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Flaxseed is a rich source of alpha-linolenic acid (ALA).  Feeding laying hens flax seed can 

increase n-3 fatty acids content (FA) in eggs, thus increasing human intake of n-3 FA.  However, 

non-starch polysaccharides (NSP), which decreases digestibility of dietary lipids and proteins.  

Addition of carbohydrase enzymes to flax-based layer diets can alter the anti-nutritive effects of 

NSP.  Three experiments were conducted to investigate the effect of dietary supplementation of 

flaxseed and carbohydrase enzyme on hen production performance, egg quality, egg and hen 

liver tissue FA composition, and foregut morphology in layer hens.  

 A total of seventy-two brown layer hens were assigned to one of four dietary treatments: corn-

soybean based diet (Control),  Control plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase 

enzyme (Diet 2), and Diet 1 + 0.1% carbohydrase enzyme (Diet 3).  All diets were isocaloric and 

isonitrogenous.  Hens received the dietary treatments for a total of 4 months.  Hens fed Diet 1 

exhibited a trend for highest egg hen day production among the four dietary treatments (P=0.09).  



Hen age led to a reduction in egg production in all four dietary treatments during the four month 

feeding trial (P<0.0001).  Both egg weight and yolk weight were significantly higher in hens fed 

Diet 2 (P=0.008).  During the six week storage period, egg weight and yolk weight were 

significantly higher in hens fed Diet 2 and Diet 3 (P=0.005, P=0.044) as compared to the 

Control.  Hens receiving Diet 3 showed a trend for a high yolk pH (P=0.083), while Diet 3 

displayed a significantly higher albumen pH (P<0.0001). 

 Egg fatty acids were influenced by diet composition.  Linoleic acid (LA) and arachidonic acid 

(AA) were highest in Control eggs (P<0.0001).  ALA was highest in eggs from hens fed Diet 3 

(P=0.009).  DHA was significantly increased in eggs from hens fed Diet 1, Diet 2, and Diet 3 

(P<0.0001) relative to the Control.  Total n-3 FA was highest in hens consuming Diet 3 

(P<0.0001) (>1.7 fold-increase compared to Control).  Total long chain (>20 carbons) n-3 FA 

concentrations were highest among eggs from hens fed Diets 1, 2, and 3 (P<.0001).  Egg total 

lipids showed no significant difference among the four dietary treatments.  

A significant increase in ALA content was observed in the liver of hens fed Diets 1 and 3 (P<.

0001) relative to the Control diet.  There was a significant increase in LA and AA in liver of hens 

fed the Control as compared to Diets 1, 2, and 3 (P<0.0001).  Furthermore, total n-6 FA were 

also significantly higher in the Control and Diet 1, while there was a significant increase in total 

n-3 FA seen in fed receiving Diet 1, 2, and 3.  Liver DHA (22:6 n-3) content in hens fed Diets 1, 

2, and 3 increased by an average of 2.27% relative to the Control.  As for long chain n-3, there 

was a significant increase in the liver of hens receiving Diets 1, 2, and 3 as compared to the 

Control.  Hen liver total lipids were significantly higher in hens fed Diets 1, 2, and 3 (P=0.0009).  



There was a significant increase in thiobarbituric acid-reactive substances (TBARS) eggs from in 

hens fed Diet 3 (P<.0001).   

In the duodenum, flaxseed and enzyme supplementation led to a significant increase in villi 

height (P<0.0001).  Villi width was also significantly greater in hens fed Diets 1, 2, and 3 

(P<0.0001).  However, the addition of flaxseed and enzyme led to a trend with Diet 3 having the 

lowest crypt depth (P= 0.066) in the duodenum.  Hens fed Diet 1 and Diet 3 had significantly 

increased villi height:crypt depth ratio (P<0.0001).  In the jejunum, hens fed flaxseed and 

enzyme supplementation also had significantly increased villi height (P<0.0001).  In addition, 

hens fed Diets 2 and Diet 3 displayed a significant increase in villi width (P<0.0001).  Both crypt 

depth and villi height:crypt depth ratio showed no significant difference among the four dietary 

treatments. 

In conclusion, the combination of whole flaxseed plus carbohydrase enzymes leads to 

degradation of NSP in flaxseed and increases the availability of ALA and other nutrients.  Egg 

and liver from hens fed Diet 2 and 3 experienced over a 50% increase in total n-3 FA.  There is 

evidence that feeding hens an enzyme supplement along with high levels of ALA produces 

significant changes in gut morphology, increasing jejunum villi surface area.  These studies 

confirm that the use of carbohydrase enzymes can result in degradation of NSP in whole flaxseed 

and increase availability of ALA and other nutrients to layer hens without hindering production 

performance. 
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1  Introduction

  Fatty acids (FA) are popular research topic in both human and animal   

nutrition.  Recent interest has to do with high levels of saturated and linoleic acid (LA,18:2 n-6) 

fatty acids in typical Western diets and their association with increased incidence of 

cardiovascular disease, obesity, and many inflammatory disorders.  N-3 fatty acids (alpha 

linolenic acid, ALA, 18:3; eicosapentaenoic, EPA, 20:5; docosahexaenoic, DHA, 22:6) have 

been well documented for their  health promoting effects.  Some of these effects include 

decreasing the incidence of cardiovascular disease, obesity, and many other inflammatory 

disorders.  Alpha linolenic acid (ALA, 18:3 n-3) is considered an essential fatty acid because of 

to its important function in metabolic processes.  Because ALA cannot be synthesized in the  

body, it  needs to be supplemented in the diet.  Health experts recommend 700-1,100 mg per day 

of ALA and 300-500 grams per day of EPA and DHA to maintain optimum health.  However, the 

current Western diet falls short of this daily recommendation (American Heart Association, 

2016).   

  Marine sources such as salmon, cod, tuna, and shrimp are rich in long chain  

n-3 fatty acids (EPA, DHA), but are limited in Western diets because of cost, sustainability, odor, 

and other concerns.  Poultry is a major source of animal protein consumed globally.  Therefore,  
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poultry meat and eggs are excellent sources of n-3 fatty acids.  Flaxseed is the richest 

non-marine source of n-3 fatty acids.  Flaxseed is comprised of 50% oil and half of that is the 

essential fatty acid alpha-linolenic acid, the precursor for the synthesis of metabolically active 

long chain (LC) fatty acids, also known as polyunsaturated fatty acids (PUFA).  However, 

flaxseed has several anti-nutritional factors, anti-nutritional factors are substances that when 

present in animal feed reduce the availability of one or more nutrients.  Anti-nutritional factors 

can adversely affect the health of poultry.  Anti-nutritional factors include insoluble and 

soluble non-starch polysaccharides (NSP).  Because monogastric animals (such as poultry and 

humans) do not have the  enzymes needed to breakdown the seed coating, these molecules  

decrease digestibility of nutrients and energy availability in the diet.  High levels of soluble NSPs 

also increase digesta viscosity, reduce digesta mixing, increase the opportunity for bacterial 

overgrowth, and leads to negative effects on growth performance.  Exogenous enzymes are 

widely used in monogastric diets to improve digestibility and decrease anti-nutritive effects of 

NSP. 

  The efficacy of carbohydrase enzymes along with whole flaxseed in enriching poultry 

eggs with n-3 fatty acids is not well documented.  In this study, it is proposed that whole flaxseed 

in combination with carbohydrase enzyme in layer diets will increase n-3 fatty acids in eggs 

without reducing growth performance or egg quality.  To test this, a four month feeding trial was  
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conducted with layer hens fed Control diet (no flax) or 10% flaxseed diet with two levels of 

enzymes.  

  Chapters 2 through 6 of this thesis reflect the primary themes incorporated into the title,   

enzyme supplementation of layer hen diets containing whole flaxseed to increase long chain fatty 

acids in chicken eggs.  Chapter 2 establishes the molecular structure, classification, and 

nomenclature of lipids as well as general metabolism of fatty acids, including n-3 and n-6 fatty 

acid synthesis pathways.  Chapter 3 discusses the avian digestive system and the importance in 

converting feed into the nutrients that the body needs for growth, maintenance, and production.  

Fat digestion, absorption, emulsification, and transport are also discussed in Chapter 3.  In 

Chapter 4, the role of n-3 fatty acids in human health is addressed.  Other topics covered in 

Chapter 4 include sources of fat in human diets, the n-6:n-3 fatty acid ratio and the efficiency of 

conversion of ALA to long-chain PUFA.  Chapter 5 discusses sources of fatty acids in poultry 

diets.  The physical structure and chemical composition of flaxseed and the anti-nutritive factors 

in flaxseed were also described.  Chapter 5 considers the use and efficacy of exogenous enzymes 

in poultry diets as a mean to increase digestibility and decrease anti-nutritive factors.   

 Results of Experiment 1, entitled Effect of feeding whole flaxseed with carbohydrase 

enzyme on layer hen performance and egg quality in fresh and stored eggs, are presented in 

Chapter 7.  Results of Experiment 2, entitled Effect of feeding whole flaxseed with carbohydrase 

enzyme on egg and tissue fatty acids, are presented in Chapter 8.  Lastly, Experiment 3, entitled  
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Effect of feeding whole flaxseed with carbohydrase enzyme on fore-gut morphology, is 

presented in Chapter 9. 

 Chapter 10 includes a general discussion of Experiments 1, 2, and 3, while Chapter 11 

discusses the conclusions as well as the costs associated with the use of flaxseed and enzyme 

supplementation in layer diets to enrich n-3 fatty acids in poultry eggs. 
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2 Lipids and Fatty Acids: Structure and Function 

2.1 What are Lipids 

 Lipids are a class of organic compounds that include fat, waxes, sterols, fat-soluble 

vitamins (vitamins A, D, E, and K), monoglycerides, diglycerides, triglycerides, phospholipids, 

glycolipids, and phosphoglycolipids.  Lipids are the most energy-dense nutrient available, 

providing 9 kcal of energy per gram as compared to 4 kcal  per gram for proteins and most 

carbohydrates.  Lipids supply most of the daily energy needs for mono gastric animals such as 

humans and poultry.  Lipids are insoluble in water, but are soluble in non polar organic solvents.  

Lipids can be extracted from plant and animal cell or tissues using  non-polar organic solvents 

such as ether, chloroform and acetone.  Lipids can be either liquid (unsaturated) or solid 

(saturated) at room temperature.  

2.2 Roles of Lipids 

 Lipids are critical molecules that serve both structural and metabolic functions in animal 

systems.  Lipids play an important roles in poultry diets, both physically and physiologically.  

When looking at the physical aspect, lipids are associated with improvement of feed quality, dust 

reduction in feed, increased palatability, decreased feed particle separation, digestive lubrication, 

and increased feed digestibility.  From a physiological stand-point, lipids are utilized for 

processes associated with energy production, nutrient transport, and cellular structure.
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2.3 Classification of Lipids 

 Lipids may be classified based on their physical properties at room temperature (solid or 

liquid), on polarity, or on their essentiality for humans, but the preferable classification is based 

on their structure.  Based on structure, lipids are classified into three major groups: simple lipids, 

complex lipids, and derived lipids (Leeson et al., 2001) (Figure 1). 

Simple Lipids:  These are simple esters of fatty acids and some alcohols.  Natural fats and oils are 

the esters of glycerol with long chain carboxylic acids, which consist of 12-20 carbon atoms.  

These are referred to as triglycerides or triacylglycerols.   

Complex Lipids:  These are esters of glycerol with two fatty acid residues and alcohol with 

additional compounds, such as phosphoric acids, sugars, and proteins. These are classified as 

phospholipids, glycolipids, gangliosides, and lipoproteins. 

Derived Lipids:  These are the substances derived from simple and compound lipids by 

hydrolysis.  These include fatty acids, alcohols, and sterols.   
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Figure 1.  Lipid classification based on structure (New Health Advisor, 2016). 
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 The two main classes of lipids are triacylglycerols (TAG) and phospholipids (PL).  

Triglycerides have three fatty acids, often different, attached by their carboxyl ends to a three-

carbon glycerol backbone.  Triacylglycerols constitute the majority of the fatty acids in the diet 

and tissues of monogastrics.  Once consumed, triglycerides are deconstructed in the small 

intestine, mixed with bile salts to form micelles, and absorbed across the intestinal walls.  They 

are then reconstructed with carrier lipoproteins into chylomicrons and transported to the liver.  

The liver sends fatty acids out to tissues for energy use or for storage in adipocytes. 

2.4 Fatty Acid Classification 

 Fatty acids, components of lipids, have important roles in other metabolic functions 

besides energy, including immune system response and neural and vision functions in humans.  A 

fatty acid (FA) is compromised of a hydrocarbon chain (acyl group) with a methyl group (CH3) 

at one end and a carboxyl group (COOH) at the other.  Fatty acids are classified based on the 

number of carbons present in the chain.  Short chain FA are normally 2-8 carbons in length (e.g. 

acetic acid, propionic acid, and butyric acid), while medium chain FA are normally 10-12 

carbons in length (e.g. capric and lauric acid).  Long chain FA contain 14-20 carbons and include 

fatty acids such as alpha-linolenic acid (n-3), linoleic acid (n-6), and eicosapentaenoic acid 

(EPA).  Very long fatty acids contain 22-24 carbons in length and include docosahexaenoic acid 

(DHA, 22:6 n-3) (Heird et al., 2005).   
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 Fatty acids have both systemic and common names.  The common name, systemic name 

and designation of FA are shown in Table 1.  They are also described with a shorthand notation 

that identifies the number of carbons in the chain, the number of double bonds, and the position 

of the first double bond as counted the methyl end.  For example, the saturated fatty acid with 16 

carbons and no double bonds has the common name palmitic acid.  It can also be described by 

the notation 16:0.  The 18-carbon PUFA known as linoleic acid, with double bonds at positions 9 

and 12 relative to the carboxyl end, is described by the notation 18:2 n-6 (the double bond at 

position 12 relative to the carboxyl end is at position 6 relative to the methyl end of the acyl 

chain).  The two groups of PUFA that are of interest in animal nutrition are n-6 FA with the most 

distal double bond carbon bond at position 6 relative to the methyl end, and n-3 FA with the most 

distal double bond at position 3 relative to the methyl end.  Commonly n-3 and n-6 fatty acids 

are referred to as omega-3 and omega-6 FA, respectively. 

2.5 Saturated vs. Unsaturated Fatty Acids 

 Fatty acids are classified as saturated and unsaturated based on the presence or absence of 

double bonds.  Fatty acids such as stearic acid and palmitic acid contain no double bonds and are 

therefore referred to as saturated (Figure 2).  Fats made up of saturated fatty acids are solid at 

room temperature.  Monounsaturated fatty acids consist of only one double bonds such as oleic 

acid (Figure 2).  Polyunsaturated fatty acids (PUFAs) such as EPA and DHA consist of five 

double bonds.  PUFAs are divided into two different groups, omega (n-3) and omega (n-6), 

according to the position of the first double bond relative to the methyl end of the molecule.   
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Increased saturation of a fatty acid is accompanied by the potential for increased lipid 

peroxidation since the C-C double bonds are the preferred sites of attack for oxygen radicals.  

The degree of saturation, length of chain, and the position of double bonds relative to the ends of 

the chain all determine physical properties of the FA such as melting temperature as well as 

biological functions. 
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Figure 2.  Classification of fatty acids (Authority Nutrition, 2016)
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Table 1.  Common fatty acid nomenclature and sources (Stulnig, 2003)

Common Name Identification Systemic Name Sources

Saturated Fatty Acids

Palmitic 16 n-hexadecanoic De novo synthesis, milk, eggs, 
animal fats, meat, palm oil and 
fish oil

Stearic 18 n-octadecanoic De novo synthesis, milk, eggs, 
animal fats and meat

Monounsaturated Fatty Acids

Palmitoleic 16:1 n-7 Cis-9-hexadecanoic Desaturation of palmitic acid, 
fish oil

Oleic 18:1 n-9 Cis-9-octadecanoic Desaturation of stearic acid, 
milk, eggs, animal fats, meat 
and most vegetable oils

PUFAs n-6

Linoleic 18:2 n-6 Cis, cis-9-12-octadecadienoic Cannot be synthesized in 
mammals.  Present in milk, 
eggs, animal fats, meat, leafy 
greens, corn oil, sunflower, 
safflower and soybean oils

Gamma-Linolenic 18:3 n-6 6,9,12-octadecatrienoic Synthesized from linoleic acid

Dihomo-Gamma-Linolenic 20:3 n-6 8,11,14-eicosatrienoic Synthesized from gamma-
linoleic

Arachidonic 20:4 n-6 8,11,14,17-eicosatetraeinoic Synthesized from linoleic via 
gamma-linolenic and dihomo-
gamma-linolenic acid

PUFAs n-3

Alpha-Linolenic 18:3 n-3 All-cis-9,12,15-octadecatrienoic Cannot be synthesized in 
mammals.  Present in leafy 
greens, soybean oil, canola and 
linseed oils

Eicosapentaenoic (EPA) 20:5 n-3 5,8,11,14,17-eicosapentaenoic Synthesized from alpha-
linolenic acid, present in marine 
sources

Docosahexaenoic (DHA) 22:6 n-3 4,7,10,13,16,19-docosahexaenoic Synthesized from alpha-
linolenic acid, present in marine 
sources
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2.6 Lipid Metabolism 

 Mammalian and avian species such as humans and poultry lack desaturase enzymes that 

can add double bonds at positions farther than ten carbons from the carboxyl group.  Therefore, 

poultry are not able to synthesize linoleic acid (18:2 n-6) and ALA (18:2 n-3) such that these 

essential fatty acids (EFA) that must be consumed through the diet.  Main dietary sources of 

linoleic acid include grain, vegetable oil (corn and safflower oil ), and animal tissue, whereas 

sources of n-3 FA include marine products (long chain FA), oil seeds and their oils, and green 

vegetables (ALA).  Although more than 50% of the total fat in leafy greens is ALA, the total fat 

is less than 2% on a dry matter (DM) basis so vegetable sources cannot provide a substantial 

amount of n-3 FA to the human diet (Poureslami and Batal, 2012).  In monogastrics, linoleic acid 

and ALA are elongated (increasing the carbon backbone length) and desaturated (double bonds 

added) by elongase and desaturase enzymes to produce 20-carbon and 22-carbon long chain 

PUFA.  The long chain PUFA are precursors to bioactive molecules called eicosanoids that are 

involved in immune system processes. Eicosanoids derived from n-3 FA promote resolution of 

inflammatory immune responses whereas those derived from n-6 precursors are associated with 

both pro-and anti-inflammatory responses (Sprecher, 2000).

 Figure 3 illustrates the detailed pathways involved in n-3 and n-6 fatty acid metabolism 

(Sprecher, 2000).  Lipids are metabolized in all cells, however liver is the primary site for lipid 

metabolism in chickens.  Adipose and mammary glands are also important sites of lipid 

metabolism in mammals.  Desaturase enzymes are specific for the position of the double bond in  
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their substrates.  For example, in the n-3 pathway, the 20-carbon product is EPA (20:5 n-3), 

whereas in the n-6 pathway the product is arachidonic acid (AA, 20:4 n-6).  Because the Δ-6 

denatures enzyme is involved in the first and final step of both pathways, it is referred to as rate 

limiting step since there is competition between both pathways for the same enzyme (Figure 3).  

Elongase enzymes add a two-carbon unit to the FA chain structure in the endoplasmic reticulum 

called microsomes.  As compared to desaturation, elongation is not a specific process because 

several different saturated and unsaturated fatty acids can be used as substrates by the same 

enzyme. 

Intermediates such as 22:4 n-6 and 22:5 n-3 are not simply desaturated to make their final 

metabolites.  This process has a more complex nature, involving elongation and denaturation in 

microsomes, followed by one cycle of beta-oxidation in peroxisomes.  This is why fatty acid 

metabolic pathways require enzymes in more than one cellular compartment and shuttling of 

fatty acid products between them.  Longer chain PUFA (22-carbon and 24-carbon) appear to be 

readily recycled via beta-oxidation in peroxisomes.  Polyunsaturated fatty acids with fewer than 

22 carbons are typically recycled when the diet does not contain sufficient amounts of essential 

fatty acids (Brennan and Carlson, 2014). 

 A related interest of this research study are the long chain n-3 PUFA: DHA, (22:6 n-3); 

DPA, (22:5 n-3); and EPA, (20:5 n-3).  EPA is an important precursor for DPA and DHA.  DPA 

has no known metabolic role in humans except as a precursor for DHA (Brennan and Carlson, 

2014).   
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 Mammalian brains and central nervous system are rich in DHA, making up 15% of the 

total fatty acids in these tissues (Barcelo-Coblijn and Murphy, 2009).  Humans accumulate DHA 

in their brains during gestation to about two years of age (Brennan and Carlson, 2014).  DHA is 

not made in these tissues, but in the liver.  DHA concentrations in the brain appear to be constant 

across all species, which suggests that DHA is a limiting factor for the size of the adult brain 

(Brennan and Carlson, 2014).  DHA concentrations in the heart and brain tissue remain constant 

even if dietary alpha-linolenic acid is increased, in contrast DHA concentrations in liver, muscle, 

and adipose tissue will typically increase (Barcelo-Coblijn and Murphy, 2009).  DHA is said to 

be a critical nutrient for mammalian infant development.  Clinical trials of human infants and 

primates fed formula or breast milk lacking DHA showed decreased visual response and 

depressed cognitive development (Brennan and Carlson, 2014). 
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Figure 3.  Elongation and desaturation pathways for n-3 and n-6 fatty acids  
(http://lpi.oregonstate.edu/mic/other-nutrients/essential-fatty-acids) 

http://lpi.oregonstate.edu/mic/other-nutrients/essential-fatty-acids
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3 The Avian Digestive Tract 

3.1 The Avian Digestive Tract 

 The avian digestive tract is composed of several organs that are important in converting 

food into nutrients needed for growth, maintenance, and production (such as egg production) 

(Figure 4).  As with most birds,  poultry obtain their food by their beaks.  Poultry do not have 

teeth, therefore they cannot chew their food.  However, the mouth contains glands that secrete 

saliva, which wets the food to make it easier to swallow.  Also, the saliva contains enzymes, such 

as amylase, that start the digestion process of carbohydrates.  The food then enters the 

esophagus, which is a flexible tube that connects the mouth with the rest of the digestive tract.  

The food continues to the crop where food and water are stored until they are passed to the rest 

of the digestive tract.  Next is the proventriculus (also known as the true stomach), or the 

glandular stomach where digestion primarily begins.  Hydrochloric acid and digestive enzymes, 

such as pepsin, are added to the food.  The ventriculus, or gizzard, is a part of the digestive 

tract of birds that is often referred to as the mechanical stomach.  The gizzard is made up of two 

sets of strong muscles that act as the bird's teeth.  Consumed food passes into the gizzard for 

grinding and mixing.  Next is the small intestine, which is made up of the duodenum (also 

referred to as the duodenal loop) and the lower small intestine (jejunum and ileum).  Most of 

digestion occurs in the duodenum, and the released nutrients are absorbed mainly in the lower 

small intestine.  The duodenum receives digestive enzymes and bicarbonate (to neutralize the 

hydrochloric acid from the proventriculus)  
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from the pancreas and bile from the liver via the gall bladder.  The lower small intestine is 

composed of two parts, the jejunum and the ileum.  Meckel's diverticulum marks the end of the 

jejunum and the start of the ileum.  Meckel's diverticulum is formed during a chicken's 

embryonic stage.  In the egg, the yolk sac supplies the nutrients needed for the embryo to 

develop and grow.  Right before hatch, the yolk sac is taken into the navel cavity of the embryo.  

The residual tiny sac is known as Meckel's diverticulum.  The ceca are two pouches located 

where the small and large intestines join.  Some of the water remaining in the digested material is 

reabsorbed here.  An important function of the ceca is the fermentation of any remaining coarse 

materials.  The large intestine is where the final water reabsorption occurs.  Finally, the cloaca is 

where the digestive waste mix with waste from the urinary system.  The cloaca is also where the 

reproductive tract exits.  When a hen lays an egg, the vagina folds over to allow the egg to leave 

through the cloacal opening without coming into contact with feces or urine (Jacob et al., 2013). 

   

3.2 Avian Fat Digestion and Absorption

 Digestion occurs by mechanical and chemical means.  The mechanical aspect involves 

grinding and mixing of feed (via gizzard) as well as peristaltic movement, which aides 

movement through the intestinal tract.  In poultry, fat digestion occurs mainly in the small 

intestine.  This process involves the breakdown of large and complex molecules into smaller  
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molecules that are eventually absorbed into the blood.  Chemical digestion involves the release 

of digestive enzymes and fluids from the stomach, pancreas, and liver (Jacob et al., 2013). 

 3.2.1 Digestive Fat Formation and Emulsification  

 Most lipids are ingested in the form of triglycerides (TAG), but must be broken down into 

fatty acids in order to be absorbed through the intestinal epithelium (Berg et al., 2015).  

Pancreatic lipases are able to breakdown emulsified fats into fatty acids and monoglycerides.  In 

addition, fatty acids and cholesterol are end-products of cholesterol ester digestion, formed by 

action of cholesterol esterase and hydrolysis of the fatty acid.  These digestion products are 

assembled into micelles, which allow fatty acids and other lipid-like compounds to be 

transported and absorbed through the enterocyte membrane (Berg et al., 2015).  Once inside the 

enterocyte, chylomicrons are formed and then secreted into the lymph system (Figure 5). 

 3.2.2 Fat Transport into the Blood

 Triglycerides (TAG) are reassembled from fatty acids and mono-glycerol in intestinal 

mucosal cells.  They are packaged into chylomicrons, which are composed of droplets of non-

polar lipids, triacylglycerols, and cholesterol esters.  Chylomicrons play important roles in the 

transport of fat soluble vitamins and cholesterol.  After chylomicrons are released into the lymph 

system and subsequently into the circulation, these particles bind to membrane bound lipoprotein 

lipase in muscle and adipose tissues, where triglyceride molecules are degraded back to fatty  
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acids and mono-glycerides.  The triglycerides are then re-synthesized and stored in adipose 

tissue, and can be used later for production of energy through oxidation. 

 

Figure 4.  The avian digestive tract.  From www.uspoultry.org 

http://www.uspoultry.org
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!   

Figure 5.  Fat Digestion and Absorption (Berg et al., 2002) 
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4 Human Health and n-3 Fatty Acids 

4.1 Inflammatory Disorders and n-3 Fatty Acids 

 Cardiovascular diseases (CVD), such as coronary heart disease, heart attack, congestive 

heart failure, and stroke are the leading global cause of death, accounting for more than 17.3 

million deaths per year, a number that is expected to grow to more than 23.6 million by 2030 

(Mozaffarian et al., 2015).  According to the American Heart Association, direct and indirect 

costs of CVD and stroke total more than $316.6 billion.  Even though the total number of deaths 

associated with CVD in the United States declined between 2000 and 2010, in 2010 the 

American Heart Association reported that CVD still accounted for 1 in 3 deaths (Mozaffarian et 

al., 2015).   

 Some preventative approaches, such as dietary changes, have had major positive health 

implications.  An increased dietary intake of n-3 PUFA has been one successful dietary approach.  

Experimental studies have demonstrated that n-3 PUFA consumption lowers plasma 

triglycerides, resting heart rate, blood pressure, and delays the onset of inflammatory disorders 

and diseases such as CVD (Mozaffarian and Wu, 2011).  Consumption of LC n-3 PUFA may be 

associated with a multitude of cardio-protective effects in humans (Flock et al., 2013) (Table 2).   



23 

Someone of these positive effects include: 

• Increased HDL in blood plasma 

• Decreased triacylglycerols in blood plasma 

• Decreased blood pressure 

• Decreased platelet aggregation 

 Many of the potential health benefits of n-3 FA result from LC n-3 PUFA, especially  

eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexanoic acid (DHA, 22:6 n-3).  DHA has 

been associated with decreased incidence of CVD and blood pressure, improved cognitive 

function, and decreased symptoms of dementia.  EPA has been associated with improvements in 

cognitive function and decreased inflammation associated with CVD, edema, and erythema 

(Arab-Tehrany et al., 2013).  Because LC n-3 PUFA can influence an array of disorders, there are 

multiple mechanisms of action suggested (Calder, 2012) (Figure 6). 

LC n-3 PUFA may: 

• Act as ligands for cell surface receptors, directly initiating biochemical cascades. 

• Influence immune response via the bioactive eicosanoids. 

• Change composition of cell membrane phospholipids, and cell behavior. 

• Influence general processes such as oxidative stress. 
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Table 2.  Proposed health benefits of dietary n-3 fatty acids (Calder, 2012).  

Physiological Role Target

Decrease blood pressure Hypertension, CVD

Regulate platelet aggregation Thrombosis, CVD

Regulate blood clotting Thrombosis, CVD

Decrease plasma TAG cencentration CVD, high cholesterol

Modulate FA and TAG metabolism Weight gain, obesity

Regulate vascular function CVD

Regulate cardiac rhythm CVD

Regulate heart beat CVD

Decrease inflammation Inflammatory disease

Influence bone mass Osteoporosis

Modulate insulin sensitivity Type 2 diabetes 

Slow rate of tumor cell growth Hormone-influenced cancers

Component in visual signaling Visual development

Brain and neurological tissue Cognitive development 
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#  

Figure 6.  Proposed mechanisms of action for long-chain n-3 polyunsaturated fatty acids 
(Calder, 2012). 
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4.2 Sources of Fat in Human Diets 

 Why is the prevalence of cardiovascular diseases and other inflammatory related 

disorders so high worldwide?  We consume high levels of saturated fatty acids (SFA), which has 

been directly linked to increased total cholesterol and low-density lipoproteins (LDL) in blood, 

increased obesity, and increased risk of CVD and stroke (Sanders, 2013).  Sources of SFA in 

western diets include poultry skin, fatty red meat, lard (pork fat), tallow (beef and sheep fat), 

cream, butter, cheese, palm oil, and many others.   

 Underconsumption of n-3 FA is another risk factor, or rather overconsumption of n-6 FA 

relative to n-3 FA.  ALA (18:3 n-3) has a stronger affinity for delta-6-desaturase than linoleic 

acid (LA, 18:2 n-6), however dietary levels of LA are up to ten times higher than ALA, which 

suggests that high levels of LA are required for suppression of the n-3 FA pathway.   

 Current western diets have n-6:n-3 ratios of 20 of higher, suggesting that humans are 

effectively suppressing the synthesis of LC n-3 FA.  According to Simpoulos (2000), ancestral 

diets were thought to have had n-6:n-3 ratios between 3:1 and 1:1.  The drastic increase in the 

current ratio is the result of the addition of new food types to the diet, such as dairy products, 

refined vegetable oils, and refined sugars, which have only been possible after the development 

of  storage methods and processing techniques (Cordain et al., 2005).  Because of today’s food 

culture and availability, humans now consume more n-6 FA than needed for optimum health.  

 Because LA is an essential fatty acid (EFA), a healthy diet must include it.  According to 

Barcelo-Coblijn and Murphy (2009), the highest accumulation of DHA in brain tissue and  
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plasma are not found in humans consuming diets containing the highest amount of ALA, but 

rather when the n-6:n-3 ratio is around 3:1 to 4:1.  

4.3 Recommendations for Consumption of Long-Chain n-3    
 Polyunsaturated Fatty Acids 

 There are clinically established health benefits associated with increased consumption of 

EPA (20: 5 n-3) and DHA (22:6 n-3) (Table 2).  A variety of health organizations have 

recommendations for daily intakes of EPA and DHA.  The World Health Organization 

recommends daily intake of 300-500 mg of EPA and DHA, 700-1,600 mg of ALA, and 10-12 g 

of LA.  Based on the results of various clinical trials, Flock et al. (2013) believes that 250 mg/

day of EPA and DHA should be considered as the minimum target.  The American Heart 

Association recommends starting with 500 mg/day of EPA and DHA and then increasing up to 1 

g/day if an individual already suffers from chronic inflammatory disease, and up to 2-4 g/day if 

an individual has been advised to lower blood TAG levels.   

 Because of the importance of DHA in mammalian fetal development and early cognitive 

and visual development, pregnant women are given different intake recommendations.   

n-3 Fatty acids also have positive effects on the pregnancy itself.  Increased intake of EPA and 

DHA has been shown to prevent pre-term labor and delivery, lower the risk of preeclampsia, and 

may increase birth weight.  The American Pregnancy Association recommends that pregnant 

women consume more than 250 mg/day of EPA and DHA plus an additional 100-200 mg/day of 

DHA.  
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 According to the World Health Organization, daily consumption of EPA and DHA in the 

United States is around 100 mg/day and the daily consumption of total n-3 FA is around 1.6 g/

day.  Current consumption of EPA and DHA is only a small fraction of the recommended amount 

and, therefore, many people suffer from suboptimal health as a result of low intake. 

4.4 Converting Alpha-Linolenic Acid to Long-Chain Polyunsaturated 
Fatty Acids

A common question is, can consumption of the n-3 precursor ALA (18:3 n-3) provide the 

same health benefits to humans as direct consumption of LC n-3 PUFA?  This depends of the 

efficiency of converting of ALA to LC PUFA (Burdge and Calder, 2005).  Burdge and Calder 

(2005) reviewed nutritional trials conducted on adult humans.  They reported that some of the 

ALA consumed (around 20% for women and 33% for men) undergoes beta-oxidation and is the 

preferred energy source for humans.  The difference in rates of beta-oxidation between sexes 

may be secondary to the role of estrogen in FA metabolism.  For instance, in mammals, LC 

PUFA are synthesized in maternal livers and then transmitted to feti through the placenta.  This 

process is regulated by estrogen changes associated with pregnancy.  Consumption of ALA or 

LC n-3 PUFA appears stable and is not affected by the amount of ALA that undergoes beta-

oxidation.  Some of the carbons obtained from beta-oxidation of ALA are recycled to make new 

FA, but most of these go to phospholipids in the liver and not to TAG.  Burdge and Calder (2005) 

proposed that beta-oxidation of ALA is a regulatory step for conversion of ALA to LC n-3 
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PUFA.  The 22-carbon and 24-carbon FA are synthesized in the peroxisome, and the authors 

suggest that this permits independent regulation of DHA synthesis from the rest of the n-3 FA 

pathway.  Long term intake of ALA can increase levels of EPA in plasma and cell lipids, if the 

level of dietary LA is decreased (at the same time), which provides additional benefit for 

lowering the dietary n-6:n-3 ratio.  

Burdge and Calder (2005) estimated that the efficiency of the conversion of ALA to EPA 

is about 0.2%, ALA to DPA is about 0.13%, and ALA to DHA is about 0.05%.  Nearly 60% of 

the EPA that is synthesized is converted to DPA (docosapentaenoic acid, 22:5 n-3), and about 

40% of the DPA that is synthesized is converted to DHA.  According to the authors, even these 

low conversion rates are sufficient to supply the necessary amounts of LC n-3 PUFA.  In most 

studies, the efficiency of conversion in humans is based on concentrations of the LC n-3 PUFA in 

blood.

4.5 Lipid Oxidation

Lipid oxidation is a term explaining different types of reactions; these reactions can have 

both positive and negative implications on the body.  For example, in the body lipid oxidation is 

important for several physiological reactions, such as the utilization of fatty acids for the 

production of energy through beta-oxidation (German, 1999).  Lipid oxidation also refers to 

uncontrolled oxidative degradation of lipids.  In this process free radicals "steal" electrons from 

the lipids in cell membranes, resulting in cell damage.  Lipid oxidative damage also affect food 

products by influencing their overall quality.

https://en.wikipedia.org/wiki/Radical_(chemistry)
https://en.wikipedia.org/wiki/Cell_membranes
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Lipids are chemically unstable food components that are easily subjected to free-radical 

chain reactions that not only degrades the lipid but also: (a) produces oxidative fragments, some 

of which are volatile and are perceived as the off-flavors of rancidity, (b) degrades proteins, 

vitamins and pigments and (c) cross-link lipids and other macromolecules into non-nutritive

polymers (German, 1999).  Dietary PUFAs are susceptible to oxidation both during processing 

and storage.  All processing steps, including harvesting, storage, refining, manufacturing and 

distribution, have a considerable effects on the quality of lipids.  Antioxidants such as vitamin E 

are known to reduce lipid oxidative processes by increasing food lipid stability during storage.
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5 Sources of n-3 Fatty Acids in Poultry Diets 

5.1 Fats in Poultry Diets 

  Fats, also known as lipids, supply poultry with energy and essential fatty acids.  

They also improve absorption of fat-soluble vitamins, and other beneficial nutrients.  There is not 

a definitive amount of fat recommended for commercial poultry diets, other than a minimum 

level of the EFA linoleic acid (18:2 n-6).  Because cheap fat sources provide inexpensive energy, 

often the amount of fat used for commercial poultry diets is determined by a least-cost analysis.  

Fat in poultry diets can come from cereal grains such as corn, from oil seed products such as 

whole or ground seed, from canola, flax, soybean, or sunflower, oils or from animal sources such 

as tallow, lard, and restaurant grease blends (Table 3).   

  

 5.1.1 Layer Hen Diets 

 Typically, a standard layer hen diet is composed of corn for energy, soybean meal for 

protein, and vitamin and mineral supplements.  Layer diets generally have about 16% protein and 

3-5% fat in the ration.  

 5.1.2 Fat Digestion in the Poultry Gastrointestinal Tract 

 Two experiments were conducted by Tancharoenrat et al. (2014) to determine the site of 

fat digestion in the chicken gastrointestinal tract (GIT).  Researchers fed two group of chickens 

either a standard corn-soybean meal (C-SBM) diet with 5% soybean oil, which is rich in n-6 

PUFA (LA, 18:2 n-6) and MUFA (oleic acid, 18:1 n-9), or tallow, which is rich in SFA (palmitic  
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acid, 16:0 and stearic acid, 18:0).  The third group of chickens were fed a special fat-free diet for 

two days to determine the amount of endogenous fat loss in the terminal ileum.  The researchers 

found that fat digestibility was negative for the duodenum, implying net passage of FA through 

the duodenum.  Bile enters the poultry GIT in the distal duodenum, and then is recycled with 

digest into the gizzard.  They showed that unsaturated FA are more completely digested than 

saturated FA, and that the digestibility of all FA types is better when fed the soybean oil diet 

compared with the tallow diet.  The researchers suggest that unsaturated FA spontaneously form 

micelles, whereas saturated FA require a higher concentration of bile acids to form micelles.  

Chickens digest more than 75% of total fat in the jejunum and the remaining 20% in the upper 

ileum.  There is little fat digestion in the lower ileum.  Less than 2% of the total fat consumed 

remained undigested in the terminal ileum.  

 5.1.3 Deposition of n-3 Fatty Acids in Eggs 

 Elswyk et al. (1997) conducted three experiments to investigate how nutritional 

manipulation of laying hens diets to include n-3 fatty acids promoted their deposition into egg 

yolk.  In study 1, laying hens were fed diets supplemented with menhaden oil, rich in both (EPA; 

20:5n–3) and (DHA; 22: 6n–3), for 4 weeks to determine maximal yolk FA deposition.  Eggs 

were analyzed for an additional 4 weeks, post menhaden oil removal from the diet, to investigate 

yolk n-3 FA persistence.  Dietary menhaden oil concentrations between 15 and 30g/kg showed 

the greatest yolk n-3 FA enrichment.  In the second study, graded levels of whole or grounding 

flaxseed were used to supply ALA (18:3 n-3) and to determine in vivo production of DHA from  
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dietary ALA in yolk.  In vivo production of DHA, although significant, was not enhanced by 

increasing the concentration of dietary flaxseed nor by grinding the seed.  In the third study, a 

DHA-rich natural marine algae was used as the n–3 fatty acid supplement.  Despite similar DHA 

profiles, dietary marine algae was found to be more efficient for yolk DHA deposition than 

dietary menhaden oil.  The authors suggested that many feasible n–3 fatty acid supplements exist 

for poultry diets, however, FA profiles of the final product differs considerably depending on 

which supplement is fed. 

 5.1.4 Egg Quality 

 Numerous studies suggest that dietary fatty acids can improve egg quality.  For example, 

Aziza et al. (2013) reported that feeding flaxseed along with camelina can positively influence 

egg production and egg quality characteristics.  They fed brown egg layers a corn-soybean diet 

containing 10% camelina or flax meal.  The hens were fed a corn-soybean basal diet (control), or 

control diet with 10% camelina meal (CAM10) or flax meal (FLAX10) for a period of 12 weeks, 

with egg quality parameters measured every 28 days.  Feeding CAM10 or FLAX10 resulted in 

higher egg production (P < 0.05) compared with the control.  The egg weights and Haugh units 

increased, however eggshell thickness decreased significantly (P < 0.05) in birds fed FLAX10.  

The egg yolk content of ALA and total n-3 polyunsaturated fatty acids were higher in birds fed 

CAM10 compared with other treatments   (P< 0.05).  In conclusion, inclusion of camelina and 

flax meal reduced CP digestibility and AMEn but increased egg production and egg quality 

characteristics in brown laying hens. 
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5.2 Marine Sources of n-3 Fatty Acids 

 Fish meal and fish oil are rich sources of n-3 PUFA and can be added to poultry diets to 

increase the amount of LC n-3 PUFA in poultry tissues and eggs.  Studies have revealed that a 

much smaller amount of fish oil in poultry diets results in a much larger increase in LC n-3 

PUFA in tissues and eggs compared with diets containing flax oil (Poureslami et al., 2010).   

 Aziza et al. (2014) noted that consumption of LC n-3 PUFA may cause undesirable 

changes in gut morphology.   Broilers were fed 10% camelina meal, 3.2% fish oil, or a mixture 

of the two fat sources and examined for differences in intestinal morphology.  The mucosal 

surface area in the jejunum and duodenum of the small intestine greatly influenced nutrient 

absorption, thus villi height and crypt depth can be used to estimate the ability of the GI tract to 

effectively absorb nutrients.  They found that birds fed diets containing only fish oil or the fish 

oil camelina meal mixture had decreased feed intake and reduced weight gain relative to birds 

fed only camelina meal.  This raised the question of whether or not fish oil negatively affects 

palatability, and whether decreased feed intake caused the morphological changes in the GI tract.   

  

 As for the aquaculture industry, there is little if any interest in replacing fish oil with 

vegetables sources of n-3 FA.  Unlike the poultry industry, possibly replacement is mainly driven  

by cost rather than by any observed decrease in performance.  Turchini and Francis (2009) 

conducted FA analysis of  rainbow trout that were fed diet that contained either 22% fish oil or 

flax oil.  They found that most of the EPA in the fish oil diet was oxidized although some was 

converted to DHA and some was deposited in muscle tissue, while some of the ALA in flax oil  
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was oxidized, even less was converted to LC n-3 PUFA.  Most of the ALA in the flax oil was 

deposited in muscle tissue.  Thus the authors were not supportive of replacing fish oil with flax 

oil.  It is not economically feasible or sustainable to feed fish oil or fish meal to poultry 

commercially.  Similarly, sustainability, cost, and contamination are current concerns associated 

with human consumption of marine products.   
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Table 3.  General fatty acid composition of common fat sources used in poultry diets. Values 
shown are % of total lipids (Cherian, 2007).  

SFA-saturated fatty acid; MUFA-monounsaturated fatty acid; PUFA-polyunsaturated fatty acid 

Fat Source SFA MUFA n-6 PUFA n-3 PUFA

Canola oil 7 61 22 10

Flaxseed oil 10 18 17 55

Soybean oil 15 23 54 8

Corn oil 13 29 57 1

Safflower oil 10 14 76 trace

Sunflower oil 12 16 71 1

Palm oil 51 39 10 trace

Cottonseed oil 27 19 54 trace

Beef tallow 48 49 2 1

Restaurant grease 21 52 23 3

Fish oil 17 42 11 26

Menhaden fish oil 30 25 2 40
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5.3 Vegetable Sources of n-3 Fatty Acids 

 As shown in Tables 3 and 4, there are many terrestrial plants with high concentrations n-3 

FA (specially ALA).  In the poultry industry, oil seeds such as flax and canola are often used as a 

source of n-3 FA.  Flaxseed is considered the richest terrestrial source of n-3 FA.  The whole seed 

contains 40-50% oil and half of that is ALA (18:3 n-3).  In addition, whole flaxseed supplies 

24% crude protein (CP) and 3900 Kcal/kg ME.  Walnuts also contain the same amount of ALA 

as canola seeds, but are not used in poultry diets because they contain high amounts of anti-

nutritive tannins.   

 The nutrients contained in oil seeds are protected within the seed coat by a variety of 

soluble and insoluble non-starch polysaccharides (NSP).  Monogastrics such as poultry lack the  

enzyme needed to digest and breakdown these molecules.  Energy utilization is greatly improved 

when the seeds are processed in a way that physically disrupts the seed coat (grinding, pelleting).  

Another method to improve energy utilization from whole oil seeds includes adding enzymes to 

poultry diets to specifically target non-starch polysaccharides.   

 Unfortunetly, there are several disadvantages of using vegetable oil as a source of n-3 FA, 

including difficulty mixing and increased lipid peroxidation.  As with fish oil, feeding flax oil to 

poultry is also not economically feasible.  In comparison to vegetable oil (flaxseed oil), the 

addition of whole flaxseed to poultry diets decreases the opportunity for lipid oxidation of the 

feed.  Furthermore, additional management steps are not needed when mixing  
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whole flaxseed into the diet.  Although, some care must be taken with respect to feed storage, but 

the risk of lipid peroxidation is greatly reduced.   
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Table 4.  Dietary sources of n-3 fatty acids.  Values shown are % of total lipids (Cherian, 2012). 

PUFA-polyunsaturated fatty acid; FA-fatty acid; LC-long chain 

Common Name Scientific Name Linolenic Aicd LC n-3 PUFA Oils Total n-3 FA

Flax L. usitatissmum 53 0 53

Canola B. napus 11 0 11

Camelina C. sativa 38 0 38

Chia S. hispancia 30 0 30

Oil Seeds/Meals

Flaxseed L. usitatissmum 22 0 22

Canola seed B. napus 5 0 5

Chia seed C. sativa 15 0 15

Camelina seed S. hispancia 30 0 30

Perilla P. frutescens 55 0 55

Marine Products

Marine algae 0 11.5 11.5

Fish oil 1.5 30 31.5

Fish meal 1.3 8.4 9.7
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5.4 Flaxseed: Structure and Composition 

 5.4.1 Flaxseed Structure 

 Flaxseeds are small with a flat to oval shape and are approximately 2-3 mm wide and 3-5 

mm long.  An outermost cuticle makes the seeds appear polished and smooth.  Flaxseeds can also 

range in color from yellow to dark brown.  In addition to the hard coat, the seed is composed of a 

layer of endosperm cells, the embryo, and two cotyledons; 75% of the oil in flaxseeds is located 

in the cotyledons.   

 According to Freeman (1995) the seed coat is composed several distinct cell layers.  

Mucilage cells are located directly beneath the cuticle.  Mucilage is a type of water-soluble non-

starch polysaccharide.  Mucilage cells are polygonal in shape and can quickly absorb large 

amounts of water, such that when hydrated they can expand outwards to split the cuticle.  

However, inner mucilage cell walls resist distortion inwards.  As seen in Figure 7, electron 

microscopy has been used to visualize individual mucilage cells.  Beneath the mucilage cells, the 

next layer in the seed coat composed of lignin fiber cells that are elongated parallel to the long 

axis of the seed.  A thin layer containing many small cells that are elongated at right angles to the 

lignin fiber cells is the third layer.  The final layer of cells in the seed coat is made up of pigment 

cells containing tannins that give flaxseed its color. 
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Figure 7.  Flaxseed mucilage. SEM photomicrographs of flax seed with unhydrated mucilage 
(upper photo) and flax seed with mucilage removed by boiling in an alkaline solution (lower 
photo). Scale bars are approximately 5 micrometers (Bhatty, 1995). 
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 5.4.2 Flaxseed Composition 

 Flaxseeds contain on average 41% oil, however it can be as high as 60% depending on 

season and geographic origin.  Based on proximate nutrient analysis, flaxseeds are also 

comprised of 20 to 30% protein and around 30% nitrogen-free extract, corresponding to the 

carbohydrate fraction.  The composition of oil in flaxseed, corn, and canola is shown in Table 5.  

Flaxseed consist of  70% PUFA, 20% MUFA, and 10% SFA.  Most of the PUFA is made up of 

ALA (18:3 n-3).  In contrast, corn oil only contains about 30% PUFA (nearly all of which is LA, 

18:2 n-6), 50% MUFA (oleic acid, 18:1 n-9), and 20% SFA.  Canola oil delivers approximately 

36% PUFA (mostly LA, 18:2 n-6), 56% MUFA (oleic acid), and 6% SFA. 

 Flaxseed has nutritional benefits and thus is considered a functional food.  Since flaxseed 

contains ALA, soluble fiber, and lignans, all of which may contribute to decreased CVD risk.  

Lignans, water-soluble phenolic compounds, are a class of phytoestrogens.  They are common in 

fiber-rich plants such as cereals and grains.  They are also particularly abundant in many oil 

seeds.  Blooded and Szapary (2004) noted that precursor lignans in flaxseed are modified by 

intestinal bacteria to form bioactive secondary lignans enterodoil and enterolactone.  Flaxseed 

lignans are hydroxyl scavengers and may act as antioxidants to free radicals (Toure and Xu, 

2010).  Toure and Xu (2010) have also determined that antioxidant activities of flaxseed lignans  

are positively correlated to decreased in symptoms associated with high cholesterol, CVD, and 

diabetes. 
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Table 5.  Comparison of principal fatty acids in corn, canola, and flax oil. Values shown are % of 
total lipids. Flax oil data are summarized from Bhatty (1995).  

 FA-fatty acid; SFA-saturated fatty acid; MUFA-monounsaturated fatty acid; unsat:sat,  
 unsaturated: saturated fatty acids. 

FA Corn Canola Flax

16:0 13 4 5

18:0 3 2 4

18:1 n-9 52 56 17-25

18:2 n-6 31 26 15

18:3 n-3 1 10 48-56

Total SFA 16 6 5

Total MUFA 52 56 17-25

Total PUFA 32 36 63-71

unsat:sat 5 16 19

n-6:n-3 31 3 <1
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 5.4.3 Metabolizable Energy in Flaxseed 

 As noted in Table 5, canola seed can also be used as a source of n-3 FA in poultry diets; 

both canola seed and flaxseed provide protein and energy.  However, there are large differences 

in energy provided by whole seed, oil, and meal (meal is made from ground defatted seeds).  

According to Lee et al. (1995), meal has more protein on a DM% (dry matter percent) basis, but 

delivers much less gross energy because of the removal of fat (Table 6a).  Whole seeds deliver 

more dietary AMEn (nitrogen-adjusted approximate metabolizable energy) than meal alone, 

whereas oil alone delivers more dietary AMEn than meal + oil (Table 6b).  It is speculated by the 

authors that the differences are related to fiber content and mucilage.  Canola seeds have a higher 

energy value than flaxseeds.  Other studies have determined that pelleting, autoclaving, or 

roasting whole flaxseed before grinding it might significantly increase TMEn (nitrogen-adjusted 

true metabolizable energy) to concentrations similar to that of canola seed, or soybean, and thus 

improving digestibility over untreated flaxseed (Shen et al., 2004). 
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Table 6.  Energy contained in flax seed and canola seed. (a) Analyzed crude protein, fat (ether 
extract), and GE (gross energy) in flax seed and meal compared to canola seed and meal. (b) 
Analyzed AMEn and TMEn of flax seed, meal, oil, and meal+oil compared to canola seed, meal, 
oil, and meal+oil. Energy values in kcal/g (Lee et al., 1995).  

A

B 

Flaxseed Flax meal Canola seed Canola meal

CP % 22 31 20 35

Fat % 37 5 38 4

GE (kcal/g) 6.5 4.5 6.8 4.4

Flax meal Canola meal Flax oil Canola oil

AMEn 2.07 1.98 8.10 8.25

TMEn 2.07 2.09 8.28 8.46

Flaxseed Canola seed Flax meal+oil Canola meal+oil

AMEn 3.75 4.46 4.91 5.63

TMEn 3.75 4.56 5.07 5.61
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5.5 Anti-Nutrtional Factors in Flaxseed: Trypsin Inhibitors and Cyanogenic 
 Glycosides 

 Flaxseed contains anti-nutritive components such as trypsin inhibitors and cyanogenic 

glycosides.  According to Bhatty (1995), the level of trypsin inhibitors in flaxseed is less than 

that in soybean and canola meal.  Trypsin inhibitors most likely have a negative effect on growth 

performance.  Cyanogenic glycosides are precursors to HCN (hydrocyanic acid) and inhibit 

cytochrome oxidase, which is an enzyme used in cell respiration.  As a protective mechanism, 

more than 1000 species of plant produce HCN (Feng et al., 2003).  As noted by Feng et al. 

(2003), the amount of HCN that can be produced from raw feed-grade flax seed is about 377 mg/

kg, while raw human-food-grade flax seed produces 139 mg/kg.  Conversely, raw cassava can 

produce 2450 mg/kg of HCN.  Cyanogenic glycosides and the glycosidase enzymes that convert 

them to HCN are normally separated in the intact seed but when the seed is ground or digested, 

the reaction can proceed.  The high levels of cyanogenic glycosides in raw cassava make it toxic 

to animals and humans.  In contrast, a human would have to consume 1 kg of ground flax seed to 

incur toxic levels of cyanide (Touré and Xu, 2010).  Ruminants can detoxify HCN in the liver 

but excess HCN in monogastrics can lead to an enlarged thyroid gland and other disorders.  

 Glycosidase activity (as well as evaporate any HCN that has already formed) is greatly 

decreased when heat is applied to the feed during pelleting (Feng et al., 2003).  It is not clear 

what concentrations of these compounds can be tolerated by poultry, but the relatively low levels 

of cyanogenic glycosides in flaxseed may not significantly affect growth performance. 
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5.6 Anti-Nutrtional Factors in Flaxseed:  Non-Starch Polysaccharides  

 5.6.1 Insoluble Non-Starch Polysaccharides 

 Non-starch polysaccharides are also among the anti-nutritional factors (ANF) in flaxseed.  

Non-starch polysaccharides occur in two groups: water-soluble and insoluble.  Cellulose and 

lignin are insoluble, whereas arabinoxylan, beta-glucan, and oligo- and polysaccharides 

containing the sugars arabinose, galactose, rhamnose, and mannanose are typically water-

soluble.  As seen in Figure 9, cellulose is composed of beta-1, 4-glycosidic linkage.  

Monogastrics lack digestive enzymes to break beta-linked glucose units, but some species of gut 

bacteria can utilize short oligosaccharides with these links. 

 Insoluble non-starch polysaccharides, also known as fiber, are present in all green plant 

cells, but cereal grains, legumes, and oil seeds contain much higher amounts.  Cereal grains and 

oil seeds account for a high proportion of insoluble NSP (Table 7a).  Legumes also have a high 

proportion of NSP, most of which are insoluble (Table 7b).  The insoluble NSP fraction is usually 

considered a poultry diet diluent. Most monogastrics lack significant amounts of fermenting 

bacteria and are not able to effectively utilize large amounts of fiber, although a minimal amount 

has been shown to be an important factor in overall gut health for poultry (Choct, 2009).  

However, genetic sequencing studies show that in chickens, the microbial community of the 

ileum is dominated by Lactobacilli, whereas fermenting facultative anaerobes, whereas the 

microbial community of the cecum is dominated by Clostridium (obligate anaerobes) (Lu et al.,  
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2003). It is possible that chickens can effectively utilize more dietary fiber than commonly 

assumed.

Fiber in poultry diets has many positive benefits such as deceases digesta transit time, 

improves gizzard function, decreases gastroduodenal reflux, and possibly improves starch 

digestibility.  Feed studies have also proposed that fiber stimulates increased secretion of bile 

acids which in turn allows more complete emulsification of lipids, especially SFA (Hetland et al., 

2004).  

 5.6.2 Soluble Non-Starch Polysaccharides 

Bhatty (1995) recognized that mucilage, a water-soluble NSP was present in oil seeds and 

cereal grains, which had negative affects on performance.  Cui et al. (1994), reported that there 

are two primary components of flaxseed mucilage: an acidic fraction that is made up of pectin-

like polysaccharides containing a backbone of rhamnose and galacturonic acid with side chains 

of galactose or arabinose (Figure 10).  The side chains are attached to the backbone with beta-

(1,4) linkages, but sugars in the backbone have different linkages.  The neutral fraction is 

composed of very long chains of xylose joined by beta-1, 4-linkages with side chains of 

arabinose or galactose units (Figure 11). The neutral fraction has a much higher viscosity than 

the acidic fraction. 



49 

High levels of the soluble NSP mucilage in poultry diets are associated with:  

• Reduced digestibility 

• Increased digesta viscosity 

• Reduced digesta mixing 

• Increased opportunity for bacterial growth 

• Decreased efficacy of digestive enzymes 

• Negative effects on growth performance  

Jia and Slominski (2010) suggested that viscous digesta decrease fat digestibility by impairing 

lipid emulsification and micelle formation.  Decreased digestibility may be the result of 

incomplete emulsification of lipids.  Leeson and Caston (2004) examined the effect of dehulling 

whole flaxseed on energy utilization in layers.  Dehulling is a mechanical process that removes 

both mucilage and the insoluble fiber of the seed coat.  They fed 65 week old layers 10% whole 

flaxseed, or whole flax seed mixed with dehulled flax seed in a 1:1 or 1:9 ratio.  They observed 

that dietary AMEn increased as the amount of dehulled flaxseed present increased, and that eggs 

from layers fed dehulled flaxseed contained increased amounts of n-3 FA compared with layers 

fed whole flaxseed.  They also noted that excreta from layers fed 9% dehulled flaxseed was less 

viscous (Figure 8).  High levels of mucilage in poultry diets are associated with viscous excreta, 

thus smaller amounts of mucilage in the diet leads to less viscous excreta. 
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It is obvious now that high levels of soluble and insoluble NSP present in flaxseed can 

negatively affect performance.  Therefore, using whole flaxseed as a source of n-3 FA in poultry 

diets, one must consider additional tools that can decrease and/or eliminate the anti-nutritive 

effects of NSP.  Pelleting or grinding may affect total energy availability, but does not directly 

affect NSP.  The use of exogenous enzymes to specifically target NSP in oil seeds such as 

flaxseed offers a viable solution to the problem.  This will be discussed in depth in the next 

chapter. 
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Figure 8.  Example of sticky excreta observed in birds fed diets with whole flaxseed (Apperson, 
2015). 
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Table 7. Non-starch polysaccharides (NSP) in (a) cereal grains and (b) legumes. Values are % 
DM (Choct, 2006). 

A 

Cereal Cellulose Arabinoxylose Glucanose Mannose Galactose Total NSP

Wheat 

Soluble - 1.8 0.4 trace 0.2 2.4

Insoluble 2.0 6.3 0.4 trace 0.1 9.0

Barley

Soluble - 0.8 3.6 trace 0.1 4.5

Insoluble 3.9 7.1 0.7 0.2 0.1 12.2

Rye

Soluble - 3.4 0.9 0.1 0.1 4.6

Insoluble 1.5 5.5 1.1 0.2 0.2 8.6

Corn

Soluble - 0.1 trace trace trace 0.1

Insoluble 2.0 5.1 - 0.2 0.6 8.0

Sorghum

Soluble - 0.1 0.1 trace trace 0.2

Insoluble 2.2 2.0 0.1 0.1 0.1 4.6
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B

Legume Cellulose Arabinoxylose Glucanose Mannose Galactose Total NSP

Soybean

Soluble - 0.1 0.5 0.2 0.6 2.7

Insoluble 4.4 0.2 2.4 0.7 3.9 16.5

Chickpea

Soluble - 0.1 0.21 0.1 0.3 0.9

Insoluble - 0.1 3.8 0.4 0.7 14.6

Field pea

Soluble - trace 0.2 0.1 0.1 0.5

Insoluble - - 5.7 - 0.8 15.9
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Figure 9.  Cellulose molecule. Cellulase enzyme can break the β-(1,4) links between the glucose 
units (Apperson, 2015). 

���  
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Figure 10.  Acidic fraction of mucilage in flax seed. Rhamnose (R) and galacturonic acid (GU) 
comprise the backbone. Side chains of arabinose or galactose are attached to the backbone with 
β-(1,4) links. Galactanase enzyme can break the bonds between galactose side chain sugar units 
(Apperson, 2015). 

���  
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Figure 11.  Neutral fraction of mucilage in flax seed. Long chains of xylose units joined by β-
(1,4) links form the backbone. Xylanase enzyme can break the bonds between the backbone 
sugar units. Side chains of arabinose or galactose are also present (Apperson, 2015). 

#   
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6 Exogenous Enzyme Technologies  

6.1 Benefits of Exogenous Enzymes in Animal Diets 

 Exogenous enzymes are used as supplemental digestive enzymes that are added to animal 

diets; these enzymes are not naturally produced in the gut or at the desired quantity.  There are 

several driving forces behind the use of exogenous enzymes in poultry and other animal diets:  

• Decrease anti-nutritive effects of feed ingredients. 

•  Boost low levels of endogenous enzymes and improve digestibility of standard feed 

ingredients at different life stages. 

• Decrease the volume of undigested nutrients and waste. 

• Support the inclusion of new protein, carbohydrate, or lipid sources in feed. 

The use of exogenous enzymes in animal feeds is very popular.  They have been used in the 

poultry industry since the 1980s.  Carbohydrases target complex non-starch carbohydrates.  

Phytases target phytate (a molecule used by plant to store phosphorus).  There are the two types 

of exogenous enzymes commonly added to commercial poultry diets.  Benefits from using 

exogenous enzymes in poultry diets include: 

• Improved performance 

• Improved feed conversion 

• Improved animal health (gut health) 
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• Ability to incorporate lower cost or locally available feed ingredients  

• Decrease in environmental impact by reducing the type and volume of undigested 

nutrients 

6.2 Carbohydrases ( Exogenous Enzymes) and Non-Starch    
 Polysaccharides 

 Non-starch polysaccharides (NSP) are the major targets of exogenous enzymes.  Beta-

glucanase became widely used thirty years ago after it was shown to improve digestibility of 

barley.  Poultry and other monogastric animals lack enzymes needed to break the beta (1,4) 

bonds between sugars in non-starch polysaccharides present in barley, wheat, and the outer coat 

of oil seeds such as flaxseed.  Barley, wheat, and oil seeds are valuable alternatives to corn and 

serve as a source of protein and fat.  Even though these feed sources possess anti-nutritive effects 

associated with the indigestible polysaccharides, their digestibility is improved with the addition 

of exogenous enzymes. 

 As seen in Figure 9, cellulase targets the beta (1,4) bonds between glucose units that 

comprise insoluble cellulose.  Galactanase targets the beta (1,4) links between galactose units in 

side chains of the acidic fraction of mucilage, which is shown in Figure 10.  Figure 11 shows 

xylanase targeting the beta (1,4) links between xylose units that form the backbone of the neutral 

fraction of muculage.  An illustration of how other enzymes may enhance the exposure of 

nutrients to endogenous enzymes is shown in Figure 12. 



59 

Mucilage is associated with a few negative effects such as: 

• Increased viscosity of digest 

• Increased digesta transit time 

• Increased potential for bacterial overgrowth 

• Decreased digesta mixing  

• Decreased nutrient digestibility  

 There are other benefits to the use of exogenous enzymes.  For example, Bao and Choct 

(2010) suggest that added enzymes that specially target insoluble NSP may alter the microbial 

gut community by stimulating an increase in lactobacilli, with a decrease in gut pH as a result.  

Both of these factors might stimulate a gut immune response that could inhibit or remove 

pathogenic bacteria.  Along with fat digestibility, protein digestibility can also be improved with 

the addition of exogenous enzyme mixtures. 
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Figure 12.  Illustration showing how enzymes help break through the seed coating and allow the 
chicken lipase enzyme to act on the lipids in the germ. 
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Thesis Objectives: 

1) To determine the effect of feeding flaxseed with exogenous enzymes on egg   

 quality and hen production performance. 

2) To determine the effect of feeding flaxseed with exogenous enzymes on egg quality  

 during storage.  

3) To determine the effect of feeding flaxseed with exogenous enzymes on gut   

 morphology and hepatic lipid characteristics in laying hens. 

Hypothesize: 

1) It is hypothesized that the combination of a mixture of exogenous enzymes and whole  

 flax seed will increase n-3 FA concentration in eggs without reducing hen production  

 performance or egg quality in layer hens. 

2)  It is hypothesized that the combination of exogenous enzymes and whole flaxseed will  

 positively influence egg lipid quality during storage. 

3) It is hypothesized that the combination of exogenous enzymes and whole flaxseed will  

 positively influence gut morphology and hepatic lipid characteristics in layer hens. 
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7 Effect of feeding whole flaxseed with carbohydrase enzyme  
 on layer hen performance and egg quality during storage 

7.1 Introduction 

 Cardiovascular disease (CVD) is a major cause of death in industrialized countries. 

According to the American Heart Association 2014 annual report, while the total number of 

deaths attributed to CVD in the US declined between 2000 and 2010, in 2010 CVD still 

accounted for 1 in 3 deaths (Go et al., 2014).  It is now established through clinical trials that n-3 

fatty acids may decrease the effects or delay the onset of inflammatory disorders and diseases 

such as CVD. 

 Adequate consumption of n-3 FA has been associated with many health benefits such as 

regulating heart rate,  decreasing plasma TAG concentration, and reducing the rate of tumor cell 

growth (Table 2).  Essential FA, like n-3 FA also help promote bone health, eye health, prenatal 

health, as well as emotional wellness (Dietary Guideline for Americans, 2010). 

Many of the potential health benefits for n-3 FA come from LC n-3 PUFA, especially  

EPA (20:5 n-3) and DHA (22:6 n-3).  DHA has been attributed with decreased incidence of CVD 

and blood pressure, improvement in cognitive function, and decreased symptoms of dementia.  

While EPA has been associated with improvements in cognitive function and decreased 

inflammation associated with CVD, edema, and erythema (Arab-Tehrany et al., 2013).  Studies 

on health benefits of ALA are limited compared to LC n-3 FA (EPA, DHA). 
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 The two most commonly used sources of n-3 FA in human diets include marine sources 

(e.g. fish and fish oil) and flax and canola (18:3, ALA).  However, in today’s Western diets it is 

challenging to consume the recommended amount of n-3 FA.  Enriched animal products such as 

eggs is a great alternative route to ensure adequate supplementation of n-3 FA in human diets. 

 Incorporating n-3 FA in poultry diets allows the bird to produce n-3 FA enriched product 

for consumers.  Fish meal and fish oil are two of the most rich forms of n-3 PUFA and can be 

added to poultry diets to increase the amount of LC n-3 PUFA in poultry tissues and eggs.  

However, in the poultry industry, fish oil and fish meal is not widely used due to cost, off flavor, 

odor, reduced shelf life, and sustainability (Poureslami et al., 2010). 

 As shown in Table 3 of this thesis, there are many terrestrial plants with high amounts of 

the n-3 FA ALA.  In the poultry industry, oil seeds such as flax and canola are often used as a 

source of n-3 FA.  Flaxseed is considered the richest terrestrial source of n-3 FA, the whole seed 

contains 40-50% oil and half of that is alpha-linolenic acid (ALA, 18:3 n-3).  In addition, whole 

flaxseed supplies 24% crude protein (CP) and 3900 Kcal/kg (ME) and is financially feasible at 

the commercial scale.  The nutrients contained in oil seeds are protected within the seed coat by a 

variety of soluble and insoluble non-starch polysaccharides (NSP).  Monogastrics such as poultry 

lack the enzyme needed to digest and breakdown these molecules.  Energy utilization is greatly 

improved when the seeds are processed in a way that physically disrupts the seed coat (grinding,  
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pelleting).  Another method to improve energy utilization from whole oil seeds includes adding 

enzymes to poultry diets to specifically target non-starch polysaccharides.   

 Very few experiments have been conducted to determine how the combination of whole 

flaxseed and a mixture of carbohydrase enzymes affects the incorporation of n-3 FA into eggs, 

and maintain egg quality during storage.  Egg quality includes all the characteristics of an egg 

affecting its acceptability to consumers.  Egg quality can be both internal and external as well as 

nutritional aspects.  Egg exterior quality traits of economic importance include: egg weight, size, 

shape and thickness of albumen and shell, and yolk color.  These qualities will be assessed in 

eggs collected at various periods during the feeding trial and also in eggs stored for 6 weeks in 

the refrigerator.  It is proposed that the combination of a mixture of carbohydrase enzymes and 

whole flaxseed will increase n-3 FA (discussed in Chapter 8) in eggs without reducing hen 

production performance and egg quality during storage.  As consumers usually keep eggs for 4-6 

weeks in the refrigerator, nutritional quality of eggs during storage is important.  The objective of 

Experiment 1 was to determine the efficacy of a high, low carbohydrase enzyme mixture in a diet 

with whole flaxseed relative to a control corn-soybean meal diet on; 1) hen production 

performance and egg quality in layer hens; 2) to determine the effect of 6 week refrigerated 

storage on egg physical and nutritional qualities of eggs. 
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7.2 Materials and Methods 

7.2.1 Hens and Dietary Treatments 

A total of seventy-two (51 week old) brown layer hens were obtained from the OSU 

Poultry Farm.  The hens were kept in laying cages (one hen per cage) (18 in × 21 in × 23 in) 

(width × length × height) and randomly assigned to one of the four diets (six replicates with 3 

hens per each replicate).  The four experimental diets were formulated according to standard 

specifications for brown layer hens.  

o Control (corn soybean based commercial diet) 
o Diet 1- corn-soybean basal diet plus 10% flax 
o Diet 2-corn-soybean basal diet plus 10% flax with 0.05%  level of enzyme 

o Diet 3-corn-soybean basal diet plus 10% flax with 0.1% level of enzyme  

Throughout the feeding trial, birds were allowed free access to water and feed.  The experimental 

diets were fed for a period of four months.  Diets were formulated to be isonitrogenous and 

isocaloric.  The hens were housed under standard conditions of temperature, humidity, and 

ventilation.  All protocols were approved by Oregon State University’s Institutional Animal Care 

and Use Committee to ensure adherence to Animal Care Guidelines.  Diets were mixed at the 

Oregon State University Poultry Center.  Composition and nutrient analysis of the dietary 

treatments are shown in Table 8.  The enzyme mixture used in diets two and three was 

Omegazyme (Canadian Bio-Systems, Calgary).  The composition of the enzyme mixture is 

shown in Table 9.  
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 Daily egg production was recorded, and the total number of eggs laid per hen was 

calculated at the end of each month and also reported as hen day egg production (%).  The 

number of eggs and egg weight was used to calculate egg mass (egg mass= egg number x 

average egg weight).  Feed intake was measured by subtracting total feed offered with feed 

refused at the end of each month. 

 For egg quality characteristics, 24 eggs per dietary treatment (4 eggs per each replicate) 

were collected every four weeks and were used to determine egg quality characteristics.  The 

eggs were weighed, and yolks separated using a separator and then both yolk and albumen were 

weighed.  In addition, yolk and albumen height were documented and Haugh units (a measure of 

albumen quality, HU = 100 Log (h – 1.7 w + 7.6), in which h = albumen height (mm) and w = 

egg weight (g)) calculated.  Yolk color was determined by comparing yolk color with the Roche 

color fan.  Shell thickness was measured using an electric micrometer.  Yolk and albumen pH 

was measured by using a pH meter.  Lastly, yolk index was calculated by using the following 

formula, (𝐻 − ℎ) × 2/𝐷1 + 𝐷2, where H = height of yolk, h = height of support, D1 = diameter 

of yolk, and D2 = diameter of yolk (at 90 degrees of D1). 

7.2.2 Egg Collection for Storage Study 

 A total of 96 (n=24 per treatment) eggs were collected after 9 weeks of feeding the 

experimental diet.  Each dietary treatment was labeled, and eggs were kept in flats and brought to 

the lab.  For egg quality characteristics, 6 eggs were taken from each dietary treatment on week 0 

(fresh), week 2, week 4, and week 6.  For assessing egg quality, the following parameters were  
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tested: egg weight, yolk weight, shell and albumen weight, shell thickness, albumen height, yolk 

color, and pH was documented as described earlier.  Eggs were stored in a refrigerator.  

7.2.3 Statistical Analyses 

The effects of the dietary treatments on hen production performance and egg quality  

were analyzed by two-way ANOVA using SAS (version 9.2) with diet and month (or weeks for 

storage) as the main factors.  Significant differences between treatment means were analyzed by 

Tukey’s HSD test when p < 0.05 (Steel and Torrie, 1980).  For 0.05 > p < 0.10, results are 

discussed if means suggested a trend.  Computations were done using the General Linear Models 

procedure of SAS.  Least square means and pooled SEM are reported.  For performance (feed 

consumption, egg production), each replicate was considered as the experimental unit and for 

egg quality, eggs collected from each replicate is considered an experimental unit. 
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Table 8.  Composition and calculated nutrient analysis (as-fed basis) of the experimental dietary 
treatments.

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 
+ 0.1% carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing wheat 
middlings, ground corn, ground barley, and corn distillers grain with 16% CP. 

2 Supplied per lb feed: Vitamin A1, 740,000 IU; Vitamin D3, 440,000 IU; Vitamin E, 1,200 IU; Vitamin 
B12, 1.6 mg; riboflavin, 800 mg; pantothenic acid, 1000 mg; niacin, 6,000 mg; menadione, 135 mg; 
choline, 50,000 mg; thiamine, 275 mg; folic acid, 45 mg; pyridoxine, 180 mg; manganese, 2.5%; zinc, 
2.0%; selenium, 120 ppm; copper, 2,000 ppm; iodine 1,145 ppm; iron 1.8%.  

Diet fatty acid: C14:0, 0.4%; C16:0, 8.5%; C16:1, 0.5%; C18:0, 4%; C18:1, 22%; C18:2 n-6, 28%; C18:3 
n-3; 37% 

Dietary Treatments1 

Ingredients (%) Diet 1 Diet 2 Diet 3

Corn 48 48 48

Soybean 19 19 19

Wheat Middlings 12 12 12

Flaxseed 10 10 10

Limestone 8.8 8.8 8.8

Dicalcium Phosphorus 1.35 1.35 1.35

Layer Premix2 0.25 0.25 0.25

DL-Methionine 0.1 0.1 0.1

Salt 0.35 0.35 0.35

Enzyme (g) 0 22.7 45.4

ME (Kcal/Kg) 2787 2787 2787

Crude Protein (%) 16.5 16.5 16.5

Calcium 3.8 3.8 3.8

Available Phosphorus 0.45 0.45 0.45
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Table 9.  Composition of the enzyme mixture. The enzyme mixture was included at a level of 
0.05% and 0.1% as-fed. 

Omegazyme, supplied from Canadian Bio-Systems (Calgary, Alberta, Canada).

Enzyme Activity (U/g)

Cellulase 2800

Xylanase 1000

Glucanase 600

Mannanase 400

Galactanase 50

Amylase 100

Protease 200
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7.3 Results 

 7.3.1 Hen Production Performance During Feeding Period 

 Hen production performance results are shown in Table 10, Figure 13 and Figure 14.  

Overall there was no significant difference on Control, Diet 1, and Diet 2.  During the four 

month feeding trial, Diet 1 exhibited a trend for high hen day egg production among the four 

dietary treatments (P<.09) (Figure 14).  Hens fed Diet 2 revealed the second highest egg 

production, and the Control diet showed the third highest egg production.  Lastly, hens 

consuming Diet 3 displayed a trend for the lowest egg production among the four dietary 

treatments (P<.09).  Hen age led to a reduction in egg production in all four dietary treatments 

during the four month feeding trial (P<0.0001) (Figure 13).  There was no Diet x Month 

interaction. 

 Overall feed consumption was not significantly different between the four dietary 

treatments (Table 11).  Although not significant, observations at the time of mixing revealed that 

feed consumption was highest in the Control diet and lowest in Diet 3.  The low egg production 

seen in hens fed Diet 3 (Table 10) could possibly be associated with low feed consumption.  

 7.3.2 Egg Quality During the Four Month Feeding Period 

 The egg quality parameters evaluated were egg weight, yolk weight, shell weight, shell 

thickness, yolk, width yolk height, yolk color, Haugh unit (HU) albumen weight, albumen 

thickness, and yolk index (Table 12).  Both egg weight and yolk weight were significantly higher 

in hens fed Diet 2 (P=0.008).  Shell weight and yolk weight (% egg weight) were not  
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significantly different among the four dietary treatments.  However, shell weight % was 

significantly higher in Diet 1 (P=0.044) and was not different from Control.  Shell thickness was 

highest in Diet 1 and was not different from Control and Diet 2 (P=0.09).  A significant increase 

in yolk width was observed in hens fed Control, Diet 1 and Diet 2 (P=0.013).  Yolk height was 

lowest in Diet 3 (P=0.0002).  Haugh unit was different among dietary treatments with the lowest 

value for Diet 3 (P=0.005).  Hens consuming Diet 2 revealed a significantly higher albumen 

weight among the four dietary treatments (P=0.027) and was not different from Diet 3.  A Diet x 

Month interaction was observed for shell thickness, yolk height, and yolk index.  No effect of 

diet on yolk color.  

 7.3.3 Egg Quality During Six Week Storage Period 

 Egg quality during a six week storage period is shown in Table 13.  Egg weight and yolk 

weight was significantly higher in hens fed Diet 3 (P=0.005).  There was no significant 

difference in shell weight and yolk weight (% egg weight).  Shell weight % was significantly 

greater in Diet 1 (P=0.036) and was not different from Control.  A significant increase in yolk 

width was observed in hens fed Diet 1 and Diet 2 (P=0.002).  Yolk color was lowest in Diets 2 

and Diet 3 (P=0.024).  There was no effect on diet on HU upon storage.  Diet 2 revealed a 

significant increase in albumen weight (P=0.036) and was not different from Diet 3.  
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Albumen thickness was  not affected by diet upon storage.  Albumen weight (% egg weight) 

showed no significant differences among the four dietary treatments.  Yolk and albumen pH was 

highest in Diet 3 (P=0.083, P=0.0001) upon storage.  Yolk index was highest in Control 

(P=0.035) 
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Table 10.  Effect of whole flaxseed with and without enzyme supplementation relative to control 
diet on egg production (eggs/month) of layer hens during the 4 month feeding period.

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) 
or Diet 1 + 0.1% carbohydrase enzyme (Diet 3).  The control diet was a commercial diet 
containing wheat middlings, ground corn, ground barley, and corn distillers grain with 16% CP.  
a-bMeans within a row with no common superscript differ (P<0.05).   

Table 11.  Effect of whole flaxseed with and without enzyme supplementation relative to corn-
soybean meal control on feed consumption per hen/day. 

Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or 
Diet 1 + 0.1% carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing 
wheat middlings, ground corn, ground barley, and corn distillers grain with 16% CP. 

Dietary Treatments1 P-values

Month Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Month Diet x  
Month

Effect of 
Flax

Effect of 
Enzyme

Effect of 
Enzyme 
Level

1 21.47 22.73 21.61 19.86 0.55 0.09 <0.0001 0.95 0.66 0.87 0.57

2 17.03b 18.97a 17.63b 16.12b

3 19.09 20.14 19.3 22.01

4 16.77b 17.43b 17.29b 16.33b

Overall 18.61ab 19.78a 19.09ab 17.84b

Dietary Treatments1 P-values

Feed 
Consumption 
          (g)

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Effect 
of Flax

Effect of 
Enzyme

Effect of 
Enzyme 
Level

130 130 130 120 0.02 0.99 0.88 0.99 0.56
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Figure 13.  The effect of dietary flax and carbohydrase enzyme on hen day egg production.  The 
data above shows a slight trend for difference in egg production due to diet (P=0.09).  Corn-
soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 
1 + 0.1% carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing 
wheat middlings, ground corn, ground barley, and corn distillers grain with 16% CP.   
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Figure 14.  The effect of hen age on egg production.  a-cMeans within a row with no common 
superscript differ (P<0.05). 
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Table 12.  Effect of dietary flax and carbohydrase enzyme supplementation in the diet of layer 
hens on egg quality characteristics during the four month feeding period. 

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% 
carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing wheat middlings, ground corn, 
ground barley, and corn distillers grain with 16% CP.  a-cMeans within a row with no common superscript differ 
(P<0.05).   

Dietary Treatments1                             P-values

Egg 
Components

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Month Diet x 
Month

Effect 
of 

Flax

Effect 
of 

Enzyme

Effect of 
Enzyme 

Level

Egg weight 
(g)

57.84b 57.42b 60.46a 57.97b 0.676 0.008 <0.0001 0.942 0.349 0.042 0.015

Yolk weight 
(g)

17.07b 17.14b 17.93a 17.03b 0.230 0.019 <0.0001 0.880 0.305 0.273 0.012

Shell weight 
(g)

6.19 6.37 6.35 6.12 0.098 0.188 0.0005 0.104 0.439 0.293 0.117

Yolk weightt 
(% egg wt)

29.61 29.89 29.70 29.38 0.349 0.779 0.010 0.732 0.910 0.421 0.536

Shell weight 
(%)

10.72ab 11.13a 10.53b 10.61b 0.159 0.044 <0.0001 0.234 0.859 0.019 0.787

Shell 
thickness 
(mm)

39.69ab 39.88a 39.23ab 38.14b 0.532 0.099 <0.0001 0.0003 0.454 0.166 0.272

Yolk width 
(mm)

42.39a 41.99ab 42.86a 41.27b 0.351 0.013 0.741 0.837 0.376 0.848 0.001

Yolk height 
(mm)

19.68a 19.35a 19.60a 18.71b 0.166 0.0002 <0.0001 0.003 0.039 0.414 0.001

Yolk color 6.92 6.86 6.92 6.92 0.078 0.944 0.163 0.690 0.837 0.561 1.000

Haugh unit 80.16a 75.23ab 78.28a 69.64b 2.16 0.005 0.047 0.342 0.025 0.639 0.006

Albumen 
weight (g)

34.58b 33.91b 36.18a 34.82ab 0.537 0.027 <0.0001 0.970 0.556 0.023 0.091

Albumen 
thickness 
(mm)

6.54a 6.03a 6.43a 5.28b 0.246 0.002 0.034 0.236 0.035 0.586 0.002

Albumen wt 
(% egg wt)

59.67 58.98 59.77 60.01 0.373 0.246 0.0009 0.926 0.849 0.056 0.660

Yolk/
albumen

0.496 0.508 0.498 0.492 0.009 0.630 0.010 0.831 0.845 0.233 0.648

Yolk index 0.47 0.46 0.46 0.45 0.005 0.488 0.003 0.012 0.242 0.485 0.653
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Table 13.  Effect of dietary flax and carbohydrase enzyme supplementation in the diet of layer 
hens on egg quality characteristics during a 6 week storage period. 

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% 
carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing wheat middlings, ground corn, 
ground barley, and corn distillers grain with 16% CP.  a-cMeans within a row with no common superscript differ 
(P<0.05). 

Dietary Treatments1 P-Value

Egg 
Components

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Week Diet x 
week

Effec
t of 
Flax

Effect 
of 

Enzyme

Effect of 
Enzyme 
Level

Egg weight (g) 54.02b 54.45b 57.36a 56.63a 0.761 0.005 0.006 0.29 0.417 0.006 0.674

Yolk weight (g) 16.69b 16.52b 17.42ab 17.74a 0.348 0.044 0.442 0.29 0.173 0.188 0.355

Shell weight 
(g)

5.83 5.97 5.98 6.04 0.098 0.491 0.122 0.42 0.308 0.152 0.404

Yolk wt (% egg 
weight)

31.01 30.50 30.32 31.38 0.567 0.533 0.005 0.53 0.479 0.835 0.210

Shell weight 
(%)

10.82ab 10.99a 10.43b 10.67ab 0.137 0.036 0.010 0.05 0.276 0.283 0.956

Shell thickness 
(mm)

39.16ab 40.17a 38.68b 39.73ab 0.471 0.133 0.054 0.20 0.547 0.485 0.285

Yolk width 
(mm)

41.40b 41.76a 42.91a 41.96b 0.279 0.002 0.017 0.52 0.134 0.382 0.532

Yolk height 
(mm)

20.01 19.46 19.82 19.48 0.224 0.233 0.674 0.23 0.084 0.045 0.024

Yolk color 7.00a 7.00a 6.88b 6.88b 0.039 0.024 <.0001 .002 0.412 0.215 0.106

Haugh unit 71.31 75.28 74.08 73.91 2.20 0.630 0.094 0.44 0.476 0.614 0.236

Albumen 
weight (g)

31.50b 31.95b 33.96a 32.85ab 0.627 0.036 .0003 0.44 0.637 0.408 0.336

Albumen 
thickness (mm)

5.26 5.71 5.72 5.58 0.277 0.615 0.022 0.60 0.704 0.703 0.881

Albumen wt 
(% egg wt)

58.17 58.51 59.25 57.95 0.6 0.446 0.004 0.58 0.526 0.033 0.254

Yolk/albumen 1.88ab 1.84b 1.94ab 1.97a 0.039 0.111 0.158 0.37 0.136 1.000 0.682

Yolk pH 6.27b 6.27b 6.29ab 6.32a 0.015 0.083 <.0001 0.21 0.029 0.629 0.257

Albumen pH 8.88c 8.97b 8.97b 9.03a 0.010 <.0001 <.0001 <.0001 0.103 0.050 0.045

Yolk index 0.484a 0.467b 0.462b 0.464b 0.006 0.035 0.945 0.21 0.222 0.310 0.680
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7.4 Discussion 

 7.4.1 Hen Production Performance During Feeding Period 

The results of this study suggest that a corn-soybean basal diet with 10% flax and 0.05% 

carbohydrase enzyme addition has significant effects on egg production.  Enzyme 

supplementation has been shown to beneficially degrade NSP and increase nutrient digestibility 

in flax-fed birds (Narasimha et al., 2013).  A trend for decrease in egg production was observed 

in hens receiving Diet 3.  Egg production did begin to decrease as the level of enzyme was 

increased (Diet 2 vs. Diet 3).  Feed intake results suggest no significant difference between the 

four dietary treatments.  Previous studies reported that the anti-nutritional factors in flaxseed 

would limit hen production performance, although this was not observed in the current study 

(Hetland et al., 2004, Rebole et al., 2002).   

 7.4.2 Egg Quality During Feeding Period 

  The egg quality results collected during the feeding period suggest that a corn-soybean 

basal diet with 10% flax and 0.05% carbohydrase enzyme addition has significant effects on egg 

quality.  Egg weight and yolk weight are both significantly greater in hens receiving Diet 2.  Yolk 

width and yolk height were also positively influenced when hens are fed Diet 2.  Hens fed Diet 1 

showed a trend for the greatest shell thickness.  Haugh unit and albumen weight and thickness 

revealed a significant increase in hens consuming Diet 2.  These results suggest that hens benefit  
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the most when fed Diet 2.  Addition of enzyme has increased digestibility by degrading NSP 

leading to increased nutrient deposited in the yolk and thereby enhancing egg quality. 

7.4.3. Egg Quality During Six Week Storage Period 

 The results associated with egg quality during storage also propose that a corn-soybean 

basal diet with 10% flax and 0.05% carbohydrase enzyme addition has significant effects.  A 

significant increase in egg weight and yolk weight was observed in hens receiving Diet 2 and 

Diet 3 showing that storage retained the quality of eggs.  This is associated with the addition of 

enzyme, which has increased digestibility by degrading NSP leading to increased nutrient 

deposited in the egg.  Shell weight was not significantly different among the four dietary 

treatments, however, shell weight % and shell thickness was significantly greater in hens fed 

Diet 1.  Yolk color was significantly deeper among hens fed Control and Diet 1, probably due to 

more pigment provided in the diet and retention of those pigments during storage.  The yellow 

color of egg yolk is produced by fat-soluble xanthophyll pigments from diet (Aziza et al., 2013).  

Hens fed Diet 2 revealed a significantly greater albumen weight, although albumen thickness 

was not significantly different among the four dietary treatments.     

 Albumen pH was significantly increased in hens consuming Diet 3, while yolk pH 

showed a trend for hen also consuming Diet 3.  Storage can modify some characteristics of the 

egg including loss of water, carbon dioxide and a subsequent increase in the pH of the albumen  
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(Decuypere et al., 2001).  pH is a useful tool for describing the changes in yolk and albumen 

quality during storage (Samli et al., 2005).  As an egg ages, it loses carbon dioxide and moisture 

through the shell pores, which causes the air cell within the egg to get larger.  With this loss of 

carbon dioxide, the egg’s pH becomes more basic and structural changes take place in the 

albumen, resulting in the thinning of the albumen (Akyurek et al., 2009).   

7.5 Conclusion 

 From this experiment, it is concluded that the combination of whole flaxseed plus 

carbohydrase enzymes led to the degradation of NSP in flaxseed and increased hen production 

performance as well as egg quality during the feeding period and during storage.  Whole flaxseed 

plus carbohydrase enzymes is a viable tool for increasing hen production performance without 

reducing egg quality. 
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8 Experiment 2:  Effects of feeding flaxseed with carbohydrase  
 enzyme in layer hens on egg and tissue fatty acids 

8.1 Introduction  

 Cardiovascular disease (CVD) such as coronary heart disease, heart attack, congestive 

heart failure, and stroke is the leading global cause of death, accounting for more than 17.3 

million deaths per year, a number that is expected to grow to more than 23.6 million by 2030 

(Mozaffarian et al., 2015).  Some preventative approaches, such as dietary changes, have had 

major positive public health implications.  An increased dietary intake of n-3 PUFA has been one 

successful dietary approach to reduce morbidity due to CVD.  Experimental studies have 

demonstrated that n-3 PUFA consumption lowers plasma triglycerides, resting heart rate, blood 

pressure and overall delay the onset of inflammatory disorders and diseases such as CVD 

(Chapter 4).  

 There is a growing consensus among nutritionists that dietary n-3 PUFA play an 

important role in human health (Kinsella, 1990).  Many studies have proven that n-3 PUFA, 

particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have beneficial 

effects on human health.  The main dietary source of DHA and EPA are fish or fish oil.  Although 

fish is considered to be the primary source of n-3 PUFA, availability, cost, and sustainability may 

limit fish consumption in certain parts of the world.  The other option is to increase consumption 

of ALA, the parent n-3 FA.  The current consumption of ALA is approximately 1.6 gram/day in 

the U.S.  It is recommended that ALA should be 2.6 gram/day.  Animal foods contribute to major  
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sources of dietary protein.  Therefore, enrichment of animal foods with n-3 FA will serve as an 

alternative source of n-3 FA in human diets. 

 In the poultry industry, oil seeds such as flax and canola are often used as a source of n-3 

FA.  Flaxseed is considered the richest terrestrial source of n-3 FA and are often incorporated into 

poultry diets due to their nutritional value.  Whole flaxseed contains about 40-50 % oil and a 

high content of alpha-linolenic acid (>50 %) makes it a popular feed ingredient for n-3 fatty acid 

enrichment (Cherian, 2016).  In addition, whole flaxseed supplies 24% crude protein (CP) and 

3900 Kcal/kg ME and is financially feasible at the commercial scale.  The nutrients contained in 

oil seeds are protected within the seed coat by a variety of soluble and insoluble non-starch 

polysaccharides (NSP).  Monogastrics such as poultry lack the enzyme needed to digest and 

breakdown these molecules.  Energy utilization is greatly improved when the seeds are processed 

in a way that physically disrupts the seed coat (grinding, pelleting).  Another method to improve 

nutrient utilization from whole oil seeds includes adding enzymes to poultry diets to specifically 

target non-starch polysaccharides.   

 Eggs are considered one of the most complete foods, which biological and nutritional 

value has been researched for many decades.  Claims of beneficial health effects of certain 

dietary fatty acids have led to extensive research on manipulating the fatty acid composition of 

animal products such as eggs (Caston and Leeson, 1990).  As a result the poultry industry has 

responded to these needs by increasing the n-3, n-6, and n-9 fatty acid content of chicken eggs.  
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 Enrichment of eggs with n-3 fatty acids leads to oxidative damage of yolk lipids and 

overall reduction in egg quality (Hayat et al., 2010).  Oxidative damage worsens during storage, 

therefore, to maintain egg quality and fatty acid stability during storage, it is essential to prevent 

or minimize lipid oxidation.  Lipid oxidation products can be determined by measuring the 

thiobarbituric acid reactive substances (TBARS) of the egg yolk.  TBARS are formed as a 

byproduct of lipid peroxidation (malondialdehyde, MDA), which can be detected by the TBARS 

assay using thiobarbituric acid as a reagent (Hayat et al., 2010). 

 The hen liver is an important metabolic organ that plays a critical role in egg fat 

deposition also known as vitellogenesis.  Vitellogenin, produced in the liver in response to 

estrogen, is the main egg yolk precursor (Vezina, 2003).  Yolk fats are synthesized in hen’s liver 

and are deposited to the yolk through serum via triacylglycerol-rich very low density lipoprotein 

(VLDLy) and phospholipid-rich very high density lipoprotein vitellogenin (Walzem, 2012).  

VLDLy forms a complex with the ApoB100 and apovitellenin-1 complex and are acted upon by 

lipoprotein lipase (LPL), which allows triglycerides to be deposited to the oocyte intact.  No 

exogenous lipids are transported from the liver to the yolk, only de novo triglycerides are 

packaged into VLDL for transport (Walzem, 2012). 

 The objective of Experiment 2 was to evaluate the effect of a (high, low) carbohydrase 

enzyme mixture in a diet with whole flaxseed relative to a control corn-soybean meal diet on egg 

and hen liver lipid content and fatty acid composition.  In addition, the lipid quality of eggs 

during storage was assessed by measuring TBARS assay. 

https://en.wikipedia.org/wiki/Lipid_peroxidation
https://en.wikipedia.org/wiki/TBARS_assay
https://en.wikipedia.org/wiki/Thiobarbituric_acid
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8.2 Materials and Methods 

8.2.1 Hens and Dietary Treatments 

A total of seventy-two (51 week old) brown layer hens were obtained from the OSU 

Poultry Farm.  The hens were kept in laying cages (one hen per cage) (18 in × 21 in × 23 in) 

(width × length × height) and randomly assigned to one of the four diets (six replicates with 3 

hens per each replicate).  The four experimental diets were formulated according to standard 

specifications for brown layer hens.  

o Control (corn soybean based commercial diet) 
o Diet 1- corn-soybean basal diet plus 10% flax 
o Diet 2-corn-soybean basal diet plus 10% flax with 0.05%  level of enzyme 
o Diet 3-corn-soybean basal diet plus 10% flax with 0.1% level of enzyme  

Throughout the feeding trial, birds were allowed free access to water and feed.  The experimental 

diets were fed for a period of four months.  Diets were formulated to be isonitrogenous and 

isocaloric.  The hens were housed under standard conditions of temperature, humidity, and 

ventilation.  All protocols were approved by Oregon State University’s Institutional Animal Care 

and Use Committee to ensure adherence to Animal Care Guidelines.  Diets were mixed at the 

Oregon State University Poultry Center.  Composition and nutrient analysis for the diets are 

shown in Table 8.  The enzyme mixture used in Diet 2 and Diet 3 was Omegazyme (Canadian 

Bio-Systems, Calgary).  The composition of the enzyme mixture is shown in Table 9.  
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 8.2.2 Egg Collection for Assessing Lipid Quality During Storage 

 A total of 96 (n=24 per treatment) eggs were collected after 9 weeks of feeding the 

experimental diet.  Eggs were labeled, and kept in flats and brought to the lab and stored in 

refrigerator.  For egg lipid quality characteristics, 6 eggs were taken from each dietary treatment 

on week 0 (fresh), week 2, week 4, and week 6 and yolks were separated and taken for lipid 

oxidation assay. 

 8.2.3 Egg Collection for Lipid Quality  

 For egg lipid quality, 18 eggs (3 from each replicate) were taken from each dietary 

treatment on month 1, 2, 3, and 4 for lipid quality.  Egg were broke open, yolk separated and 

three eggs from each replicate were pooled to get a sample size of 6 (n=6) for each dietary 

treatment. 

 8.2.4 Hen Liver Sample Collection 

At the end of the four month feeding trail, six hens per treatment (24 total) (one from 

each replicate) were randomly selected, weighed and euthanized with CO2 gas inhalation.  The 

hens were cut open and liver tissue was dissected and weights were recorded for each hen.  Liver 

tissue samples collected were stored at -20 C until analysis. 
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 8.2.5 Total Lipid and Fatty Acid Analysis  

 Total lipids were extracted from approximately 2 gram of feed and tissues (eggs, liver) 

according to the method of Folch et al. (1957) using a 2:1 solution of chloroform and methanol. 

Total lipid content was determined gravimetrically. Fatty acid methyl esters were prepared with 

boron trifluoride methanol as the methylating agent using methods reported earlier (Cherian et 

al., 2002). Fatty acid analysis was performed with an HP 6890 gas chromatograph (Hewlett- 

Packard Co., Wilmington, DE) equipped with an autosampler, flame ionization detector, and 

SP-2330 fused silica capillary column. Samples in hexane (1 µL) were injected with helium as a 

carrier gas into the column programmed for ramped oven temperatures. Initial oven temperature 

was set at 150 C, held for 1.5 min, then ramped at 15 C/min to 190 C and held for 20 min, then 

ramped again at 30 C/min to 230 C and held for 3 min. Inlet and detector temperatures were both 

250 C. Fatty acid methyl esters were identified by comparison with retention times of authentic 

standards (Nuchek Prep, Elysian, MN). Peak areas and percentages were calculated using 

Hewlett- Packard ChemStation software (Agilent Technologies Inc., Wilmington, DE). Fatty acid 

values are reported as percentages.  

 8.2.6 Thiobarbituric Acid Reactive Substances  

 Lipid peroxidation was measured as thiobarbituric acid-reactive substances (TBARS) 

expressed in malondialdehyde equivalents. Samples were prepared using methods described by 

Cherian et al. (2002). Briefly, 2 g of egg yolk were collected then mixed with 18 mL of 3.86%  
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perchloric acid and butylated hydroxytoluene (50 µL in 4.5% ethanol), after which the samples 

were homogenized. The homogenate was filtered and duplicate samples of the filtrate were 

mixed with 20 mM TBA in distilled water and incubated in a boiling water bath for 60 minutes. 

Absorbance was determined at 531 nm. Results of duplicate samples were averaged. TBARS 

values are expressed as milligrams of malondialdehyde per gram of yolk. 

8.2.7 Statistical Analyses 

The effects of the dietary treatments on egg lipid content, fatty acid composition and, 

TBARS was analyzed by two-way ANOVA using SAS (version 9.2) with diet and month (week 

for storage) for storage as the main factors.  Significant differences between treatment means 

were analyzed by Tukey’s HSD (Honesty Significant Difference) test when p < 0.05 (Steel and 

Torrie, 1980).  For 0.05 < p < 0.10, results are discussed if means suggested a trend.  Effect of 

diet on liver total lipids and FA was done one-way ANOVA.  Computations were done using the 

General Linear Models procedure of SAS.  Least square means and pooled SEM are reported.   
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8.3 Results

8.3.1 Egg Fatty Acid Composition

Egg fatty acid composition results are shown in Table 14.  The control eggs had less 

palmitic acid (16:0) than Diets 1, 2, and 3 (P<0.0001).  Both Diet 1 and Diet 2 eggs contained 

higher 16:1 than Control and Diet 3 (P<0.0001).  All eggs contained about the same amount of 

stearic acid (18:0) and oleic acid (18:1 n-9).  Linoleic acid was highest in Control eggs 

(P<0.0001).  Diets 1, 2, and 3 also provided between 13-14% linoleic acid compared to 17.25% 

in Control (P<0.0001) (Figure 15A).  ALA was highest in eggs from hens fed Diet 3 (P<0.0001).  

Over a 4.9-fold increase in ALA was observed in Diet 3 when compared to Control (P<0.0001) 

(Figure 15B).  Hens receiving the Control showed a significant increase in AA (P<.0001) (Figure 

16).  EPA was significantly higher in hens fed Diet 1, Diet 2, and Diet 3 compared to Control 

(P<0.0001).  DHA displayed  a significant increase in hens fed Diet 1, Diet 2, and Diet 3 

(P<0.0001) relative to the Control.  Total MUFA was significantly higher in Diets 1, 2, and 3 

(P=0.0004).  SFA eggs revealed no significant difference among the four dietary treatments.  

Total n-3 FA was highest in hens consuming Diet 3 (P<0.0001) (>1.7 fold-increase compared to 

Control).  Total LC n-3 FA was highest among hens fed Diets 1, 2, and 3 (P<0.0001) (Figure 18).  

As for the n-6:n-3 ratios, Diets 1, 2, or 3 eggs had over 3.07-3.67-fold decrease compare to 

Control.  Lowest n-6:n-5 was observed in Diet 3 (P<0.0001).  No difference was noted in egg 

total fat content (P=0.493) (Table 16). 
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 8.3.2 Liver Fatty Acid Composition 

 Liver fatty acid composition results are shown in Table 15.  There was no difference in 

16:0 and 18:0 between dietary treatments despite differences in 16:0 in the diets.  Diet 2 liver 

contained highest 16:1 than Control , Diet 1 and was not different from Diet 3.   A significant 

increase in ALA was observed in hens fed Diets 1, 2, and 3 (P<0.0001) relative to the Control.  

There was a significant increase in LA  in hens fed the Control as compared to Diets 1, 2, and 3 

(P<0.0001).   AA was highest in Control (P<0.0001).  Furthermore, total n-6 FA was also 

significantly higher in the Control and Diet 1 (Figure 17A), while there was a significant increase 

in total n-3 FA seen in fed receiving Diet 1, 2, and 3 (Figure 17B).  DHA (22:6 n-3) in Diets 1, 2, 

and 3 increased by an average of 2.12% relative to the Control (P=0.003).  As for LC n-3, there 

was a significant increase in hens receiving Diets 1, 2, and 3 as compared to the Control.  

Addition of enzymes increased ALA, but not the LC n-3 FA in Diet 3 as compared to Diet 1 and 

Diet 2 (Figure 18).  Total n-6:n-3 ratio was highest in Control (P<0.0001). 

 8.3.3 Egg and Liver Total Lipids 

 Egg total lipids showed no significant difference among the four dietary treatments.   

Conversely, liver total lipids were significantly higher in hens fed Diets 1, 2, and 3 (P=0.0009) 

than Control (Table 16). 
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 8.3.4 Yolk TBARS  

 No effect of diet on TBARS of fresh eggs.  However, by week 2, a significant difference 

in TBARS was observed in eggs from Diet 2 and 3.  By week 4 Diet 3 eggs had the highest 

TBARS.  Overall by week 6 no difference was observed in TBARS of eggs from hens fed Diet 1, 

2, and 3.  Overall there was a significant increase in TBARS eggs from in hens fed Diet 3 

(P<0.0001) (Table 17).  
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Table 14.  Effect of dietary flax and carbohydrase enzyme supplementation on egg n-3 fatty acid 
composition in layer hens.   

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% 
carbohydrase enzyme (Diet 3).  The control diet was based on a commercial diet containing wheat middlings, ground corn, 
ground barley, and corn distillers grain with 16% CP.  a-cMeans within a row with no common superscript differ (P<0.05). 

Dietary Treatments1                                                P-values 

Egg FA 
    %

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Month Diet x 
Month

Effect of 
Flax

Effect of 
Enzyme

Effect of 
Enzyme 

Level

16:0 24.14b 24.91a 24.95a 24.05a 0.157 <0.0001 <0.0001 0.029 <0.0001 <0.0001 0.464

16:1 3.47b 3.80a 3.89a 3.61b 0.065 <0.0001 <0.0001 0.019 <0.0001 <0.0001 0.555

18:0 10.47 10.66 10.32 10.48 0.335 0.919 <0.0001 0.079 0.006 <0.0001 0.784

18:1 37.48 39.82 40.12 39.24 0.467 0.0005 <0.0001 0.0008 <0.0001 <0.0001 0.552

18:2 n-6 17.25a 13.24c 13.03c 14.33b 0.183 <0.0001 0.0002 0.0007 <0.0001 <0.0001 0.605

18:3 n-3 0.59c 1.95b 2.09b 2.91a 0.099 <0.0001 0.268 0.699 <0.0001 <0.0001 0.229

20:3 n-6 0.13 0.11 0.13 0.08 0.020 0.338 0.0002 0.0002 <0.0001 <0.0001 0.399

20:4 n-6 3.42a 2.30b 2.36b 2.19b 0.086 <0.0001 <0.0001 0.0006 <0.0001 <0.0001 0.338

20:5 n-3 0.00c 0.08a 0.03b 0.03b 0.008 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.102

22:4 n-6 0.33a 0.06b 0.02c 0.03bc 0.014 <0.0001 0.019 0.357 <0.0001 0.173 0.050

22:5 n-6 0.46a 0.04b 0.01b 0.00b 0.019 <0.0001 0.596 0.834 <0.0001 0.504 0.247

22:5 n-3 0.17b 0.28a 0.31a 0.33a 0.019 <0.0001 <0.0001 0.029 0.188 <0.0001 0.072

22:6 n-3 1.15b 1.97a 2.13a 2.08a 0.058 <0.0001 <0.0001 0.0003 0.004 <0.0001 0.019

Total 
SFA

35.18 36.08 35.72 34.96 0.416 0.219 <0.0001 0.09 <0.0001 <0.0001 0.753

Total 
MUFA

41.16b 43.85a 44.13a 42.99a 0.511 0.0004 <0.0001 0.0008 0.346 <0.0001 0.483

Total n-6 
FA

21.63a 15.68c 15.46c 16.63b 0.209 <0.0001 0.011 0.0006 <0.0001 <0.0001 0.896

Total n-3 
FA

2.03d 4.39c 4.68b 5.43a 0.105 <0.0001 <0.0001 0.003 <0.0001 <0.0001 0.009

Total 
PUFA

1.44b 2.36a 2.57a 2.49a 0.072 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.243

Total LC 
n-6

4.37a 2.44b 2.43b 2.29b 0.111 <0.0001 <0.0001 0.009 <0.0001 <0.0001 0.599

Total LC 
n-3

1.44b 2.36a 2.57a 2.49a 0.072 <0.0001 <0.0001 <0.0001 <0.0001 0.023 0.018

n-6:n:3 11.393a 3.708b 3.385bc 3.084c 0.144 <0.0001 <0.0001 <0.0001 <0.0001 0.031 0.303
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B 

Figure 15.  Egg fatty acid composition (a) linoleic acid (18:2 n-6) and (b) linolenic acid (18:3 
n-3).  Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme 
(Diet 2) or Diet 1 + 0.1% carbohydrase enzyme (Diet 3).  The control diet was a commercial diet 
containing wheat middlings, ground corn, ground barley, and corn distillers grain with 16% CP.  
a-cMeans within a row with no common superscript differ (P<0.05). 
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Figure 16.  Egg fatty acid content of arachidonic acid (20:4 n-6).  Corn-soybean based diet plus 
10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% carbohydrase 
enzyme (Diet 3).  The control diet was a commercial diet containing wheat middlings, ground 
corn, ground barley, and corn distillers grain with 16% CP.  a-bMeans within a row with no 
common superscript differ (P<0.05).   
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Table 15.  Effect of dietary flax and carbohydrase enzyme supplementation on liver n-3 fatty 
acid composition in layer hens. 

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 
+ 0.1% carbohydrase enzyme (Diet 3).  The control diet was based on a commercial diet containing wheat 
middlings, ground corn, ground barley, and corn distillers grain with 16% CP.  a-cMeans within a row with 
no common superscript differ (P<0.05).   

Dietary Treatments1 P-values

Liver FA 
    %

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Effect of  
Flax

Effect of 
Enzyme

Effect of 
Enzyme 
Level

16:0 22.30 22.03 23.25 21.94 0.639 0.449 0.558 0.582 0.164

16:1 2.95b 2.96b 4.28a 3.24ab 0.291 0.013 0.122 0.037 0.019

18:0 14.12 14.98 10.98 12.69 1.049 0.067 0.320 0.024 0.263

18:1 32.66b 35.38ab 42.29a 39.45ab 1.908 0.095 0.009 0.029 0.304

18:2 n-6 18.52a 13.46b 9.87b 12.40b 1.076 0.0001 <0.0001 0.093 0.112

18:3 n-3 0.29c 1.60ab 1.40b 2.13a 0.184 <0.0001 <0.0001 0.467 0.011

20:3 n-6 0.17 0.02 0.00 0.00 0.054 0.122 0.019 0.785 1.000

20:4 n-6 6.76a 4.55ab 3.42b 3.06b 0.608 0.001 0.0003 0.094 0.679

20:5 n-3 0.00 0.39 0.65 0.49 0.235 0.279 0.076 0.553 0.626

22:4 n-6 0.40 0.07 0.07 0.03 0.118 0.130 0.020 0.891 0.798

22:5 n-6 0.39a 0.11ab 0.05ab 0.00b 0.089 0.029 0.004 0.452 0.695

22:5 n-3 0.22 0.39 0.33 0.84 0.266 0.388 0.348 0.566 0.190

22:6 n-3 1.07b 2.31a 2.39a 2.12a 0.238 0.003 0.0003 0.859 0.429

Total SFA 36.42 36.71 34.74 35.16 0.739 0.206 0.313 0.067 0.694

Total MUFA 35.62b 38.34ab 46.58a 42.69ab 2.088 0.007 0.009 0.023 0.203

Total n-6 FA 26.24a 19.71b 13.72c 15.85bc 1.125 <.00001 <0.0001 0.002 0.196

Total n-3 FA 1.97b 5.78a 5.74a 6.47a 0.820 0.004 0.0004 0.755 0.536

Total PUFA 1.29b 3.76a 3.83b 3.76b 0.587 0.014 0.004 0.023 0.199

Total LC n-6 7.72a 4.75b 3.18b 3.45b 0.648 0.0003 <0.0001 0.087 0.774

Total LC n-3 1.29b 3.76a 3.84a 3.76a 0.587 0.014 0.002 0.952 0.932

n-6:n:3 13.81a 3.47b 2.65b 2.78b 0.671 <.00001 <0.0001 0.366 0.891
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Figure 17.  Effect of whole flaxseed with and without enzyme supplementation relative to corn-soybean 
based control on percent of (a) linoleic acid (LA, 18:2 n-6) and total n-6 fatty acids (b) linolenic acid 
(ALA, 18:3 n-3) and total n-3 fatty acids in liver tissue.  Corn-soybean based diet plus 10% flax (Diet 1), Diet 
1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% carbohydrase enzyme (Diet 3).  The control diet was a 
commercial diet containing wheat middlings, ground corn, ground barley, and corn distillers grain with 16% CP. 
a-cMeans within a row with no common superscript differ (P<0.05). 
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Figure 18.  Effect of whole flaxseed with and without enzyme supplementation relative to corn-
soybean based control on LC PUFA in liver tissue.  Corn-soybean based diet plus 10% flax (Diet 
1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% carbohydrase enzyme (Diet 
3).  The control diet was a commercial diet containing wheat middlings, ground corn, ground 
barley, and corn distillers grain with 16% CP.  a-cMeans within a row with no common 
superscript differ (P<0.05).   
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Table 16.  Effect of whole flaxseed with and without enzyme supplementation relative to control 
diet on egg and liver total lipids.  

1 Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% 
carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing wheat middlings, ground corn, 
ground barley, and corn distillers grain with 16% CP.  a-cMeans within a row with no common superscript differ 
(P<0.05).   

Table 17.  Effect of whole flaxseed with and without enzyme supplementation relative to control 
on TBARS content of eggs upon storage.  Values are mg of MDA per gram of yolk. 

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% 
carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing wheat middlings, ground corn, 
ground barley, and corn distillers grain with 16% CP.  a-cMeans within a row with no common superscript differ 
(P<0.05).   

Dietary Treatments1 P-values

Total Lipids 
(%)

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Effect of 
Flax

Effect of 
Enzyme

Effect of 
Enzyme 
Level

Egg 28.04 27.18 26.86 26.61 0.493 0.193 0.264 0.327 0.170

Liver 4.93b 8.48a 8.83a 7.04ab 0.852 0.0009 0.002 0.599 0.144

Dietary Treatments1 P-values

Yolk 
TBARS 
 (week)

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Effect of 
Flax

Effect of 
Enzyme 

Effect of 
Enzyme 
Level

0 (fresh) 14.29 14.43 14.16 13.84 0.260 0.638 0.191 0.386

2 26.72b 29.10ab 30.10a 30.01a 0.775 0.002 0.321 0.938

4 9.99c 11.05bc 15.10b 27.65a 1.224 <0.0001 <0.0001 <0.0001

6 16.28a 15.11b 14.71b 14.78b 0.285 <0.0001 0.310 0.879

Overall 16.82b 17.42b 18.52ab 21.57a 0.375 <.0001 <.0001 <.0001
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Figure 19.  Effect of whole flaxseed with and without enzyme supplementation relative to a 
corn-soybean based control diet on TBARS for yolk.  Corn-soybean based diet plus 10% flax 
(Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or Diet 1 + 0.1% carbohydrase enzyme 
(Diet 3).  The control diet was a commercial diet containing wheat middlings, ground corn, 
ground barley, and corn distillers grain with 16% CP.  a-cMeans within a row with no common 
superscript differ (P<0.05).   
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8.4 Discussion

8.4.1 Egg Fatty Acid Composition 

 In the poultry industry, flaxseed utilization in laying hens to produce n-3 enriched eggs 

has become a common approach (Gonzalez-Esquerra and Lesson, 2001).  However, a major 

consequence of flaxseed supplementation could be the negative effects seen in various 

components of egg production.  Jia et al. (2008) reported that feeding flaxseed at 150 g/kg of diet 

resulted in increased feed consumption and reduced egg production when compared with canola 

seed.  Although canola seed and flaxseed have similar contents of energy-contributing 

components, the AMEn and TMEn of flaxseed were lower than those of canola seed (Lee et al., 

1995).  In addition, flaxseed is known to significantly increase intestinal viscosity due to the 

water-soluble mucilage in the hull fraction (Alzueta et al., 2003).  Previous research has 

demonstrated that carbohydrase enzymes can improve energy utilization from ground or 

extruded flaxseed products in roosters and broilers (Slominski et al., 2006).   

 Jia et al. (2008) noted that hens receiving flaxseed deposited significantly more n-3 FA in 

the egg than those fed canola seed.  In the current study, hens consuming Diet 3 showed a 

significant increase in ALA relative to the other dietary treatments.  DHA was also significantly 

higher in Diets 2 and 3.  DHA deposition in the egg is a consequence of in vivo metabolism, with 

ALA serving as a precursor for the synthesis through desaturation-chain elongation within the 

liver (Brenner, 1971; Jia et al., 2008).   
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 Addition of enzyme significantly increased n-3 fatty acid deposition (ALA, DHA) in 

eggs produced by hens fed flaxseed.  This may be due to the increased digestibility as a result of 

depolymerization of the cell wall after enzyme supplementation, thus leading to increased n-3 

fatty acids deposited in the yolk.  

 8.4.2 Liver Fatty Acid Composition

In liver tissue of hens fed Diet 1, 2, and 3, ALA was significantly increased relative to the 

Control, suggesting that one of the alternative fates for dietary ALA is storage in the metabolic 

tissues.  ALA was highest in Diet 2, suggesting the efficacy of enzyme in enhancing ALA 

deposition through NSP degradation in dietary enzyme.  Most of the increase in total n-3 FA 

came through increases in LC n-3 PUFA, and a significant increase in DHA were observed in 

hens receiving Diet 1, 2, and 3.  Shafey et al. (2016) reported that the addition of flaxseed in the 

diet significantly increased liver contents of ALA and DHA.  Since DHA is accumulated in the 

liver, this suggests that supplementation of flax and carbohydrase enzyme in poultry diets 

containing whole flaxseed results in the availability of more ALA to the hens by degradation of 

insoluble NSP and thus increasing the conversion of ALA to the LC n-3 PUFA.  However, it 

should be mentioned that the ability of hens to desaturate extra ALA was minimal as we did not 

observe any difference between DHA content of Diet 1, 2, and 3.
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8.4.3 Egg and Liver Total Lipids 

 Total lipid contents in egg yolk had no significant difference among dietary treatments.  

Hayat and Cherian (2009) also found non-significant results with respect to total lipids in egg 

yolks of laying hens fed different extruded flaxseed supplemented diets.  The liver tissue of hens 

receiving Diet 2 revealed significantly higher total lipids.  A study done by Shalfey et al. (2016) 

also determined that the addition of flaxseed significantly increased liver total lipids.  The 

addition of flaxseed and carbohydrase enzyme altered lipid metabolism in layer hens, which 

resulted in reduced lipid synthesis and enhanced lipid oxidation.

8.4.4 Yolk TBARS

The TBARS assay is used to measure the concentration of oxidative products 

(malondialdehyde, MDA).  Oxidative damage worsens during storage, therefore, to maintain egg 

quality and fatty acid stability during storage, it is essential to prevent or minimize lipid 

oxidation.  A study conducted by Aymond et al. (1995) determined that yolk TBARS were not 

different due to diet (whole vs. ground flaxseed), indicating that seed form did not influence the 

oxidative quality of these n-3 FA-rich lipids.  Eggs from hens receiving Diet 3 showed higher 

TBARS values than those from Diet 1, Diet 2, or Control, suggesting that the onset of lipid 

oxidation may be enhanced in these eggs because of the high content of n-3 fatty acids (Cherian, 

2009).  This suggests that flaxseed and enzyme supplementation increases lipid oxidation within 

the egg.
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8.5 Conclusion

From this experiment, it is concluded that the combination of whole flaxseed plus 

carbohydrase enzymes led to the degradation of NSP in flaxseed and increased the availability of 

ALA.  Yolk and liver from hens fed Diet 2 and 3 experienced more than a 50% increase in total 

n-3 FA, which was due to increases in ALA and LC n-3 PUFA.  Supplementation of 

carbohydrase enzymes with whole flaxseeds is a viable tool for increasing egg fatty acid 

composition without reducing egg quality.   However, strategies to minimize lipid oxidation 

should be adopted to maintain egg sensory quality.
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9 Experiment 3:  Effects of feeding flaxseed with carbohydrase  
 enzyme on gut morphology in layer hens 

9.1 Introduction  

 In the poultry industry, oil seeds such as flax and canola are often used as a source of n-3 

FA.  Flaxseed is considered the richest terrestrial source of n-3 FA and are often incorporated into 

poultry diets due to their nutritional value.  Whole flaxseed contains about 40-50 % oil and a 

high content of alpha-linolenic acid (>50 %) makes it a popular feed ingredient for n-3 fatty acid 

enrichment (Cherian, 2016).  In addition, whole flaxseed supplies 24% crude protein (CP) and 

3900 Kcal/kg ME and is financially feasible at the commercial scale.  However, the nutrients 

contained in oil seeds are protected within the seed coat by a variety of soluble and insoluble 

non-starch polysaccharides (NSP).  Monogastrics such as poultry lack the enzyme needed to 

digest and breakdown these molecules.  High levels of NSP in poultry diets are associated with 

increased digesta viscosity and decreased digestibility of all nutrients (Rebole et al., 2002).  

Adding enzymes to target NSP in oil seeds can decrease or eliminate their anti-nutritive effects 

and increase nutrient utilization (Slominski, 2011). 

 The small intestine, especially the duodenum and jejunum, is the site of digestion and 

nutrient absorption in poultry.  The capacity to absorb nutrients from the gut depends on 

gastrointestinal (GI) tract mucosal surface area (Apperson et al., 2016).  Studies reveal that a 

functional gastrointestinal tract is vital for the digestion and absorption of nutrients required for 

the hen's maintenance and growth (Nkukwana et al., 2015).  A healthy gut will ensure optimal  



104 

layer hen production.  The surface area of the intestinal lining (mucosa) have finger-like 

projections called villi, which in the avian gut exist throughout the length of the small and large 

intestines.  Factors, such as diet were found to influence the morphology of the intestinal villi 

(Ghazanfari et al., 2013).  From a morphological standpoint, the length of intestinal villi and 

crypt depth (CD) are symbolic of the nutrient digestion and absorptive capacity of the intestine 

(Van Leeuwen et al., 2004). 

 No studies have been conducted to determine how the combination of whole flaxseed and  

carbohydrase enzymes affect gastrointestinal morphology laying hens.  The objective of 

Experiment 3 was to evaluate the effect of a (high, low) carbohydrase enzyme mixture in a diet 

with whole flaxseed relative to a control corn-soybean meal diet on foregut morphology in layer 

hens. 

9.2 Materials and Methods 

9.2.1 Hens and Dietary Treatments 

A total of seventy-two (51 week old) brown layer hens were obtained from the OSU 

Poultry Farm.  The hens were kept in laying cages (one hen per cage) (18 in × 21 in × 23 in) 

(width × length × height) and randomly assigned to one of the four diets (six replicates with 3 

hens per each replicate).  The four experimental diets were formulated according to standard 

specifications for brown layer hens.  
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o Control (corn soybean based commercial diet) 
o Diet 1- corn-soybean basal diet plus 10% flax 
o Diet 2-corn-soybean basal diet plus 10% flax with 0.05%  level of enzyme 
o Diet 3-corn-soybean basal diet plus 10% flax with 0.1% level of enzyme  

Throughout the feeding trial, birds were allowed free access to water and feed.  The experimental 

diets were fed for a period of four months.  Diets were formulated to be isonitrogenous and 

isocaloric.  The hens were housed under standard conditions of temperature, humidity, and 

ventilation.  All protocols were approved by Oregon State University’s Institutional Animal Care 

and Use Committee to ensure adherence to Animal Care Guidelines.  Diets were mixed at the 

Oregon State University Poultry Center.  Composition and nutrient analysis for the diets are 

shown in Table 8.  The enzyme mixture used in diets two and three was Omegazyme (Canadian 

Bio-Systems, Calgary).  The composition of the enzyme mixture is shown in Table 9.  

 9.2.2 Sample Collection  

 At the end of the four month feeding trail, six hens per treatment (24 total) were 

randomly selected, weighed then euthanized with CO2 gas inhalation.  The gastrointestinal tract 

(GIT) was separated into duodenum (gizzard to end of duodenal loop) and jejunum (end of 

duodenal loop to Meckel’s diverticulum).  One-to two-centimeter samples taken from the middle 

of the duodenal loop and jejunum from each bird and were placed in neutral buffered formalin 

vials.  
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 9.2.3 Gastrointestinal Morphology Sample Preparation 

 Duodenum and jejunum samples were fixed in neutral-buffered formalin and embedded 

in paraffin.  Sections were cut from each block and stained with hematoxylin and eosin (Oregon 

State University Veterinary Pathology Laboratory).  Gastrointestinal morphology was evaluated 

by examination with light microscopy using LAS X software (version 1.1.0.12420; Leica 

Microsystems GmbH) running on a Leica digital microscope model DMI 6000B.  Slides were 

viewed in normal planar light using 5x objective magnification.  Multiple measurements of villi 

height (VH), villi width at the midpoint (VW), and crypt depth (CD) were made on each jejunum 

and duodenum sample.  The VH:CD ratio was calculated.  Gastrointestinal morphometric data 

from individual birds were pooled for each dietary treatment.  

 9.2.4 Statistical Analyses  

 The effects of the dietary treatments on gastrointestinal morphology was analyzed by 

one-way ANOVA using SAS (version 9.2).  Significant differences between treatment means 

were analyzed by Tukey’s HSD test when p < 0.05 (Steel and Torrie, 1980).  For 0.05 < p < 0.10, 

results are discussed if means suggested a trend.  Computations were done using the General 

Linear Models procedure of SAS.  Least square means and pooled SEM are reported.   
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9.3 Results

Results of the morphometric analysis of the duodenum and jejunum samples are shown in 

Table 18.  In the duodenum, flaxseed and enzyme supplementation led to a significant increase in 

villi height (P=<0.0001).  Villi width was also significantly higher in hens fed Diets 1, 2, and 3 

(P=<0.0001).  However, the addition of flaxseed and enzyme led to a trend with Diet 3 having 

the lowest crypt depth (p= 0.066) in the duodenum.  Diet 1 and Diet 3 revealed a significant 

increase in the villi height:crypt depth ratio (P=<0.0001). 

 In the jejunum, flaxseed and enzyme supplementation also led to a significant increase in 

villi height (P<0.0001).  In addition, hens fed Diets 2 and Diet 3 displayed a significant increase 

in villi width (<0.0001).  Crypt depth and villi height:crypt depth ratio showed no significant 

difference among the four dietary treatments.  VH:CD was lowest in Control (P<0.0001). 
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Table 18.  Effect of feeding whole flaxseed with carbohydrase enzyme on gastrointestinal 
morphology in layer hens.  

Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) or 
Diet 1 + 0.1% carbohydrase enzyme (Diet 3).  The control diet was a commercial diet containing 
wheat middlings, ground corn, ground barley, and corn distillers grain with 16% CP.  

a-c Means for bars for each diet with no common superscript differ when p < 0.05; n=18.  Six 
hens was randomly selected from each dietary treatment for sample collection.  

VH, villi height; VW, villi width; CD, crypt depth; VH:CD, villi height:crypt depth ratio. 

Dietary Treatments1 P-values

Villi 
Morph. (mm)

Control Diet 1 Diet 2 Diet 3 Pooled 
SEM

Diet Effect of 
Flax 

Effect 
of 

Enzyme

Effect of 
Enzyme 
Level

Duodenum

VH 873.8b 1194.1a 1195.3a 1104.7a 32.09 <0.0001 <0.0001 0.267 0.049

VW 86.4b 120.7a 106.9a 112.1a 5.01 <0.0001 <0.0001 0.073 0.475

CD 173.3a 167.2ab 156.6ab 145.2b 7.86 0.066 0.061 0.096 0.307

VH:CD 5.24b 7.27a 5.19b 6.94a 0.29 <0.0001 0.0003 0.001 <0.0001

Jejunum

VH 899.9b 1179.4a 1148.9a 1153.3a 25.18 <0.0001 <0.0001 0.361 0.901

VW 96.6c 123.9b 131.7ab 135.2a 3.61 <0.0001 <0.0001 0.034 0.495

CD 166.1 173.3 157.6 161.4 5.70 0.250 0.760 0.053 0.636

VH:CD 5.55 6.86 7.35 7.27 0.22 <0.0001 <0.0001 0.089 0.808
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9.4 Discussion  

 Flaxseed and enzyme supplementation influenced duodenum and jejunum morphology 

consistently.  Villi height in both the duodenum and jejunum significantly increased with the 

addition of flaxseed plus carbohydrase enzyme.  Apperson et al. (2016) also observed an increase 

in duodenum villi height in birds fed flaxseed with enzyme supplementation.  In addition, a large 

increase in villi height and villi width was noted in the jejunum of birds fed flaxseed with 

enzyme supplementation.  Lipid digestion in chickens occurs in the jejunum and upper ileum 

(Tancharoenrat et al., 2014).  Addition of enzyme resulted in increases in villi height, width, and 

VH:CD in the jejunum at both enzyme levels, suggesting that carbohydrase enzymes added to 

flax-based diets reduced the effect of NSP of whole flaxseed in layer hens.  The utilization of FA 

and other nutrients in flaxseed appears to be associated with significant increases in villi surface 

area, ultimately leading to alterations in tissue lipid profiles as observed in this thesis.  

9.5 Conclusion 

 It is concluded that the combination of whole flaxseed plus carbohydrase enzymes leads 

to the degradation of NSP in flaxseed and increases the availability of ALA and other nutrients.  

There is evidence that enzyme supplementation and high levels of ALA produce large changes in 

gut morphology, increasing jejunum villi surface area.  These studies confirm that the use of  
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carbohydrase enzymes can result in degradation of NSP in whole flaxseed and increase 

availability of ALA and other nutrients to layer hens without hindering production performance.  

Other factors such as the effect of NSP on hind-gut microbes and their effect on gut morphology 

is not ruled out 
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10 General Discussion 

The studies within this thesis provide evidence that poultry eggs may serve as a potential 

source of n-3 FA.  In poultry diets, the addition of flaxseed and carbohydrase enzyme are viable 

dietary options for increasing n-3 FA sources for n-3 PUFA synthesis and egg enrichment.  The 

current studies demonstrate that flaxseed and carbohydrase enzyme do not affect hen production 

performance characteristics in laying hens.   

A diet supplemented with flaxseed and carbohydrase enzymes did not decrease egg 

production in hens receiving Diet 1 and Diet 2, however egg production did begin to decrease as 

the level of enzyme was increased.  These findings suggest that hens benefit the most from a low 

level of enzyme (Diet 2) as compared to a high level of enzyme (Diet 3).  Both the egg quality 

during feeding period and during storage revealed that egg weight and yolk weight were 

significantly higher in hens fed Diet 2 and Diet 3, thus providing evidence that the addition of 

enzyme increased digestibility by degrading NSP leading to increased nutrient utilization by the 

hen.  Albumen pH of stored eggs were significantly higher in hens consuming Diet 3, while yolk 

pH showed a trend for hen also consuming Diet 3.  These results are not surprising since storage 

has been known to modify some characteristics of the egg including loss of water, carbon 

dioxide and a subsequent increase in the pH of the albumen which ultimately reduces egg 

equality. 
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 As for egg and liver fatty acids, eggs from hens fed Diet 3 showed a significant increase 

in ALA relative to the other dietary treatments.  Therefore, the addition of carbohydrase enzyme 

in poultry diets containing whole flaxseed results in the availability of more ALA to the hens by 

degrading insoluble NSP and thus increasing the availability of ALA to the hens.  The liver tissue 

of hens receiving Diet 1 and Diet 2 revealed significantly higher total lipids, which suggests that 

the addition of flaxseed and carbohydrase enzyme altered lipid metabolism in layer hens, thus 

resulting in increased lipid synthesis and reduced lipid oxidation.  Similarly, the results from the 

TBARS assay indicated that Diet 3 had significantly higher TBARS as compared to the other 

dietary treatments.  This suggests that flaxseed and enzyme supplementation increases n-3 FA 

promoting lipid oxidation within the egg.  In summary, the results propose enzyme 

supplementation increases the availability of ALA, but also altered lipid metabolism in a way to 

enhance lipid oxidation and FA synthesis.

Lastly, flaxseed and enzyme supplementation favorably influenced duodenum and 

jejunum morphology characteristics.  Villi height in both the duodenum and jejunum 

significantly increased with the addition of flaxseed and carbohydrase enzyme.  Addition of 

enzyme resulted in increases in villi width, and crypt depth in the jejunum at both flax or enzyme 

levels, suggesting that carbohydrase enzymes added to flax-based diets reduced the effect of NSP 

of whole flaxseed in layer hens.  NSP in the hind-gut is acted upon microbes to form SCFA.  It is 

not known if SCFA have any effect on modulating gut morphology.  This may deserve future 

studies. 
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Even though the results from this thesis has greatly expanded the knowledge of poultry 

nutrition and the role of dietary FA, there are many more future studies that need to be conducted 

to better explain the role of dietary n-3 FA on layer hen metabolism.  One thing to keep in mind 

is the environmental differences between commercial layer production and scientific layer trials. 

The hens housed in this these experiments were housed in cages in a relatively sterile 

environment, which differs greatly from commercial layer production.  The purpose of this thesis 

was to evaluate the effect of whole flaxseed and a (high, low) carbohydrase enzyme mixture on 

n-3 FA of layer hens, relative to standard production purposes.
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11 Conclusion

11.1     Cost of Enriching Poultry Eggs with n-3 FA

The experiments in this thesis confirm that the use of carbohydrase enzymes can result in 

degradation of NSP in whole flaxseed and increase availability of ALA and other nutrients to 

layer hens without hindering production performance.  However, is it economically feasible to 

enrich poultry eggs using whole flaxseed and a carbohydrase enzyme supplement?  The hens in 

Experiment 1 consumed between 120 to 130 grams of feed per day and consumed between 12-13 

grams/hen/day of whole flaxseed at the 10% level.  Although cost will depend on factors such as 

geographic location, the average cost of a 50 pound bag of feed-grade whole flaxseed is 

approximately $35.  Therefore, the total cost of whole flaxseed per hen during a four month (120 

days) feeding trial would be approximately $2.25 for 10% flax level.  The cost will be partially 

offset by a decrease corn and soybean meal required when whole flaxseed is added to the diet.  In 

summary, for less than $2.25 per hen, 10% whole flaxseed can be added to layer diets as a source 

of n-3 FA for enrichment of eggs. 

   The enzyme mixture costs approximately $1/100 grams.  The enzyme was applied at 

0.05% and 0.1% of the diet.  The total enzyme consumed per hen during a four month feeding 

trial is 0.04 grams for 0.05% and 0.07 grams for 0.1% of the diet.  The total cost of the enzyme 

mixture per hen would range between $0.05 to $0.07. 

   If the average hen lays 87 eggs during a four month period (260 eggs a year), then the 

additional cost for a dozen eggs for flaxseed and enzyme would be $0.35 or less.  Consumer 

acceptance of enriched poultry eggs depends greatly on advertising and education.  Since  
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Western diets have historically been deficient in n-3 FA, consumers have become more aware of 

the benefits of adequate n-3 FA in their diets.  Eggs enriched in n-3 FA are now a common 

product sold in grocery stores.  The price for enriched eggs are more than $3 higher per dozen 

than regular eggs.  With all of the health benefits associated with n-3 FA, it is reasonable to 

assume that consumers would accept paying for a slightly higher price. 

11.2    Enriched Eggs 

Today in the US, the average daily consumption of n-3 FA is approximately 1.6 grams per 

day, and a small amount of this (100-200 mg/day) is EPA and DHA (Arab-Tehrany et a., 2012).  

The World Health Organization recommends consumers to increase their daily intake of EPA and 

DHA to 300-500 mg per day.  Poultry eggs are an easily accessible and affordable source that 

can increase dietary LC n-3 PUFA.

The purpose of this study was to determine the effect of feeding whole flaxseed with 

carbohydrase enzyme on hen production, egg quality (during feeding period and storage period),  

gut morphology, and hepatic lipid characteristics.  Therefore, to conclude this study, how many 

mg of n-3 FA would a typical egg from this study deliver to a consumer.

Using FA, total and yolk weight from all dietary treatments of Experiments 1 and 2, the mg of 

FA per egg are shown in Table 19.  A daily recommended intake target of 300 mg of EPA + DHA 

per day will be used.  The eggs from hens fed the Control would only deliver 53.8 mg of EPA + 

DHA per egg, 18% of the recommended daily intake.  Eggs from hens receiving Diet 1 delivered 

92.1 mg of EPA + DHA, 31% of the recommended daily intake.  Lastly, eggs from hens 
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consuming Diet 2 and Diet 3 delivered between 99-100 mg of EPA + DHA, 33% of 

recommended daily intake.  Total n-3 FA from Diet 1, 2 and 3 are 197, 219, and 256 respectively.        

Therefore, a consumer could reach the recommended daily intake of EPA and DHA by 

consuming three enriched eggs per day.

The comparison between the four dietary treatments highlights the efficacy of the 

carbohydrase mixture when used with whole flaxseed.  Based on the experimental results, 

enzymes degrade insoluble NSP in flaxseed cell walls and increase the availability of ALA and 

other nutrients.  The increase n-3 FA suppresses n-6 metabolism and enhances n-3 FA 

metabolism, thus redirecting ALA to other metabolic fates.  When flaxseed is used without 

enzyme supplementation, an increase in total n-3 FA and LC n-3 PUFA can still be achieved, but 

the level would not be as high as it would be if an enzyme mixture were used.  These studies 

confirm that the use of carbohydrase enzymes greatly benefits layer hens without hindering hen 

production performance, feed consumption, egg quality, FA composition, and gut morphology.
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Table 19.  n-3 FA in egg yolk from the Experiment 1 and 2. Table shows mg of FA per egg.

1Corn-soybean based diet plus 10% flax (Diet 1), Diet 1 +0.05% carbohydrase enzyme (Diet 2) 
or Diet 1 + 0.1% carbohydrase enzyme (Diet 3).  The control diet was a commercial diet 
containing wheat middlings, ground corn, ground barley, and corn distillers grain with 16% CP.

Values in parentheses are percent of recommended daily intake of 300 mg/day of EPA + DHA.

Dietary Treatments1 

FA Control Diet 1 Diet 2 Diet 3

LA (18:2 n-6) 807.3 594.5 609.7 676.5

ALA (18:3 n-3) 27.6 87.6 97.8 137.4

EPA (20:5 n-3) 0.0 3.6 1.4 1.4

DHA (22:6 n-3) 53.8 88.5 97.8 98.2

EPA + DHA 53.8 (18%) 92.1 (31)% 99.2 (33%) 99.6 (33%)

Total n-3 FA 95.0 197.1 219.0 256.3
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