ileal digestibility of crude protein and amino acids in rapeseed cake and softly processed 

rapeseed meal fed to broiler chickens. Anim. Feed Sci. Technol. 213:90-98. 

https://doi.org/10.1016/j.anifeedsci.2016.01.002. 

Kemme, P. A., A. W. Jongbloed, Z. Mroz, and A. C. Beynen. 1997. The efficacy of Aspergillus 

niger phytase in rendering phytate phosphorus available in pigs is influenced by pig 

physiological status. J. Anim. Sci. 75: 2129–2138.  

https://doi.org/10.1017/S1751731109991510
https://doi.org/10.1016/j.anifeedsci.2016.01.002


119 
 

Khajali, F., and B. A. Slominski. 2012. Factors that affect the nutritive value of canola meal for 

poultry. Poultry Sci. 91:2564-2575. doi:10.3382/ps.2012-02332. 

Kim, J. W., B. Koo, and C. M. Nyachoti. 2018. Net energy content of canola meal fed to 

growing pigs and effect of experimental methodology on energy values. J. Anim. Sci. 

96:1441-1452. https://doi.org/10.1093/jas/sky039. 

Kim, J. W., S. P. Ndou, G. A. Mejicanos, and C. M. Nyachoti. 2017. Standardized total tract 

digestibility of phosphorus in flaxseed meal fed to growing and finishing pigs without or 

with phytase supplementation. J. Anim. Sci. 95:799-805. 

https://doi.org/10.2527/jas.2016.1045. 

Kim, K., A. Goel, S. Lee, Y. Choi, and B. J. Chae. 2015. Comparative ileal amino acid 

digestibility and growth performance in growing pigs fed different level of canola meal. 

J. Anim. Sci. Technol. 57:21. https://dx.doi.org/10.1186%2Fs40781-015-0055-3. 

Kim, S. W., A. C. Weaver, Y. B. Shen, and Y. Zhao. 2013. Improving efficiency of sow 

productivity: nutrition and health. J. Anim. Biotechnol. 4:26. 

https://doi.org/10.1186/2049-1891-4-26. 

King, R. H., M. S. Toner, H. Dove, C. S. Atwood, and W. G. Brown. 1993. The response of first-

litter sows to dietary protein level during lactation. J. Anim. Sci. 71:2457–2463. 

King, R. H. 1998. Dietary amino acids and milk production. In: M. W. A. Verstegen, P. J. 

Moughan, and J. W. Schrama, editors, The Lactating Sow. Wageningen Press, 

Wageningen, The Netherlands. p. 131–141. 

King, R. H., P. E. Eason, D. K. Kerton, and F. R. Dunshea. 2001. Evaluation of solvent-extracted 

canola meal for growing pigs and lactating sows. Crop Pasture Sci. 52:1033–1041. 

https://doi.org/10.1071/AR01011. 

https://doi.org/10.2527/jas.2016.1045
https://dx.doi.org/10.1186%2Fs40781-015-0055-3


120 
 

Kozlowska, H., M. Naczk, F. Shahidi, and R. Zadernowski. 1990. Phenolic acids and tannins in 

rapeseed and canola. In: F. Shahidi, editor, Canola and Rapeseed: Production, Chemistry, 

Nutrition, and Processing technology. Van Nostrand Reinhold, NY. p. 193–210. 

Kritchevsky, D. 1988. Dietary fiber. Annu. Rev. Nutr. 8:301–328. 

https://doi.org/10.1146/annurev.nu.08.070188.001505. 

Labalette, F. R., S. Dauguet, A. Merrien, C. Peyronnet, and A. Quinsac. 2011. Glucosinolate 

Content, an important quality parameter monitored at each stage of the French rapeseed 

production chain. In: Proc. 16th Intl. Rapeseed Cong. Paris, France. 

Landero, J. L., E. Beltranena, M. Cervantes, A. B. Araiza, and R. T. Zijlstra. 2012. The effect of 

feeding expeller-pressed canola meal on growth performance and diet nutrient 

digestibility in weaned pigs. Anim. Feed Sci. Technol. 171:240–245. 

https://doi.org/10.1016/j.anifeedsci.2011.11.004. 

Landero, J. L., E. Beltranena, M. Cervantes, A. Morales, and R. T. Zijlstra. 2011. The effect of 

feeding solvent-extracted canola meal on growth performance and diet nutrient 

digestibility in weaned pigs. Anim. Feed Sci. Technol. 170:136–140. 

https://doi.org/10.1016/j.anifeedsci.2011.08.003. 

Laspiur, J. P., J. L. Burton, P. S. D. Weber, J. Moore, R. N. Kirkwood, and N. L. Trottier. 2009. 

Dietary protein intake and stage of lactation differentially modulate amino acid 

transporter mRNA abundance in porcine mammary tissue. J. Nutr. 139:1677–1684. 

http://dx.doi.org/10.3945/jn.108.103549. 

Lauretti, E., and D. Praticò. 2017. Effect of canola oil consumption on memory, synapse and 

neuropathology in the triple transgenic mouse model of Alzheimer’s disease. Sci. Rep. 

7:17134. doi:10.1038/s41598-017-17373-3. 

http://dx.doi.org/10.3945/jn.108.103549


121 
 

Leming, R., and A. Lember. 2005. Chemical composition of expeller-extracted and cold-pressed 

canola meal. Agraarteadus 16:103–109. 

Le Goff, G., and J. Noblet. 2001. Comparative total tract digestibility of dietary energy and 

nutrients in growing pigs and adult sows. J. Anim. Sci. 79:2418–2427. 

Lee, D. H., Y. G. Zo, and S. J. Kim. 1996. Non-radioactive method to study genetic profiles of 

natural bacterial communities by PCR-single-strand-conformation polymorphism. Appl. 

Environ. Microbiol. 62:3112–3120. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC168103/pdf/623112.pdf. 

Lee, P. A., R. Hill, and E. J. Ross. 1985. Studies on rapeseed meal from different varieties of 

rape in the diets of gilts. II. Effects on farrowing performance of gilts, performance of 

their piglets to weaning and subsequent conception of the gilts. Br. Vet. J. 141, 592–602. 

https://doi.org/10.1016/0007-1935(85)90006-5. 

Leterme, P., and A. Théwis. 2004. Effect of pig bodyweight on ileal amino acid endogenous 

losses after ingestion of a protein-free diet enriched in pea inner fibre isolates. Reprod. 

Nutr. Dev. 44:407–417. https://doi.org/10.1051/rnd:2004047. 

Li, P. L., F. L. Wang, F. Wu, J. R. Wang, L. Liu, and C. H. Lai. 2015. Chemical composition, 

energy and amino acid digestibility in double-low rapeseed meal fed to growing pigs. J. 

Anim. Sci. Biotechnol. 6:1-10. https://doi.org/10.1186/s40104-015-0033-0. 

Little, K. L., B. M. Bohrer, T. Maison, Y. Liu, H. H. Stein, and D. D. Boler. 2015. Effects of 

feeding canola meal from high-protein or conventional varieties of canola seeds on 

growth performance, carcass characteristics, and cutability of pigs J. Anim. Sci. 93:1284-

1297. https://doi.org/10.2527/jas.2014-8359. 

https://doi.org/10.1016/0007-1935(85)90006-5
https://doi.org/10.1051/rnd:2004047


122 
 

Liu, W. C., S. I. Lee, S. T. Hong, Y. S. Jang, and I. H. Kim. 2018. Comparison of apparent total 

tract and ileal digestibility in growing and finishing pigs fed soybean meal, rapeseed 

meal, and canola meal. J Appl. Anim. Res. 46:55-59. 

https://doi.org/10.1080/09712119.2016.1258364.  

Lomer, M. C. E., R. P. H. Thompson, J. Commisso, C. L. Keen, and J. J. Powell. 2000. 

 Determination of titanium dioxide in foods using inductively coupled plasma optical 

 emission spectrometry. Analyst. 125:2339–2343. doi:10.1039/B006285P. 

Low, A. G. 1993. Role of dietary fiber in pig diets. In:D. J. A. Cole, W. Haresign, and P. C. 

Garnsworthy editors, Recent Developments in Pig Nutrition 2. Nottingham Univ. Press, 

Loughborough, UK. p. 137-162. 

Mahan, D. C., and A. P. Grifo. 1975. Effects of dietary protein levels during lactation to first-

litter sows fed a fortified corn gestation diet. J. Anim. Sci. 41:1362-1367. 

https://doi.org/10.2527/jas1975.4151362x. 

Mahan, D. C., J. H. Brendemuhl, S. D. Carter, L. I. Chiba, T. D. Crenshaw, G. L. Cromwell, C. 

R. Dove, A. F. Harper, G. M. Hill, G. R. Hollis, S. W. Kim, M. D. Lindemann, C. V. 

Maxwell, P. S. Miller, J. L. Nelssen, B. T. Richert, L. L. Southern, T. S. Stahly, H. H. 

Stein, E. van Heugten, and J. T. Yen. 2005. Comparison of dietary selenium fed to 

grower-finisher pigs for various regions of the United States on resulting tissue Se and 

loin mineral concentrations. J. Anim. Sci. 83:852-857. 

https://doi.org/10.2527/2005.834852x. 

Maison, T., and H. H. Stein. 2014. Digestibility by growing pigs of amino acids in canola meal 

from North America and 00-rapeseed meal and 00-rapeseed expellers from Europe. J. 

Anim. Sci. 92:3502-3514. https://doi.org/10.2527/jas.2014-7748. 



123 
 

Maison, T., Y. Liu, and H. H. Stein. 2015a. Apparent and standardized total tract digestibility by 

growing pigs of phosphorus in canola meal from North America and 00-rapeseed meal 

and 00-rapeseed expellers from Europe without and with microbial phytase. J. Anim. Sci. 

93:3494-3502. https://doi.org/10.2527/jas.2015-9055. 

Maison, T., Y. Liu, and H. H. Stein. 2015b. Digestibility of energy and detergent fiber and 

digestible and metabolizable energy values in canola meal, 00-rapeseed meal, and 00-

rapeseed expellers fed to growing pigs. J. Anim. Sci. 93:652-660. 

https://doi.org/10.2527/jas.2014-7792. 

Makdani, D. D., B. H. Selleck, D. R. Rovner, J. S. Feurig, and O. Mickelsen. 1988. Blood urea 

levels; effect of diet and oral sodium bicarbonate in normal adults. Nutr. Rep. Int. 

37:1055–1069.  

Manjarin, R., V. Zamora, G. Wu, J. P. Steibel, R. N. Kirkwood, N. P. Taylor, E. Wils-Plotz, K. 

Trifilo, and N. L. Trottier. 2012. Effect of amino acids supply in reduced crude protein 

diets on performance, efficiency of mammary uptake, and transporter gene expression in 

lactating sows. J. Anim. Sci. 90:3088–3100. https://doi.org/10.2527/jas.2011-4338. 

Manns, J. G., J. P. Bowland. 1963. Solvent-extracted rapeseed oil meal as a protein source for 

pigs and rats. I. Growth, carcass characteristics and reproduction. Can. J. Anim. Sci. 43, 

252–263. https://doi.org/10.4141/cjas2012-039. 

Marangos, A. G., and R. Hill. 1977. The influence of rapeseed and mustard seed meals on 

reproductive efficiency in gilts. Br. Vet. J. 133:46–55. https://doi.org/10.1016/S0007-

1935(17)34187-8. 

Matsuki, T., K. Watanabe, J. Fujimoto, Y. Miyamoto, T. Takada, K. Matsumoto, H. Oyaizu, and 

R. Tanaka. 2002. Development of 16S rRNA-Gene-Targeted group-specific primers for 



124 
 

the detection and identification of predominant bacteria in human feces. Appl. Environ. 

Microbiol. 68:5445–5451. http://dx.doi.org/10.1128/AEM.68.11.5445-5451. 

Mawson, R., R. K. Heaney, Z. Zduncyk, H. Kozlowska. 1994a. Rapeseed meal-glucosinolates 

and their antinutritional effects. Part 3: Animal growth and performance. Nahrung. 

38:167–177. https://doi.org/10.1002/food.19940380210. 

Mawson, R., R. K. Heaney, Z. Zdunczyk, and H. Kozlowska. 1994b. Rapeseed meal‐

glucosinolates and their antinutritional effects Part 5. Animal 

reproduction. Food/Nahrung. 38:588–598. doi:10.1002/food.19940380607.  

McCuaig, L.W., and J. M. Bell. 1981. Effects of rapeseed gums on the feeding value of diets for 

growing-finishing pigs. Can. J. Anim. Sci. 61:463–467. 

McCurdy, S. 1990. Effects of processing on the functional properties of canola/rapeseed protein. 

J. Am. Oil Chem. Soc. 67:281-284. 

McDougall, G. J., I. M. Morrison, D. Stewart, J. R. Hillman, 1996. Plant cell walls as dietary 

fibre: Range, structure, processing and function. J. Sci. Food Agric. 70:133–150. 

https://doi.org/10.1002/(SICI)1097-0010(199602)70:2%3C133::AID-

JSFA495%3E3.0.CO;2-4. 

McDonnell, P., C. O’Shea, S. Figat, J. V. O’Doherty. 2010. Influence of incrementally 

substituting dietary soya bean meal for rapeseed meal on nutrient digestibility, nitrogen 

excretion, growth performance and ammonia emissions from growing-finishing pigs. 

Arch Anim Nutr. 64:412–424. https://doi.org/10.1080/1745039X.2010.496947. 

McIntosh, M. K., S. K. Baidoo, F. X. Aherne, and J. P. Bowland. 1986. Canola meal as a protein 

supplement for 6 to 20 kilogram pigs. Can. J. Anim. Sci. 66:1051–1056. doi:1 

0.4141/cjas86-115.  

https://doi.org/10.1002/(SICI)1097-0010(199602)70:2%3C133::AID-JSFA495%3E3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-0010(199602)70:2%3C133::AID-JSFA495%3E3.0.CO;2-4


125 
 

McKinnon, P. J., and J. P. Bowland. 1977. Comparison of low glucosinolate-low erucic acid 

rape-seed meal (CV. Tower), commercial rapeseed meal and soybean meal as source of 

protein for starting, growing and finishing pigs and young rats. Can. J. Anim. Sci. 

57:663–78. 

Mejia-Guadarrama, C. A., A. Pasquier, J. Y. Dourmad, A, Prunier, and H. Quesnel. 2002. 

Protein (lysine) restriction in primiparous lactating sows: Effects on metabolic state, 

somatotropic axis, and reproductive performance after weaning. J. Anim. Sci. 80:3286-

3300. doi:10.2527/2002.80123286x. 

Mejicanos, G. 2015. Tail-end dehulling of canola meal: Chemical composition and nutritive 

value of dehulled meal for broiler chickens and weaned pigs. MSc Thesis. Univ. of 

Manitoba, Manitoba, Canada. 

Mejicanos, G. A., J. W. Kim, and C. M. Nyachoti. 2018. Tail-end dehulling of canola meal 

improves apparent and standardized total tract digestibility of phosphorus when fed to 

growing pigs. J. Anim. Sci. 96:1430-1440. https://doi-

org.uml.idm.oclc.org/10.1093/jas/sky040. 

Mejicanos, G., N. Sanjayan, I. H. Kim, and C. M. Nyachoti. 2016. Recent advances in canola 

meal utilization in swine nutrition. J. Anim. Sci. Technol. 58:7. 

Meng, X., B. A. Slominski, C. M. Nyachoti, L. D. Campbell, and W. Guenter. 2005. Degradation 

of cell wall polysaccharides by combinations of carbohydrase enzymes and their effect on 

nutrient utilization and broiler chicken performance. Poult. Sci. 84:37–47. 

https://doi.org/10.1093/ps/84.1.37. 

Messerschmidt, U., M. Eklund, N. Sauer, V. T. S. Rist, P. Rosenfelder, H. K. Spindler, J. K. 

Htoo, F. Schöne, and R. Mosenthin. 2014. Chemical composition and standardized ileal 



126 
 

amino acid digestibility in rapeseed meals sourced from German oil mills for growing 

pigs. Anim. Feed Sci. Technol. 187:68–76. 

https://doi.org/10.1016/j.anifeedsci.2013.10.009. 

Mills, P. A., R. G. Rotter, and R. R. Marquardt. 1989. Modification of glucosamine method for 

the quantification of fungal contamination. Can. J. Anim. Sci. 69:1105–1106. 

doi:10.4141/cjas89-128.  

Mosenthin, R., U. Messerschmidt, N. Sauer, P. Carré, A. Quinsac, and F. Schöne. 2016. Effect of 

the desolventizing/toasting process on chemical composition and protein quality of 

rapeseed meal. J. Anim. Sci. Biotechnol. 7:36. https://dx.doi.org/10.1186%2Fs40104-

016-0095-7. 

Moter, V., and H. H. Stein. 2004. Effect of feed intake on endogenous losses and amino acid and 

energy digestibility by growing pigs. J. Anim. Sci. 82:3518-3525. 

https://doi.org/10.2527/2004.82123518x. 

Moughan, P. J. 1993. Towards an improved utilization of dietary amino acids by the growing 

pig. In: D. J. A. Cole, W. Haresign, and P. C. Garnsworthy, editors, Recent 

Developments in Pig Nutrition 2. Nottingham University Press, Nottingham, U.K. p. 

117–136. 

Mullan, B. P., J. R. Pluske, J. Allen, and D. J. Harris. 2000. Evaluation of Western Australian 

canola meal for growing pigs. Aust. J. Agric. Res. 51:547–553. 

https://doi.org/10.1071/AR99123. 

Myrie, S. B., R. F. Bertolo, W. C. Sauer, and R. O. Ball. 2008. Effect of common antinutritive 

factors and fibrous feedstuffs in pig diets on amino acid digestibilities with special 

emphasis on threonine. J. Anim. Sci. 86:609–619. https://doi.org/10.2527/jas.2006-793. 



127 
 

Naczk, M., A. Amarowicz, A. Sullivan, and F. Shahidi. 1998. Current research developments on 

polyphenolics of rapeseed/canola: a review. Food Chem. 62:489–502. 

Nagaharu, U. 1935. Genome analysis in Brassica with special reference to the experimental 

formation of B. napus and peculliar mode of fertilisation. Japanese Journal of Botany 

7:389–452. 

Newkirk, R. 2009. Canola meal feed industry guide. Canola Council of Canada. 4th Edition, 

Winnipeg, Manitoba. 

Newkirk, R. 2011. Meal nutrient composition. In: J. K. Daun, N. A. Michael Eskin, and D. 

Hickling, editors, Canola: chemistry, production, processing, and utilization. AOAC 

Press, Urbana IL. p. 229–244. 

Newkirk, R. W. 2002. The effects of processing on the nutritional value of canola meal for 

broiler chickens. PhD Thesis. Univ. of Saskachewan, Saskatoon, Canada. 

Newkirk, R. W., and H. L. Classen. 2002. The effects of toasting canola meal on body weight, 

feed conversion efficiency, and mortality in broiler chickens. Poult. Sci. 81:815-825. 

doi:10.1093/ps/81.6.815. 

Newkirk, R. W., H. L. Classen, M. J. Edney. 2003. Effects of prepress-solvent extraction on the 

nutritional value of canola meal for broiler chickens. Anim. Feed Sci. Technol. 104:111–

9. https://doi.org/10.1016/S0377-8401(02)00331-0. 

Niu, Y., A. Rogiewicz, C. Wan, M. Guo, F. Huang, and B. A. Slominski. 2015. Effect of 

microwave treatment on the efficacy of expeller pressing of Brassica napus rapeseed and 

Brassica juncea mustard seeds. J. Agric. Food Chem. 63:3078–3084. 

doi:10.1021/jf504872x. 



128 
 

Noblet, J., X. S. Shi. 1993. Comparative digestive utilization of energy and nutrients in growing 

pigs fed ad lib and adult sows fed at maintenance. Livest. Prod. Sci. 34:137–152. 

https://doi.org/10.1016/0301-6226(93)90042-G. 

Norddeutsche Pflanzenzucht, H. G. Lembke KG Hohenlieth. 2010. GABI-Kanada (CGAT): 

YelLowSin – Functional genomic approaches for the development of yellow seeded, low-

sinapine oilseed rape (Canola; Brassica napus) Teilprojekt F. http://edok01.tib.uni-

hannover.de/edoks/e01fb10/635444097l.pdf Accessed on April 16.2018.  

NRC. 2012. Nutrient Requirements of Swine. 11th rev. ed. Natl. Acad. Press, Washington, DC.  

Nyachoti, C. M., A. K. Agyekum, C. F. M. de Lange, A. F. B. van der Poel, and M. W. A. 

Verstegen. 2018. Plant secondary compounds and antinutritional factors. In: P. J. 

Moughan, and W. H. Hendriks, editors, Feed evaluation science. Wageningen Academic 

Publishers, The Netherlands. p. 145-172. 

Nyachoti, C. M., E. M. McNeilage-Van de Wiele, C. F. M. de Lange, and V. M. Gabert. 2002. 

Evaluation of the homoarginine technique for measuring true ileal amino acid 

digestibilities in pigs fed a barley-canola meal-based diet. J. Anim. Sci. 80:440–448. 

doi:10.2527/2002.802440x 

Nyachoti, C. M., J. S. Sands, M. L. Connor, and O. Adeola. 2006. Effect of supplementing 

phytase to corn- or wheat based gestation and lactation diets on nutrient digestibility and 

sow and litter performance. Can. J. Anim. Sci. 86:501–510. https://doi.org/10.4141/A04-

500. 

Nyachoti, C. M., R. T. Zijlstra, C. F. M. de Lange, and J. F. Patience. 2004. Voluntary feed 

intake in growing-finishing pigs: A review of the main determining factors and 



129 
 

potential approaches for accurate predictions. Can. J. of An. Sci. 84:549-566. 

https://doi.org/10.4141/A04-001. 

Olukosi, O. A., and O. Adeola. 2013. Enzymes and Enzyme Supplementation of Swine Diets. 

Sustainable Swine Nutrition. p. 277-294. 

Orok, E. J., and J. P. Bowland. 1975. Rapeseed, peanut and soybean meals as protein 

supplements: Plasma urea concentrations of pigs on different feed intakes as indices of 

dietary protein quality. Can. J. Anim. Sci. 55:347–351. https://doi.org/10.4141/cjas75-

042. 

Paditz, K., H. Kluth, and M. Rodehutscord. 2004. Relationship between graded doses of three 

microbial phytases and digestible phosphorus in pigs. Anim. Sci. 78:429–438. 

https://doi.org/10.1017/S1357729800058835. 

Paraíso, P. R., H. Cauneto, R. J. Zemp, C. M. G. Andrade. 2008. Modeling and simulation of the 

soybean oil meal desolventizing–toasting process. J. Food Eng. 86:334–41. doi: 

10.1016/j.jfoodeng.2007.10.010. 

Park, M. S., Y. X. Yang, P. L. Shinde, J. Y. Choi, J. K. Jo, J. S. Kim, J. D. Lohakare, B. K. 

Yang, J. K. Lee, I. K. Kwon, and B. J. Chae. 2010. Effects of dietary glucose inclusion on 

reproductive performance, milk compositions and blood profiles in lactating sows. J. 

Anim. Physiol. Anim. Nutr. 94:677–684. doi:10.1111/j.1439-0396.2009.00962.x. 

Parkkonen, T., A. Tervila-Wilo, M. Hopeakoski-Nurminen, A. Morgan, K. Poutanen, and K. 

Autio. 1997. Changes in wheat microstructure following in vitro digestion. Acta Agric. 

Scand. B-Soil Plant Sci. 47:43–47. 

https://doi.org/10.1017/S1357729800058835


130 
 

Parr, C. K., Y. Liu, C. M. Parsons, and H. H. Stein. 2015. Effects of high-protein or conventional 

canola meal on growth performance, organ weights, bone ash, and blood characteristics 

of weanling pigs. J. Anim. Sci. 93:2165-2173. doi:10.2527/jas.2014-8439. 

Parsons, C. M., K. Hashimoto, K. J. Wedekind, and D. H. Baker. 1991. Soybean protein 

solubility in potassium hydroxide: An in vitro test of an in vivo protein quality. J. Anim. 

Sci. 69:2918–2924. doi:10.2527/1991.6972918x. 

 Pedersen, T. F., Y. Liu, and H. H. Stein. 2016. Effects of inclusion of canola meal in weanling 

pig diets containing different concentrations of energy. J. Anim. Sci. 94:467-467. 

Pluske, J. R., D. W. Pethick, and B. P. Mullan. 1998. Differential effects of feeding fermentable 

carbohydrate to growing pigs on performance, gut size and slaughter characteristics. 

Anim. Sci. 67:147–156.  

Pond, W. G., H. G. Jung, and V. H. Varel. 1988. Effect of dietary fiber on young adult 

genetically lean, obese, and contemporary pigs: Body weight, carcass measurements, 

organ weights and digesta content. J. Anim. Sci. 66:699–706. 

Qaderi, M. M., L. V. Kurepin, and D. M. Reid. 2012. Effects of temperature and watering regime 

on growth, gas exchange and abscisic acid content of canola (Brassica napus) seedlings. 

Environmental and Experimental Botany 75:107–113. 

https://doi.org/10.1016/j.envexpbot.2011.09.003. 

Quiniou, N., A. Quinsac, K. Crépon, J. Evrard, C. Peyronnet, A. Bourdillon, E. Royer, and M. 

Etienne. 2012. Effects of feeding 10% rapeseed meal (Brassica napus) during gestation 

and lactation over three reproductive cycles on the performance of hyperprolific sows and 

their litters. Can. J. Anim. Sci. 92:513–524. https://doi.org/10.1139/CJAS2012-039. 



131 
 

Rahmani, M. 2017. Chemical Composition and Available Energy Contents of Canola Meal from 

Canadian Crushing Plants. MSc Thesis. Univ. of Manitoba, Manitoba, Canada. 

Rakow, G. 2004. Species origin and economic importance of Brassica. In: E. C. Pua, and C. J. 

Douglas, editors, Biotechnology in Agriculture and Forestry. Brassica. Springer-Verlag 

Berlin Heidelberg. 54:3–11. 

Ramonet, Y., M. C. Meunier-Salaun, and J. Y. Dourmad. 1999. High fiber diets in pregnant 

sows: Digestive utilization and effects on the behavior of the animals. J. Anim. Sci. 

77:591–599. 

Ravindran, V., O. Adeola, M. Rodehutscord, H. Kluth, J. D. van der Klis, E. van Eerden, and A. 

Helmbrecht. 2017. Determination of ileal digestibility of amino acids in raw materials for 

broiler chickens – Results of collaborative studies and assay recommendations. Anim. 

Feed Sci. Techno. 225:62-72. https://doi.org/10.1016/j.anifeedsci.2017.01.006. 

Ravindran, V., S. Cabahug, G. Ravindran, P. H. Selle, and W. L. Bryden. 2000. Response of 

broiler chickens to microbial phytase supplementation as influenced by dietary phytic 

acid and non-phytate phosphorus levels. II. Effects on nutrient digestibility and retention. 

B. Poult. Sci. 41:193-200. https://doi.org/10.1080/00071660050022263. 

Rinttilä, T., A. Kassinen, E. Malinen, L. Krogius, and A. Palva. 2004. Development of an 

extensive set of 16S rDNA-targeted primers for quantification of pathogenic and 

indigenous bacteria in fecal samples by real-time PCR. J. Appl. Microbiol. 97:1166–

1177. https://doi.org/10.1111/j.1365-2672.2004.02409.x. 

Rodríguez, D. A., R. C. Sulabo, J. C. González-Vega, and H. H. Stein. 2013. Energy 

concentration and phosphorus digestibility in canola, cottonseed, and sunflower products 



132 
 

fed to growing pigs. Can. J. Anim. Sci. 93:493-503. https://doi.org/10.1139/CJAS2013-

020. 

Rogiewicz, A., L. Nurnberg, and B. A. Slominski. 2012. The effect of prepress-solvent 

exctraction on the chemical and nutritive composition of canola meal. Proc. 24th World’s 

Poult. Cong. Salvador, Brazil. 

Rogiewicz, A., M. Radfar, J. Jankowski, D. Hickling, and B. A. Slominski. 2014. New low-fiber 

canola. Part 1: Chemical and nutritive composition of meals from yellow-seeded Brassica 

napus canola and canola-type Brassica juncea mustard. Poult. Sci. 93:50. 

Roland, N., S. Rabot, and L. Nugon-Baudon. 1996. Modulation of the biological effects of 

glucosinolates by inulin and oat fibre in gnotobiotic rats inoculated with a human whole 

faecal flora. Food Chem. Toxicol. 34:671–677. 

Rosero, D. S., R. D. Boyd, J. Odle, and E. van Heugten. 2016. Optimizing dietary lipid use to 

improve essential fatty acid status and reproductive performance of the modern lactating 

sow: a review. J. Anim. Sci. Biotechnol. 7:34. https://doi.org/10.1186/s40104-016-0092-

x. 

Roth-Maier, D. A., B. M. Böhmer, and F. X. Roth. 2004. Effects of feeding canola meal and 

sweet lupin (L. luteus, L. angustifolius) in amino acid balanced diets on growth 

performance and carcass characteristics of growing–finishing pigs. Anim. Res. 53:21–34. 

https://doi.org/10.1051/animres:2003048. 

Salunkhe, D. K., J. K. Chavan, R. N. Adsule, and S. S. Kadam. 1992. Rapeseeds. In: World 

oilseeds: chemistry, technology, and utilization. Van Nostrand Reinhold, NY. p. 59–96. 

Sanjayan, N. 2013. The effect of feeding canola meal on nutrient digestibility and growth 

performance in pigs. MSc Thesis. Univ. of Manitoba, Manitoba, Canada. 



133 
 

Sanjayan, N., J. M. Heo, and C. M. Nyachoti. 2014. Nutrient digestibility and growth 

performance of pigs fed diets with different levels of canola meal from Brassica 

napus black and Brassica juncea yellow. J. Anim. Sci. 92:3895–3905. 

doi:10.2527/jas.2013-7215. 

Sauvant, D., J. M. Perez, and G. Tran. 2004. Tables of composition and nutritional value of feed 

materials. 2nd ed. Wageningen Academic Publishers, Amstelveen, Netherlands. 

Savic, T. B., T. Kricka, N. Voca, V. Jurisic, and A. Matin. 2009. Effect of storage temperature on 

rapeseed quality. Agric. Conspec. Sci. 74:143-147. 

Schöne, F., B. Groppel, A. Hennig, G. Jahreis, and R. Lange. 1997. Rapeseed meal, 

methimazole, thiocyanate and iodine affect growth and thyroid. Investigations into 

glucosinolate tolerance in the pig. J. Sci. Food Agric. 74:69–80. 

https://doi.org/10.1002/(SICI)1097-0010(199705)74:1%3C69::AID-

JSFA771%3E3.0.CO;2-0. 

Schöne, F., M. Leiterer, F. Tischendorf, and J. Bargholz. 1999. High fat rapeseed products 

(rapeseed, rapeseed oil, and rapeseed press cake) in sow feeding. In N. Wratten and A. 

Salisbury eds. Proc. 10th International Rapeseed Congress, Canberra, Australia. [Online] 

Available: http://www.regional. org.au/au/gcirc/1/591.htm#P0_0 (Accessed 20 February 

2017.) 

Schöne, F., M. Leiterer, H. Hartung, G. Jahreis, and F. Tischendorf. 2001. Rapeseed 

glucosinolates and iodine in sows affect the milk iodine concentration and the iodine 

status of piglets. Br. J. Nutr. 85:659–670. doi: http://dx.doi.org/10.1079/BJN2001326. 

Schuld, F.W., and J. P. Bowland. 1968. Dietary rapeseed meal for swine reproduction. Can. J. 

Anim. Sci. 48:57–64. https://doi.org/10.4141/cjas68-008. 



134 
 

Selle, P. H., and V. Ravindran. 2008. Phytate-degrading enzymes in pig nutrition. Livest. Sci. 

113: 99-122. https://doi.org/10.1016/j.livsci.2007.05.014. 

Seneviratne, R. W., M. G. Young, E. Beltranena, L. A. Goonewardene, R. W. Newkirk, and R. 

T. Zijlstra. 2010. The nutritional value of expeller-pressed canola meal for grower-

finisher pigs. J. Anim. Sci. 88:2073–2083. https://doi.org/10.2527/jas.2009-2437. 

Seneviratne, R. W., E. Beltranena, L. A. Goonewardene, and R. T. Zijlstra. 2011. Effect of crude 

glycerol combined with solvent-extracted or expeller-pressed canola meal on growth 

performance and diet nutrient digestibility of weaned pigs. Anim. Feed Sci. 

Technol.170:105–110. https://doi.org/10.1016/j.anifeedsci.2011.07.009. 

Shi, X. S., and J. Noblet. 1993a. Digestible and metabolizable energy values of ten feed 

ingredients in growing pigs fed ad libitum and sows fed at maintenance level; 

comparative contribution of the hindgut. Anim. Feed Sci. Technol. 42:223–236. 

https://doi.org/10.1016/0377-8401(93)90100-X.  

Shi, X. S., and J. Noblet. 1993b. Contribution of the hindgut to digestion of diets in growing pigs 

and adult sows: effect of diet composition. Livest. Prod. Sci. 34:237–252. 

https://doi.org/10.1016/0301-6226(93)90110-4. 

Simbaya, J. 1996. Potential for improved utilization of canola meal by monogastric animals. PhD 

Thesis. Univ. of Manitoba, Manitoba, Canada. 

Simon, O. 1998. The mode of action of NSP hydrolyzing enzymes in the gastrointestinal tract. J. 

Anima. Feed Sci. 7:115–123. 

Singh, R. J. 2006. Genetic resources, chromosome engineering, and crop improvement: oilseed 

crops, Volume 4. CRC press, Boca Raton, FL, USA p.199. 

https://doi.org/10.1016/j.livsci.2007.05.014


135 
 

Skok, J., M. Brus, and D. Škorjanc. 2007. Growth of piglets in relation to milk intake and 

anatomical location of mammary glands. Acta Agric. Scand. Anim. Sci. 57:129–135. 

doi:10.2527/jas.2010–2972. 

Slominski, B. A. 1997. Developments in the breeding of low fiber rapeseed/canola. J. Anim. 

Feed Sci. 6:303-317. 

Slominski, B. A., L. D. Campbell, and W. Guenter. 1994. Carbohydrates and dietary fiber 

components of yellow- and brown-seeded canola. J. Agric. Food Chem. 42:704–707. 

Slominski B. A., W. Jia, A. Rogiewicz, C. M. Nyachoti, and D. Hickling. 2012. Low-Fiber 

Canola. Part 1. Chemical and Nutritive Composition of the meal. J. Agric. Food Chem. 

60:12225-12230. doi:10.1021/jf302117x. 

Spencer, G. S. G. 1985. Hormonal systems regulating growth. A review. Livest. Prod. Sci. 

12:31– 46. 

Spragg, J. C., and R. J. Mailer. 2007. Canola meal value chain quality improvement: A final 

report prepared for AOF and CRC. Project code 1B-103-0506. 

www.porkcrc.com.au/Final_Report_1B-103.pdf. (Accessed 10 April 2018).  

Spratt, R., and S. Leeson. 1985. The effect of raw ground fullfat canola on sow milk composition 

and piglet growth. Nutr. Reports Int. 31: 825–831. 

Statistics Canada. 2017. Field and special crops. http://www.statcan.gc.ca/pub/96-325-

x/2007000/article/10778-eng.htm (Accessed 02 May 2018.) 

Stein, H. H., C. F. Shipley, and R. A. Easter. 1998. Technical note: A technique for inserting a T-

cannula in the distal ileum of pregnant sows. J. Anim. Sci. 76:1433–1436. 

Stein, H. H., M. F. Fuller, P. J. Moughan, B. Sève, R. Mosenthin, A. J. M. Jansman, J. A. 

Fernández, and C. F. M. de Lange. 2007. Definition of apparent, true, and standardized 

http://www.statcan.gc.ca/pub/96-325-x/2007000/article/10778-eng.htm
http://www.statcan.gc.ca/pub/96-325-x/2007000/article/10778-eng.htm


136 
 

ileal digestibility of amino acids in pigs. Livest. Sci. 109:282–285. 

doi:10.1016/j.livsci.2007.01.019. 

Stein, H. H., S. Aref, and R. A. Easter. 1999. Comparative protein and amino acid digestibilities 

in growing pigs and sows. J. Anim. Sci. 77:1169-1179. 

Stein, H. H., S. W. Kim, T. T. Nielsen, and R. A. Easter. 2001. Standardized ileal protein and 

amino acid digestibility by growing pigs and sows. J. Anim. Sci. 79:2113-2122. 

https://doi.org/10.2527/2001.7982113x. 

Summers, J. D., M. Bedford, and D. Spratt. 1989. Amino acid supplementation of canola 

meal. Can. J. Anim. Sci. 69:469–475. https://doi.org/10.4141/cjas89-052. 

Toghyani, M., N. Rodgers, M. R. Barekatain, P. A. Iji, and R. A. Swick. 2014. Apparent 

metabolizable energy value of expeller-extracted canola meal subjected to different 

processing conditions for growing broiler chickens. Poult. Sci. 93:2227-2236. 

https://doi.org/10.3382/ps.2013-03790. 

Torre, M., A. R. Rodriguez, and F. Saura-Calixto. 1991. Effects of dietary fiber and phytic acid 

on mineral availability. Crit. Rev. Food Sci. Nutr. 1:1–22. 

Trindade Neto, M. A., F. O. Opepaju, B. A. Slominski, and C. M. Nyachoti. 2012. Ileal amino 

acid digestibility in canola meals from yellow- and black-seeded Brassica napus and 

Brassica juncea fed to growing pigs. J. Anim. Sci. 90:3477–3484. 

https://doi.org/10.2527/jas.2011-4773.  

Tripathi, M. K., and A. S. Mishra. 2007. Glucosinolates in animal nutrition: A review. Anim. 

Feed Sci. Technol. 132:1–27. https://doi.org/10.1016/j.anifeedsci.2006.03.003. 

Tritton, S. M., R. H. King, R. G. Campbell, A. C. Edwards, and P. E. Hughes. 1996. The effects 

of dietary protein and energy levels of diets offered during lactation on the lactational and 

https://doi.org/10.2527/jas.2011-4773


137 
 

subsequent reproductive performance of first-litter sows. Anim. Sci. J. 62:573–579. 

https://doi.org/10.1017/S1357729800015125. 

Unger, E. H. 2011. Processing. In: J. K. Daum, N. A. M. Eskin, and D. Hickling, editors, Canola: 

Chemistry, Production, Processing, and Utilization. AOCS Press, Urbana, IL, USA. p. 

163–188. 

Unger, H. E. 1990. Commercial processing of canola and rapeseed: crushing and oil extraction. 

In: F. Shahidi, editor, Canola and Rapeseed Production, Chemistry, Nutrition, and 

Processing Technology. Van Nostrand Reinhold, New York. p. 235-360. 

Uppstrom, B. 1995. Seed chemistry. In: D. Kimber, and D. I. McGregor, editors, Brassica 

oilseeds: Production and utilization. UK: CAB International. p. 217-242. 

Uppström, B., and R. Svensson. 1980. Determination of phytic acid in rapeseed meal. J. Sci. 

Food Agric. 31:651–656. doi:10.1002/jsfa.2740310706. 

Vadke, V.S., and F. W. Sosulski. 1988. Mechanics of oil expression from canola. J. Am. Oil 

Chem. Soc. 65:1169–1176. 

Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods for dietary fibre, neutral 

detergent fibre and non-starch polysaccharides in relation to animal nutrition. J. Dairy 

Sci. 74:3583–3593. https://doi.org/10.3168/jds.S0022-0302(91)78551-2. 

Varel, V. H. 1987. Activity of fiber-degrading microorganisms in the pig large intestine. J. 

Anim. Sci. 65:488-496.  

Velayudhan, D. E., and C. M. Nyachoti. 2017. Effect of increasing dietary canola meal inclusion 

in lactating sows on lactation performance, milk composition and nutrient digestibility of 

lactating sows. J. Anim. Sci. 95:1–7. https://doi.org/10.2527/jas.2016.1191. 

https://doi.org/10.1017/S1357729800015125


138 
 

Velayudhan, D. E., I. H. Kim, and C. M. Nyachoti. 2015. Characterization of Dietary Energy in 

Swine Feed and Feed Ingredients: A Review of Recent Research Results. Asian Austral. 

J. Anim. 28:1–13. doi:10.5713/ajas.14.0001R. 

Vinsky, M. D., S. Novak, W. T. Dixon, M. K. Dyck, and G. R. Foxcroft. 2006. Nutritional 

restriction in lactating primiparous sows selectively affects female embryo survival and 

overall litter development. Reprod. Fertil. Dev. 18:347–355. 

https://doi.org/10.1071/RD05142. 

Wang, L. F., E. Beltranena, and R. T. Zijlstra. 2017. Diet nutrient digestibility and growth 

performance of weaned pigs fed Brassica napus canola meal varying in nutritive quality. 

Anim. Feed Sci. Technol. 223:90-98. https://doi.org/10.1016/j.anifeedsci.2016.11.011. 

Wang, Q., H. J. Kim, J. H. Cho, Y. J. Chen, J. S. Yoo, B. J. Min, Y. Wang, and I. H. Kim. 2008. 

Effects of phytogenic substances on growth performance, digestibility of nutrients, faecal 

noxious gas content, blood and milk characteristics and reproduction in sows and litter 

performance. J. Anim. Feed Sci. 17:50–60. https://doi.org/10.22358/jafs/66469/2008. 

Weber S., M. K. Zarhloul, and W. Friedt. 2001. Modification of oilseed quality by genetic 

transformation. In: K. Esser, J. W. Kadereit, U. Lüttge, and M. Runge, editors, Progress 

in botany, vol. 62. Springer, Berlin Heidelberg, New York. p. 140–174. 

Wellock, I. J., J. G. M. Houdijk, and I. Kyriazakis. 2007. Effect of dietary non-starch 

polysaccharide solubility and inclusion level on gut health and the risk of post weaning 

enteric disorders in newly weaned piglets. Livest. Sci. 108:186–189. 

https://doi.org/10.1016/j.livsci.2007.01.050. 



139 
 

Whittemore, C. T. 1998. Influence of pregnancy feeding on lactation performance. In: M. W. A. 

Verstegen, P. J. Moughan, and J. W. Schrama, editors, The Lactating Sow. Wageningen 

Press, Wageningen, The Netherlands. p. 183–200. 

Wickramasuriya, S. S., Y. J. Yi, J. Yoo, N. K. Kang, and J. M. Heo. 2015. A review of canola 

meal as an alternative feed ingredient for ducks. J. Anim. Sci. Technol. 57:29. 

https://doi.org/10.1186/s40781-015-0062-4. 

Winter, L., U. Meyer, D. Soosten von, M. Gorniak, P. Lebzien, and S. Dänicke. 2015. Effect of 

phytase supplementation on rumen fermentation characteristics and phosphorus balance 

in lactating dairy cows. Ital. J. Anim. Sci. 4:3539. https://doi.org/10.4081/ijas.2015.3539. 

Woyengo, T. A., and C. M. Nyachoti. 2013. Review: anti-nutritional effects of phytic acid in 

diets for pigs and poultry – current knowledge and directions for future research. Can. J. 

Anim. Sci. 93:9–21. https://doi.org/10.1139/CJAS2012-017.  

Woyengo, T. A., E. Beltranena, and R. T. Zijlstra. 2014. Nonruminant nutrition symposium: 

Controlling feed cost by including alternative ingredients into pig diets: A review. J. 

Anim. Sci. 92:1293–1305. doi:10.2527/jas.2013-7169. 

Woyengo, T. A., E. Kiarie, and C. M. Nyachoti. 2010. Energy and amino acid utilization in 

expeller-extracted canola meal fed to growing pigs. J. Anim. Sci. 88:1433–1441. 

https://doi.org/10.2527/jas.2009-2223. 

Yang, H., J. E. Pettigrew, L. J. Johnston, G. C. Shurson, and R. D. Walker. 2000. Lactational and 

subsequent reproductive responses of lactating sows to dietary lysine (protein) 

concentration. J. Anim. Sci. 78:348–357. https://doi-

org.uml.idm.oclc.org/10.2527/2000.782348x. 

https://doi.org/10.1186/s40781-015-0062-4
https://doi.org/10.2527/jas.2009-2223


140 
 

Yapar, Z., and D. R. Clandinin. 1972. Effect of tannins in rapeseed meal on its nutritional value 

for chicks. Poult. Sci. 51:222–228. 

Zeleke, K. T., D. J. Luckett, and R. B. Cowley. 2014. The influence of soil water conditions on 

canola yields and production in Southern Australia. Agric. Water Manag. 144:20-32. 

https://doi.org/10.1016/j.agwat.2014.05.016. 

Zijlstra, R. T., and R. L. Payne. 2007. Net energy system for pigs. In: J. E. Patterson and J. A. 

Barker, editors, Manipulating pig production XI. Australas. Pig Sci. Assoc., Werribee, 

Victoria. p. 80–90. 

  

https://doi.org/10.1016/j.agwat.2014.05.016

