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CHAPTER 1
GENERAL INTRODUCTION

In South Africa, cardiovascular disease (CVD) ckhthe lives of 195 people every day in
the seven year period between 1997 and 2004 (S£86y). Although coronary heart
disease could be genetically inherited, 80% ohedirt diseases can be avoided by choosing a
healthier lifestyle through improving fithness aslives a change in diet. Within South Africa,
it is suggested that one out of five children (20%¥tunted while one out of ten children
(10%) is malnourished. In contrast, as indicabbthe severe diversity in spendable income
on food, one out of ten (10%) children in Southiédris obese (DBSA, 2008). Since both
these conditions (malnutrition as well as obeditgye some relation to dietary choice and
food availability, a number of people in South A&ihave a high risk to suffer from some
form of cardiovascular malfunction later in life eluo obesity, while others face the
consequences related to malnourishment, which dedupoor growth and development as

well as a weakened immune system.

The relationship between cholesterol and CVD idl weebwn and one of the main reasons
why health practitioners advise patients to try amdid food with high levels of cholesterol
and/or saturated fats. However, various authoesKanish & Noble, 1997; McNamara,
2000; Simopoulos, 2000) illustrated that CVD isheatrelated to the fatty acid composition
of the specific food source, rather than to theletterol content itself. Consumption of the
correct ratio of omega-6 to omega-3 (n-6 / n-3}yfatcids and the presence of sufficient
essential fatty acids (EFAs) could reduce the oskardiovascular disease in humans (Ros,
2008; Lecerf, 2009; Keefer, 2011). FurthermoresrBaciogluet al. (2003) confirmed that
both saturated fatty acids (SFAs) danahs-fatty acids cause negative effects on human health
and concluded that polyunsaturated fatty acids @4)Fave a positive effect on human
health as related to a decrease in coronary hesgases. Essential fatty acids are classified
as long chain PUFAs that can only be supplied tjinodietary consumption while some of

the most commonly known EFAs atdinolenic, linoleic and arachidonic acid.

Omega-3 (n-3) fatty acids received a lot of attamtin recent years due to its properties
associated with reducing the incidence and riskaofliovascular disease as well as reducing
blood pressure (Simopoulos, 1999; Lecerf, 2009hesE fatty acids are also important for



normal growth as well as the development of braith @ervous tissues in foetuses and infants
(Kirubakararet al., 2011). Omega-3 fatty acids assist in reducingd platelet aggregation,
decrease oxidative radicals and increase the ctmatien of high density lipoproteins (HDL)
which are responsible for removing cholesterol kvaering triglyceride content in plasma
(Lecerf, 2009). People suffering from obesity areisk of being insulin resistant, while high
insulin levels interfere with the breakdown of aaigdrates which leads to the storage of
excess carbohydrates as fat in the storage depgoteeobody. Insulin resistance can
effectively be reduced through an increased dietaByfatty acids intake, thereby lowering
the insulin levels and increase the utilisationcafories more effectively. Keefer (2011)
reported that elevated levels of n-3 fatty acidthim bloodstream of obese people resulted in

a decreased food consumption with a consequenttiedun calorie intake.

Diets of most people in the developed western warkdl very high in omega-6 (n-6) fatty
acids with n-6 / n-3 ratios ranging between 20ahtl 30 / 1, which is directly related to food
production and -preparation methods (Simopoulo8919 Intensifying production systems
on a large scale has led to feeding animals prewamtly maize and soybean meal based
diets, which have high concentrations of n-6 faityds. The consequence of this practise is
the production of meat, milk and eggs, which aghér in n-6 and lower in n-3 fatty acids
(Simopoulos, 1999). Lipid inclusion in poultry tBas a common technique used to increase
the energy density and reduce dustiness of the dikile supplying the animal with EFAs.
Various authors (Caston & Leeson, 1990; Jietreg., 1991;Scheideler & Froning, 1996; and
Cachaldoraet al. 2008) illustrated that supplementary lipid sosrseich as olive-, fish-,
flaxseed- linseed-, soybean oil, lard, tallow ardirpoil (varying in lipid saturation from
highly unsaturated to highly saturated) could bedusgery effectively to enrich eggs with
specific fatty acids in concurrence with the digtdatty acid profile. Since these
supplemental lipid sources differ in terms of thiitty acid profile, the fatty acid methyl
esters (FAME) of eggs are altered in a similar neann The Food and Agricultural
Organization (FAO, 2010) of the United Nations maooend that the daily dietary intake of
n-3 fatty acids should contribute between 0.5 afi®a2of an adult's daily dietary energy
consumption and between 5 to 9% for n-6 fatty aci8sce most human food sources are
high in saturated and/or polyunsaturated n-6 fatigs, the dietary consumption of n-3 fatty
acids by humans is very limited, especially in gliet lower income groups due to the cost of
n-3 enriched food products. The enrichment of eggs n-3 and n-6 fatty acids by means of

dietary intervention is one of the alternativesrnicrease the consumption of these EFA as a
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valuable protein supplement to an unbalanced hudiein These “enriched” eggs could
contribute approximately 368 mg n-3 / 60 g egg @@ mg n-6 / 60 gram egg, depending on
the lipid type and inclusion levels used during thanipulation of the dietary fatty acid
profile (Yannakopoulost al., 2005). The consumption of these “enriched” eggsild
contribute to about 30% of the daily recommendestadly allowance for n-3 products of
adults (Food & Nutrition Board, 2002). Additiongllsupplying eggs enriched with these
EFA as part of their daily diets to those indivittuat risk of malnutrition or obesity could

contribute significantly in the prevention of ntihal disorders.

Lately, another point of focus has been the infbgerof the Mediterranean diet on the
occurrence and prevention of CVD. The Mediterrangiat is generally known as a high fat
diet due to the customary inclusion of olive oidamhole nuts in human diets (Ros, 2008).
As a result, these diets are rich in monounsatdrégtty acids (MUFAS) which help with
reducing the risk related to CVD (Estruat al., 2006; Ros, 2008; Lecerf, 2009).
Monounsaturated fatty acids have the ability todowhe total- and low density lipoprotein
(LDL) cholesterol levels while decreasing the plastmglyceride levels and increasing the
HDL cholesterol levels, which is one of the majoeans in decreasing the CVD risk (Kris-
Etherton, 1999). This specific properties of MURAve resulted that these fatty acids are

considered as the “new important” group of omeda-9) fatty acids for humans.

Considering the beneficial effects of supplementayger diets with supplemental lipids for
fatty acid enrichment, one needs to be aware ofdnéounding documented results. Several
authors (Baucellgt al., 2000; Ansariet al., 2006; Turgutet al., 2006; Cachaldorat al.,
2008) are in agreement regarding the alteratioagof yolk FAME according to the dietary
fatty acid profile. However, they differ in theapinion regarding the effect of dietary fatty
acid profile on specific egg components. Groleasal. (1999b) concluded that lipid
supplementation of layer diets resulted in heaegys and an increase in egg production,
while other authors (Yannakopoulesal., 1999; Huthail & Al-Yousef, 2010) reported that
the usage of lipid sources for the alteration ddtaty fatty acids had no effect on egg
production or egg weight. A major concern assedatith the feeding of long chain PUFAs
in layer diets is the susceptibility of eggs tadipxidation and subsequent lower consumer
acceptability due to a possible decrease in orggtiol properties (Hayat & Cherian, 2010).
It further seems that lipid stability of n-3 enretheggs are not only associated with the usage

of fish oil, but that other vegetable oils suchflagseed-, linseed- and rapeseed oil may also

3



cause a decrease in the lipid oxidative stabilityeggs (Cheriaret al., 2007; Hayat &
Cherian, 2010; Dunn-Hurrocket al., 2011). However, it seems that the decrease in
organoleptic properties of “enriched” eggs is marwnfined to the usage of marine type n-3
lipid sources (Yannakopoulag al., 2005) and that lipid oxidation of egg yolk fatgids

enriched with n-6 and n-9 occurs at a slower rate.

The current study was conducted in an attempt pyore scientific knowledge regarding the
effects of dietary lipid saturation on nutrient esgbility, production efficiency of laying
hens and egg quality characteristics associatell ehiinges in the FAMEs of eggs. Since
most documented studies focussed on the effedtfefent lipid sources and inclusion levels
on egg production and egg quality characteristigsr oelatively short periods of time, the
current study will focus on the degree of dietaigidl saturation, ranging from highly
unsaturated to highly saturated diets over a lopgend of time. Fatty acids that contain no
carbon-carbon double bonds are commonly known @s(SfDonaldet al., 2002). On the
other hand fatty acids with one double bond arenknas MUFAs and those with two or
more double bonds as PUFAs (McKee & McKee, 200Burthermore, McDonaldt al.
(2002) mentioned that unsaturated fatty acids (J#es grouped into families based on their
specific oleic (C18:1; n-9), linoleic (C18:2; n-&hd/ora-linolenic (C18:3; n-3) precursors.
These families are also called omega-9, omega-6oareha-3, referring to the positions of
the double bonds nearest to the carbon atom ifatheacid. During the present study, the
inclusion of different lipid saturation sourcestire diets was used to obtain different levels
of dietary lipid saturation. To address the foamsas of this study, the aims of the study

were as follow:

» Firstly, in Chapter 3 the effect of dietary lipidtaration on nutrient digestibility of
layer diets was investigated.

* Secondly, in Chapter 4 the effect of dietary lipghturation on production
performance of laying hens during peak producti?d {0 40 weeks of age) was
evaluated.

» Lastly, in Chapter 5 the effect of lipid saturation internal egg quality parameters,
egg yolk FAMEs and -oxidative stability was investied.



This dissertation consists of a general introduc{l@hapter 1), a literature review (Chapter
2), three separate chapters of the conducted expets (Chapters 3 — 5) and finishes with
the general conclusions of the complete disserntaiithapter 6). Although great care has

been taken to avoid unnecessary repetition, sompkcdtion is inevitable.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Eggs are nutritionally one of the most completedfsources for human consumption, yet the
egg industry is being put under severe pressursnfBeiogluet al., 2003) mainly due to the
controversy regarding the cholesterol content ajseg Human health issues continue to
receive undue adverse publicity, although more ntigeeven medical professionals have
guestioned these views. There is little doubt thanhan diets high in saturated fatty acids
(SFAs) are harmful in terms of accentuating artalierotic type conditions in susceptible
individuals, although the role of cholesterol insthssue has not been fully resolved.
Regardless of absolute cholesterol levels, the sputied fact is that eggs do contain
cholesterol, provoking nutritional concerns in mafuent markets where food alternatives
are available. It is interesting to note that elstérol is rarely an issue in developing
countries that are striving to meet human proteeds and where laying hens provides one
of the most efficient means in converting feed sesy unsuited for human consumption, into
one of the most balanced food protein sources kntmvmankind (Leeson & Summers,
1997).

In general, the public have become concerned abwmatrelationship between dietary
cholesterol and the development of coronary he@seade during the past few years
(Basmaciogluet al., 2003), raising questions regarding egg consunpind its favourable
and/or unfavourable health effects. However, dyefat type and fatty acid profile of fat
consumed seem to be more important than the quanititholesterol consumed (Leskanich
& Noble, 1997; Simopoulos, 2000). Basmaciogtual. (2003) confirmed that SFAs and
trans-fatty acids cause negative effects on human hediliih that the consumption of
polyunsaturated fatty acids (PUFAS) has a posiffect on human health as to coronary

heart disease.

The inclusion of lipid sources in layer diets igmally done to increase the energy levels and
palatability thereof, acts as a source of essefdity acids (EFAs) and as carriers of fat-
soluble vitamins and their precursors within thelyoo However, lipids also act as energy

storage in the form of a fat-pad within the bodgtpply energy during starvation (Mane#l



al., 2004) although it is considered that commeieager hens would probably never have to
utilize this energy resource. Jiadpal. (1991) indicated that the correct utilizationlipid
sources in layer diets could aid in reducing thelesterogenic effect of eggs by altering the
fatty acid composition and incorporating more omaga-3) and -6 (n-6) type fatty acids
into the egg yolk

The aim of this literature review is to evaluateitable documented reports regarding the
usage of different supplementary lipid sources usedthe manipulation of dietary lipid
saturation levels and the consequent effects of ghactise on egg production and -quality

characteristics.

2.2  Digestion of lipidsin poultry

Since fats are insoluble in water, any factors thatease the miscibility of fat with water
will facilitate fat digestion (Bondi, 1987). Pamatic juicecontains the enzymes trypsin,
pancreatic amylase, pancreatic lipase, cholestestd¢rase and maltaseThe lipase
enzyme is important in the sequential digestiotipls since an occluded pancreatic duct
resulted in the excretion of undigested dietaryrfahe faeces (Perry, 1984) and a consequent
dietary energy loss. Additionallyhe liver produces yellowish-green alkaline bileiath
aid in the digestion of fats and fatty acids bypiad the actionsof lipase enzyme
(Gillespie, 2002) and assists in neutralising tbielia chyme coming from the gizzard into
the small intestine (Bondi, 1987; Taylor & Field)@). Bile salts are synthesised from
cholesterol by the hepatocytes in the liver and cangugated with amino acids taurine or
glycine, which increases the miscibility of fat @akley, 2000). Pancreatic lipase act at an
oil-water interface created through the emulsifaratof lipids with bile salts. The lipase
breaks down triglyceride into fatty acids, monogigdes and glycerol while cholesterol
esterase hydrolyses cholesterol fatty acid est#osaholesterol and free fatty acids (FFA).
Leeson and Summer (2001) indicated that short cladiy acids and glycerol are absorbed
into the portal system while FFAs, monoglyceridad aholesterol are emulsified with bile
salt, producing micelles and are solubilised in #tpieous phase of the intestinal tract
(Larbier & Leclerq, 1994).

2.3  Absorption of lipids
Lipids are mainly absorbed from the gastro intedtinact (GIT) in the jejunum area, but

some fatty acid absorption does occur in the duatheand the ileum as well. This could be
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as a result of the anti-peristaltic movements foumthe small intestine of poultry. Different
end products of fat digestion, such as monoglyestiglycerol, iso-lecithin, cholesterol and
FFAs are organised with bile salts in a mixed niécédrm (Mandalet al., 2004). Drackley
(2000) indicated that the formation of these mixeidelles is necessary to move the non-
polar lipids across the unstirred water layer pnese the surface of the villi. The mixed
micelle then travels to the villi brush border wiadrerupts (Mandadt al., 2004). All of the
contents except the bile acids are absorbed irtontiestinal epithelium while bile salts are
not absorbed until they reach the terminal ileumra@RIley, 2000).

In the intestinal epithelium, the 2-monoglycerides-lecithin, FFAs and cholesterol are
further converted to triglycerides, phospholipidsl a&holesterol esters, which are organised
and encapsulated by a thin layer of protein cghledomicron, for absorption into the blood.
These portomicrons are carried to the liver whéey tare further converted into very low
density lipoproteins (VLDL). Free fatty acids catg of a short chain lengths and glycerol
are absorbed directly into the blood (Mandgahkl., 2004) without the aid of bile salts or

micelle formation.

Mandal et al. (2004) indicated that as a blood glucose souglyeerol plays an important
role under starvation conditions as well as dutihmgusage of carbohydrate free diets. Under
these conditions, fatty acids are utilised for ggepurposes through a series of chemical
reactions called beta-oxidatiofi-¢xidation). Acetyl-CoA is produced as a resulttbé
oxidation and is utilised as an energy source dutte synthesis of fatty acids. Cholesterol

is actively synthesised from acetyl-CoA in inteatioells (Drackley, 2000).

24  Fatty acid transport in the body

Once fatty acids have been absorbed from the G#y tieed to be transported to other parts
of the body. Drackley (2000) reported that thengportation of fatty acids requires that
highly non-polar lipids are packaged in such a mearthat they are stable in the aqueous
environment. Lipoproteins containing a high pragor of triglyceride (> 70%) are firstly
synthesised by the intestine to transport dietatyyfacids to the rest of the body and
secondly by the liver to transport triglycerideghe extra-hepatic tissues (Griffin & Hermier,
1988). The resulting lipoprotein that is produeéthin the intestine is classified as VLDL
(Drackley, 2000), also referred to as portomicroes)phasising their entry into the

bloodstream. These portomicrons are secretedtigineto the portal system, because the
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lymphatic system is not fully developed in the foWwlhe uptake of portomicrons by the liver
is very slow and most protomicrons secreted inpbrtal system pass straight through the

liver to the extra-hepatic tissues (Griffin & Helemni 1988).

Lipids, with the exception of FFAs, which are boutw serum albumin, circulate as
compounds of large lipoprotein particles. Lipopis consist of non-polar lipids,
principally triglycerides and cholesterol estersithwphospholipids and cholesterol and
specific apoproteins at the lipid/plasma interféGeiffin & Hermier, 1988). Groppeet al.
(2005) indicated that lipoproteins are classifiedading to their buoyant density, which is
determined by the ratio of lipids to proteins ahd tifferent proportion of lipid types i.e.
triglycerides, cholesterol, cholesterol esters phdspholipids present. An increase in lipid
content would result in a lower density, with tlosvést to highest density order being; (i)
portomicrons, (i) VLDL, (iii) low density lipoprain (LDL) and lastly (iv) high density
lipoproteins (HDL) (Drackley, 2000). The proteioneponent of lipoproteins, apolipoprotein
(apo), not only stabilises the lipoprotein as itolates in the aqueous environment, but also
bestow specificity on lipoprotein complexes to beagnised by receptors on cell surfaces for
further metabolism. Apolipoproteins also stimulatertain enzymatic reactions which

regulates lipoprotein metabolic activity (Gropeeal., 2005).

In the liver VLDL is produced to facilitate the mrgportation of endogenous triglyceride in
plasma (Drackley, 2000). After secretion from liwer, VLDL acquires apolipoprotein-ClI
(Apo-ClII) from circulating HDL. Once transported tissues, triglyceride contained in the
VLDL needs to be hydrolysed, because only FFAs ass through the tissue membranes
(Leeson & Summers, 2001). Apolipoprotein-Cll aatas lipoprotein lipase (LPL) activity
contained in the endothelial cell walls of the uiss (Sigmaaldrich, 2009). LPL hydrolyses
the lipoprotein triglyceride to fatty acids and giyol, enabling the fatty acid to enter the
surrounding tissues by diffusion as either oxidisedre-esterified. Griffin and Hermier
(1988) reported that LPL was identified in a widage of tissues within chickens such as
adipose tissue as well as muscle, heart and ovaniiiaies. Hepatic VLDL is controlled by
the supply of fatty acids, either from the dié¢ novo lipogenesis in the liver or from other
tissues (Griffin & Hermier, 1988).



25. Lipogenesis

The intestinal lymphatic system is poorly developedowls and lipoproteins are directly
secreted into the portal vein (Hebbar, 2009), tmeking the liver the main site of
lipogenesis (Hood, 1984). The triglycerides préserthe adipose tissue of laying hens is
either synthesised in the liver from carbohydrabesderived from the diet (Griffin &
Hermier, 1988). During egg production, the metabattivity of the liver is increased to
supply lipids to the growing oocytes. Butler (19&uggested that the quantity of lipid
synthesised during the laying period almost eqtiasbody weight of the hen. Adipose
tissue, skin (Hood, 1984) and even the skeletorr @lial., 1988) can make minor

contributions to lipogenesis.

Acetyl-CoA is the building block fode novo synthesis of fatty acids in the liver (Hood,
1984; Drackley, 2000). It may derive from theqXidative de-carboxylation of pyruvate, an
end product of glucose metabolism; from the (igdkdown of exogenous or endogenous
fatty acids or from (iii) catabolised amino acidsainly glucogenic amino acids such as
threonine, alanine and arginine (Miral., 1988). The acetyl-CoA is generated within the
mitochondria whereade novo synthesis occurs in the cytoplasm. Hood (1984icatdd that
since acetyl-CoA does not freely diffuse througle tmitochondrial membrane into the
cytoplasm, it is converted by way of condensatiath wxaloacetate to form citrate, which
can then freely diffuse into the cytoplasm. In thdoplasm, the citrate is cleaved to
oxaloacetate and acetyl CoA by ATP-citrate lyaseking the acetyl-CoA available for
lipogenesis. Acetyl-CoA carboxylase now producesomyl-CoA from the acetyl-CoA,
which is converted to SFAs by means of fatty agigtisetase enzyme action. Malonyl-CoA
is the actual donor of acetyl units needed fordloagation process (Drackley, 2000).

Fatty acid synthetase is a multiple enzyme compteat requires NADPH (Hood, 1984)
generated through metabolism of glucose in thegsenphosphate pathway and in the malic
enzyme reaction (Drackley, 2000) to provide redgaquivalents. Smith (1994) indicated
that this complex consists of two multifunctionallypeptide chains, each containing seven
distinct enzyme activities necessary to elongajmwing fatty acid. Two polypeptide chains
are arranged head-to-tail, resulting in two seasées for synthesis of fatty acids enabling
each enzyme complex to assemble two fatty acidauls&meously. Drackley (2000)

illustrated the overall reaction for the synthegisne molecule of palmitic acid as follow:
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Acetyl-CoA + 7 malonyl-CoA + 14 NADPH + 14'H- palmitic acid + 7 C@+ 8 CoA + 14
NADP" + 6 H,O

The synthesis of fatty acids is regulated by diefactors and hormone levels that control
enzyme synthesis in the hen (Hood, 1984). Ovar@amone secretion at onset of puberty
shows a significant increase in lipid synthesisrmyupreparation for egg production (Butler,

1975). During increased physiological activitytbé ovary towards sexual maturity, which
is an oestrogen driven process, fat accumulatighardiver increases (Hebbar, 2009) in order
to supply the fatty acids needed within the egk.ydubsequently, these specific fatty acids
in egg yolk are needed to supply the developing rgmlwith constant levels of energy

(Hood, 1984) during the incubation process anditeefew hours after hatching.

2.6. Lipids

According to Mandaét al. (2004), lipids are a group of biomolecules whéech insoluble in
water but soluble in common organic solvents suehbanzene, ether, hexane and
chloroform. This group includes fats, oils, phoslghds, waxes, carotenoids, and sterols.
Lipids can act as important structural componesttses of energy, chemical signals as well
as transporters of fat soluble vitamins and pigséktcDonaldet al., 2002). Some of the
common factors that influence the body fat contdrbirds are age, sex, reproductive stage

and nutritional status.

2.6.1 Classification of lipids

Fats and oils are constituents of both plants amohas and are a concentrated source of
energy. The digestible energy values per unit efght of fats and oils are generally much
higher (2.25 times more) than that of glucose ahérocarbohydrate sources (Cheeke, 2005;
Kleyn, 2006). The structure of both constituestgenerally the same but they have different
physical and chemical properties (McDonatdil., 2002) that will determine whether lipids
are solid (fats) or liquid (oils) at room temperatyLeeson & Summers, 2001). Saturation of
lipids determine the melting point thereof i.e.i@d being more unsaturated have a lower
melting point, thus being a determining factor tassification as either an oil or a fat
(Cheeke, 2005).

The saturation level of lipids refers to the presear absence of one or more double bonds in

the fatty acid chain. Fatty acids that containcadbon-carbon double bonds are SFAs and

11



are more commonly found in animals than in plaralmitic acid (C16:0) and stearic acid
(C18:0) are examples of SFAs, which are solid atréemperature (McDonakd al., 2002).
Fatty acids that contain one or more carbon dobbleds are known as unsaturated fatty
acids (UFAs) and are mostly found in plant materiallhe double bonds in UFAs cause
these fatty acids to occur in two isomeric formaely thecis- andtrans- form. In thecis-
isomer, hydrogen atoms are on the same side ofilsl@bond whereas in thieans- form, the
hydrogen atoms appear on opposite sides of theleldadnd. The increased number of
double bonds in UFAs makes them more susceptibiittative attack compared to SFAs.
Fatty acids with one double bond are known as mosawrated fatty acids (MUFAS) and
those with two or more double bonds as PUFAs (McKé&écKee, 2003).

2.6.2 Essential fatty acids

Plants and bacteria have the ability to synthesliseeeded fatty acids by themselves (McKee
& McKee, 2003), but animals cannot synthesise atty facid of which the double bond is
closer than nine carbons from the methyl group ¢Kley, 2002; McDonalct al., 2002).
These PUFAs are essential to animals for normahdtion of cell membranes and as a
source of eicosanoids. Polyunsaturated fatty aardsclassified into two groups of fatty
acids namely; n-3 and n-6, and since animals aablarto synthesise these fatty acids with
double bonds in the n-3 and n-6 positions, theylnede supplied in the diet (McDonadtd
al., 2002). Linoleic acid and-linolenic acid are of critical importance becatisen these
fatty acids longer chain fatty acids, which arehlygunsaturated, such as arachidonic acid
(C20:4; n-6) are able to be synthesised. Duringgdtion and desaturation of fatty acids, the
final double bond is always fixed from the methybugp, hence eicosapentaenoic acid
(C20:5; n-3) and docosahexaenoic acid (C22:6; caBhnot be synthesised from linoleic acid
(C18:2) but only fromu-linolenic acid (C18:3) (Drackley, 2002).

Cherian and Sim (1991) reported that hens fed ékactsa source af-linolenic acid (short
chain PUFA) to increase the n-3 fatty acids lewdlseggs, eicosapentaenoic acid (EPA),
docosapentaenoic acid (C22:5; DPA) and docosaheiaatid (DHA) levels increased
significantly in the egg yolk. These findings algandicated that hens have the ability to
converta-linolenic acid to longer chain n-3 fatty acids adeposit it into the egg in an

efficient manner.
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2.6.3 Rancidity and antioxidants

Rancidity can drastically reduce the nutritionadlueaof feed especially that of the fat and oil
component, causing primarily a major decrease @rggnvalue but also in the availability of
fat soluble vitamins (Kleyn, 2006). Mandalal. (2004) indicated that saturation of fats and
oils plays a considerable role in the effect tlatcrdity has on these feed constituents and
concluded that rancidity can either be categoriaechydrolytic or oxidative. Hydrolytic
rancidity does not influence the nutritional vabfehe constituents and normally refers to the
action of microorganisms on fats and oils, caugimg simple hydrolysis of fat into fatty

acids, diglycerides, monoglycerides and glycerbéeéon & Summers, 2001).

Oxidative rancidity or lipid peroxidation decreask® nutritive value of fats and oils, a
reaction catalysed through the presence of tracenals in the existence of oxygen. At the
site of lipid unsaturation, a hydrogen moleculerésnoved and replaced by an oxygen
molecule, thereby producing a fatty acid peroxiee fradical. An increase in the degree of
lipid unsaturation would consequently result inighler risk for lipid oxidation (Leeson &
Summers, 2001). Once free radicals are formed tév&y to attack other fatty acids, thereby
readily creating an exponential reaction, which banprevented by the supplementation of
dietary antioxidants (McDonal@t al., 2002). Antioxidants can prevent this action by
providing a hydrogen molecule to the free radigabtecting the fatty acid from further
oxidation (Surai & Sparks, 2002). Natural anti@ats that are generally used are different

forms of vitamin A, D and E as well as carotendidseson & Summers, 2001).

2.6.4 Using lipidsin diet formulation for poultry

In general, poultry diets must supply birds witleithspecific protein, energy, mineral and
vitamin requirements to allow optimum productionThe determining factor of feed

consumption and the efficiency of utilization ofchua diet is the energy density thereof
(McDonaldet al., 2002). Laying hens consume feed accordingeo #nergy requirements

toward maintenance and egg production. Althoughptactise of lipid supplementation in
layer diets is not as common as that in broiletsgithe usage of supplementary dietary lipid
sources improve the efficiency of feed utilisatiand energy supply in all poultry species
(Leeson & Summers, 2001; McDonaddal., 2002; Kleyn, 2006).

Supplying diets with fats and oils have the bernaifieffect of supplying EFAs which cannot

be synthesised in the body itself. Vegetable aadma oils are normally preferred over fats
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because of their UFA content (Palmquist, 2002).ttyFacids supplied by the diet are an
invaluable source of fatty acids to yolk lipids.urthermore, fats and oils also supply fat
soluble vitamins, of which vitamin E is the mostpontant. Additionally, a direct effect on
the feed manufacturing and handling process ofl Iguapplemented diets is a decrease in
dustiness and a consequent increase in the paigtabereof (Leeson & Summers, 2001,
Mandalet al., 2004).

The energy value of fats and oils being used idtpodiets vary according to their saturation
level, the absorbability from the GIT, FFA contaation and intrinsic animal characteristics.
An increase in the UFA content of lipid sourcesulssin a higher energy value thereof
(Leeson & Summers, 2001; Kleyn, 2006). Medium gHatty acids present in coconut oil
have a considerable lower energy value than thdorajer chain fatty acids due to their
metabolic pathways (Gurr, 1984). Synergism eistsveen SFAs and UFAs when fed as a
blend in the same diet as both Leeson and Sumrg@éd) and Kleyn (2006) reported that
UFAs increases the energy value of SFAs resulting higher energy value for a blend of
these fatty acids compared to when either fattyl agould be fed individually. This
synergism is caused by the excellent emulsifyingacdies of the UFAs (Ketels & De
Groote, 1989). Taking into account that fatty acate not excreted in the urine, their
metabolisable energy (ME) value is a function & #sorbability of the fatty acids from the
intestine (Leeson & Summer, 2001). Impurities &Rk contamination of the fats and oils
being fed decrease the energy value of these pi®tlusuch an extent that the fatty acids are
not available for absorption in the intestines. e Thost important factor to consider when
supplementing a diet with a fat or oil source is thipe and age of the animals being fed.
This is evident from the fact that younger birdsrt utilise fat as efficiently as older birds
(Kleyn, 2006). To further ensure that the benesitsupplying diets with fats and oils are
maintained, it is of utmost importance that othetrients are balanced according to the
energy density of the diet. In the case whereetiergy density of the diet increases due to
lipid supplementation, while other nutrients is adjusted accordingly, nutrient deficiencies

and/or malnutrition may occur (McDonadtlal., 2002).

2.6.5 Sourcesof fatsand oilsused in poultry diets
Lipid sources commonly used in animal nutritionlie fats and oils rendered from animals
such as, lard, tallow, marine and/or fish oil adlwtat obtained from plants and oilseed

crops such as, sunflower, linseed, soybean, caitah rape seed oil. A short literature
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summary regarding the fatty acid profiles of certipid sources used in layer diets are
presented in Table 2.1, while the fatty acid ratbthese lipid sources are indicated in Table
2.2. Data of both tables clearly indicate diffexes between lipid sources regarding their
degree of saturation. The decision upon the atilin of these lipid sources in layer diets is
mainly determined by the purpose of production, deenand for specific “enriched” egg
products and the financial cost implications of utsage. Fish oil is known for its high
efficiency in depositing EPA and DHA in the end gwot and has been used extensively for
producing eggs and meat enriched with these lomgnah-3 fatty acids. Fish oil contains
increased levels of EPA and DHA in comparisommolenic acid and has a total n-3 fatty
acid content of 30% on average (Tables 2.1 & 2.Blpwever, both source and level of
marine oil influence the type and concentratiorlooiy chain n-3 fatty acid deposition into
egg yolk (Herber-McNeill & Van Elswyk, 1996; GoneatEsquerra & Leeson, 2000;
Cachaldorat al., 2006).

Alternatively, vegetable oils high in n-3 fatty dsi(linseed) could be used to provoke similar
effects on the fatty acid profile of end-produckdowever, due to the use of vegetable oils for
human consumption, it has become uneconomical éahem in animal nutrition. Linseed
oil shows a nutritional enhancement of layer distsupplying high levels (52 - 55%) af

linolenic acid (n-3) as indicated in Table 2.1.

Oliveira et al. (2010) reported that a dietary inclusion of 3.di#tsseed oil resulted in
significantly higher levels of n-3 fatty acids iggyolk as well as a limited incorporation of
EPA and DHA into yolk. Hargis and Van Elswyk (1998so found that birds consuming
either canola or flaxseed experimental diets hanet@eably lower efficiency for converting
a-linolenic acid into EPA and DHA compared to bims fish oil diets. However, the main
reason for this is the fact that vegetable oilthsag linseed, canola and soybean oils contain
different quantities ofi-linolenic acid (n-3), whereas fish oils contaitild a-linolenic acid
acids and more EPA and DHA as demonstrated in Tallle In another report, Hargis and
Van Elswyk (1993) concluded that an important cdesition to account for during the
decision whether to feed fish oil or plant oildayer diets, other than the sensory acceptance
of the end products, are the efficiency and abdityertebrates to convedtlinolenic acid to
long chain fatty acids (i.e. C20 & C22 fatty acids)
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Table2.1

Literature regarding certain of the major fattydamethyl esters (%) of different lipid sources dige poultry diets.

Myristic ~ Palmitic

Stearic Oleic

Linoleic

o-Linolenic

acid acid acid acid acid acid EPA"  DPA® = DHA’
(C14:0) (C16:0) (C18:0)  (C181) (C182) (C18:3) (C20:5) (C22:5) (C22:6)
Linseed oil Crespo & Esteve-Garcia (2002) 0.1 5.9 4.0 18.6 14.7 55.4
Cachaldorat al. (2008) - 55 3.1 19.2 16.8 47.7
Oliveiraet al. (2010) 0.06 4.42 5.3 20.4 14.4 52.7
Sunflower oil Codex (1999) ND-0.2  5-7.6 2765  14.0-39.4 483-74  ND-0.3
Crespo & Esteve-Garcia (2002) 0.1 6.8 4.5 25.6 62.2 0.1
Bozkurtet al. (2008) - 6.4 3.2 22.7 66.4 0.1
Oliveiraet al. (2010) 0.07 6.1 3.6 33.6 54.7 0.2
High oleic sunflower oil - cogex (1999) - 2.6-5 2.9-6.2 75-90.7 2117  ND-0.3
Ortiz et al. (2006) - 4.3 4.3 73 16.3 -
Fish il Cachaldorat al. (2006) 7.4 13.8 1.2 7.7 35 1.8 8.3 0.7 8.2
Cachaldorat al. (2008) - 17.9 5.3 16 1.6 0.6 7.5 1.7 21
O'Fallonet al. (2007) 6.2 134 2.6 8.6 2.0 0.7 12.8 1.3 7.19
Basmacioglu-Malayoglu (2009) 8.9 20.2 4.4 17.1 1.9 2.2 9.9 1.6 17.9
Tallow Codex (1999) 20-6.0 20.0-300 150-30.0 30.0-450 BO- <15
Grobaset al. (2001) 3.59 26.7 20.6 37.7 4.0 2.5
Crespo & Esteve-Garcia (2002) 3.3 27.2 21.4 37.7 4.2 0.5
Bozkurtet al. (2008) 12.7 25.3 8.4 25.7 15.6 4.5

! Eicosapentaenoic acid; Docosapentaenoic acid; Docosahexaenoic acid



Table2.2 Literature regarding the total fatty acid concetibra (%) and ratios of different

lipid sources used in poultry diets.

SFA  MUFA? PUFA*} n-3 n-6 n-6/n3

Linseed oil ((2:582‘)30 & Esteve-Garcia 1 5 189 709 561  14.8 0.26
Cachaldorat al. (2008) 13.8 194 - 47.8 16.8 0.35
Oliveiraet al. (2010) 12.3 20.6 67.1 52.7 14.2 0.27
S'unflower Crespo & Esteve-Garcia 11.7 25 9 62.4 0.1 62.4 672
oil (2002)
Bozkurtet al. (2008) 9.6 - - 0.1 66.4 603
Oliveiraet al. (2010) 11.2 33.7 55.1 0.24 54.7 -
High oleic Ortiz et al. (2006) 10.1 73.2 16.7 - - -
sunflower oil
Fish oil Cachaldorat al. (2006) 22.5 44.3 - 24.6 5.7 0.23
Cachaldorat al. (2008) 28 25.6 - 30.8 4.9 0.16
Basmacioglu-Malayoglu
(2009) 335 25 36.2 33.7 2.5 0.07
Tallow Grobaset al. (2001) 52.0 41.2 6.5 2.5
Crespo & Esteve-Garcia
(2002) 52.6 42.5 4.9 0.5 4.4 8.7
Bozkurtet al. (2008) 47.3 - - 4.7 16.6 3.5

A W N H

Total saturated fatty acids (%).

Total monounsaturated fatty acids (%6).
Total polyunsaturated fatty acids (%).
n-3 to n-6 ratio

2.7. Manipulation of egg fatty acid content

The fatty acid methyl esters (FAME) of egg yolk daminfluenced by the fatty acid profile
of the diet offered to the birds (Gao & CharterQ@D Enriching the diets of laying hens with
a-linolenic acid has been reported to increase tmeentration of the-linolenic acid in the
egg yolk and also, although to a limited extent sighificantly, increased the concentration
of C20 fatty acids (Caston & Leeson, 1990; LeskiagidNoble, 1997; Baucellst al., 2000).
Koutsos (2007) concluded that the FAMEs of eggs lwarenriched between five- to thirty
folds, without any negative effect on egg qualitgl@r production, depending on the type of
fatty acids fed to hens.

The addition of vegetable oil to layer diets desegaP < 0.05) the concentration of oleic
acid in the egg yolk (Mazalkt al., 2004; Oliveiraet al., 2010), which could be due to the
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fact that these fatty acids act as precursors ®fand n-6 fatty acids. Oliveirt al. (2010)
further reported that the concentration of linola@d anda-linolenic acid in egg yolk were
proportional to their levels in the diets, irresipex of the lipid source used. The highest
level of n-3 fatty acids in egg yolk were found fibve linseed treatment, resulting in an
improvement of the omega-6 to omega-3 (n-6 / naBprwhen compared with sunflower-
and soybean oil (linseed oil, 2.09 ¥4 sunflower oil, 23.46 / ¥/s. soybean oil, 11.82 / 1).
Kralic et al. (2008) reported a very favourable n-6 / n-3 rafi@.93 / 1 for a diet containing
fish and linseed oil at a 50 / 50 ratiéarrell (2011) concluded that an important factatt
needs consideration during the enrichment of egtgs nv3 type fatty acids is the n-6 / n-3
ratio since it is regarded that a dietary ratioddf and lower is as appropriate to benefit
human health (Simopoulos, 2006). Wang and Huo(R@lko concluded that dietary n-6 / n-
3 ratio had an impact on the n-3 deposition inethg yolk.

Various authors (Baucellat al., 2000; Cachaldorat al., 2006; Cachaldorat al., 2008)
reported that although the fatty acid profile oé thgg yolk resembled that of the diet,
differences between specific fatty acid concerdretiwas observed. Baucedisal. (2000)
found that birds show a tendency to keep the demfreaturation to monounsaturation (SFA /
MUFA) of the egg yolk fatty acids within narrow ngams. However, Mazallet al. (2004)
and Oliveiraet al. (2010) concluded that the use of dietary lipidrses with different SFA
content resulted in a variation in the SFA profifeegg yolk. When replacing dietary fish oll
with sunflower oil, linseed oil or tallow, Baucebsal. (2000) observed a decreaBe<(0.01)

in the quantity of DHA and EPA in egg yolk. Theyncluded that between 78% and 85% of
these fatty acids (DHA & EPA) present in the egtkyzan be contributed to their proportion
in the diet fed to the birds.

It further seems that the usage of dietary lipidrees in altering the dietary fatty acid profile
also influences the fat content of egg yolk, altfovesults are controversial. Cachaldera
al. (2008) found no effectP(< 0.05) on the total lipid content of the egg yoelikh an
increase in the dietary inclusion of fish oil. dontrast, Cachaldoret al. (2006) reported a
significant @ < 0.05) increase in total yolk fat content if fieslh sources high in EPA and
DHA were used. Conversely, Cherianal. (2007) found that by adding both fish oil and
CLA in combination to the yellow grease, the tdi@aild content of egg yolk was decreasé&d (
< 0.05) by 5.4%.
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2.7.1 Omega-3 enriched eggs

Omega-3 PUFAs is essential for normal growth anceld@ment and play an important role
in the prevention and treatment of coronary heetate (Buret al., 1989), hypertension
(Morris et al., 1994), inflammation and autoimmune disorders (Mei et al., 1997) and
even cancer (Lewiat al., 2000; Simpoulos, 2000). Furthermore n-3 fattiglg are important
to human health in the prevention and managemetypef2 diabetes (Connet al., 1993),
renal disease (Donadiet al., 1994), rheumatoid arthritis (Kremer, 1996) andetétive
colitis (Stensoret al., 1992). It's also found (Kirubakaraet al., 2011) that n-3 fatty acids
plays an important role in the development of braim nervous tissues of foetuses and

infants.

As mentioned before, these fatty acids can be porated into egg yolk by altering the fatty
acid profile of the diet. Commercially producetlleaeggs normally contain a high portion of
n-6 fatty acids but are a poor source of n-3 fattigs (Surai, 2002). Omega-3 fatty acids (
linolenic acid, DHA, EPA) are normally not presémthe egg since the hen’s diet is usually
devoid in them. The main sources of PUFAs foramng poultry eggs are fish oil, flaxseed,
linseed, and marine algae. A major limitation upglying fish oil to enrich the egg content
with long chain n-3 fatty acids is the fishy taemd high susceptibility to lipid oxidation
associated with these fatty acids (Leeson, 1998)wever, the replacement of fish oil with
vegetable oils in diets in an attempt to overcohis brganoleptic problem has been done
with great success. Various authors (Scheideléréning, 1996; Caston & Leeson, 1990;
Ceylanet al., 2004) reported a significant increase in thelewf n-3 fatty acids, especially
a-linolenic acid, in egg yolk of laying hens fed tiecontaining between 1.5% and 15%
flaxseed. Goncuglu and Ergun (2004) reported dietary flaxseed levels up to 10% were
associated with an increase € 0.05) in yolk n-3 fatty acids. Carillo-Dominguet al.
(2005) concluded that the dietary inclusion of @db meal (RCM) also resulted in a
significant increase in n-3 fatty acids of egg ydskit that the inclusion levels (3 & 6%) of
RCM had no effect on thelinolenic acid content of egg yolk. This is maimlscribed to the
fact that RCM is a source of n-3 fatty acids fromrme origin, which is generally lower i3
linolenic fatty acids than plant sources. The Bimwega-3™ egg produced by
Yannakopouloset al. (2005) using a diet supplemented with flaxseedheebal mixture,

vitamin E, selenium, iodine, and folic acid werarid to contain less SFAs and more PUFAs
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compared to the regular eggs. Bio-omega-3™ eggs also found to contain higher levels

of n-3 fatty acids, particularly of the DHA type2@ mg/egg), compared to ordinary eggs (0
mg/egq).

In studying varying ratios of n-6 / n-3 fatty acid®aird et al. (2008) used diets containing
maize oil as n-6 source and flaxseed oil as n-3csou As the inclusion of maize oil
decreased and that of the flaxseed oil increasddolenic acid and DHA increased
incrementally and the dietary ratio of n-6 / n-Zmased. Although they noted the same
response in the n-6 / n-3 ratios of egg yolk, mgmigicant effects on production parameters
could be determined. It is believed that the dietalinolenic acid levels is responsible for
the reduction in the n-6 / n-3 ratios of the egtkybecause:-linolenic acid shares the same
enzymatic pathway whereby arachidonic acid is ssied from linoleic acid (Brenner,
1981) and thereby inhibits the action of the n-6atierase enzyme, reducing the conversion
of linoleic acid to arachidonic acid (Gaepal., 1988).

Chickens have the ability to convertinolenic acid to DHA and to a lesser amount EPA,
given that there is sufficieni-linolenic acid supplied in the hen’s diet. Farr¢2011)
reported that by supplying layer diets with 10%x fleds amounts to approximately 2%
linolenic acid and resulted to an increase of 60§ m3 / 100 g of egg, of which
approximately 30% would be of the EPA and DHA tyakty acids. The capacity to convert
a-linolenic acid to EPA and DHA is limited thoughhigh may be related to the desaturase
enzyme activity responsible for n-3 fatty acid nbelesm (Grobat al., 2001; Cachaldoret

al., 2008).

The benefits ofi-linolenic acid in human health are limited untiey are converted to longer
chain n-3 fatty acids, since these fatty acids (Dat#l EPA) have stronger ties to health
benefits compared to the shorter chain length JEAS (a-linolenic acid) (Farrell, 2000;
Renemaet al., 2010). However, the efficient conversion of saochain n-3 fatty acids to
longer chain n-3 fatty acids is compromised duth&éocompetition between n-3, n-6 and n-9
fatty acids for desaturation and elongation enzy(@sopoulos, 1991) as well as the fact
that high levels of linoleic acid could decrease tate ofo-linolenic acid conversion to EPA
and DHA (Sinclair, 1991).
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2.8 Influences of the chemical manipulation of eggs on production parameters

2.8.1 Egg production

Aymond and Van Elswyk (1995) as well as Angaial. (2006) concluded that although diets
containing up to 15% flaxseed resulted in a deed#3 < 0.05) egg production, an increase
(P < 0.05) in the total UFA content of egg yolk wesxorded. Cachaldor al. (2006)
studied the effect of four dietary inclusion levéls, 30, 45, 60 g/kg) of various fish oil
sources and concluded that hen-day egg producteredsed with an increase in dietary
inclusion level of the respective fish oil sourceb another finding, Cristet al. (2009)
reported that a 5% dietary inclusion of linseedprdduced eggs enriched wittlinolenic
acid and DHA without affecting egg production négay. In support to these findings,
Novak and Scheideler (2001) showed minimal diffeesnP > 0.05) in egg production

between diets of different flaxseed inclusion level

Both Jianget al. (1991) who used a 15% inclusion level of flaxsaad Yannokopoulogt al.
(1999) who used 5 to 15% flaxseed inclusion did fmod any significant effect on egg
production of layers. Wang and Huo (2010) alsoctded that the long-term feeding of
15% flaxseed to layers had no significant effectegg production. The usage of various
lipid sources such as flaxseed (Bean & Leeson, RO@h oil Hargis and Van Elswyk
(1991), linseed oil, sunflower oil (Bauced#sal., 2000), tallow, soybean oil, lard (Cachaldora
et al., 2008) and red crab meal (Carillo-Domingweal., 2005) at different inclusion levels

ranging from 0.4% to 15% resulted in no effect gg production.

In contrast with these findings, Yannakopouktsal. (2005) and Scheideler and Froning
(1996) showed that egg production increaged (0.05) when feeding flaxseed at dietary
inclusion levels of 5% to 15% to layers. Celebd @dacit (2008) also concluded that the
supplementation of dietary fat (tallow, flaxseeblavisunflower oil) to a basal diet resulted in
an increaseR < 0.05) in egg production. On the other hand hidiitand Al-Yousef (2010)

concluded that feeding either 5% or 10% roastersélad had a positive effect on egg
production but that 15% flaxseed inclusion resulted impaired egg production.

Basmacioglwet al. (2003) also found fish oil had no effe&t ¥ 0.05) on egg production but
that the dietary inclusion of 4.3% flaxseed incegshsgg productionA(< 0.01). Much of the

controversy in literature regarding the effect @afrigus lipid sources on egg production
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performances could be ascribed to variation inusion levels as well as differences in the

apparent metabolisable energy (AME) content ofdileés.

2.8.2 Eggweight

Egg weight could be influenced by several factorsluding the dietary energy content and
the fatty acid composition of the diet. Grolshisl. (1999b) stated that the usage of fat in
layer diets increases the energy content of thiealié results in a confounding effect on egg
weight. It is believed that an increase in dietamgrgy resulted in a heavier body weight and
consequently an increase in egg weight (Gradbas., 1999b). Various authors (Grobets
al., 1999b; Novak & Scheideler, 2001; Yannakopouwdbal., 2005) found that egg weight
increased significantly by feeding supplementatatie lipid sources, even if these sources

varies in their saturation profile.

In contrast, other authors (Leeseiral., 1998; Yannakopoulot al., 1999; Bean & Leeson,
2003; Huthail & Al-Yousef, 2010; Wang & Huo, 201@¢ported that diets containing
between 4% and 20% flaxseed had no effiéct 0.05) on egg weight. Accordingly Baucells
et al. (2000), Basmacoiglet al. (2003), Cachaldorat al. (2006) and Cachaldoret al.
(2008) reported that the dietary inclusion of fah linseed oil, sunflower oil, soybean oil,
tallow and lard had no effed® & 0.05) on egg weight. Carillo-Dominguetzal. (2005) also
found no differenceR > 0.05) in egg weight when feeding hens with 3% &%6 red crab

meal.

However, in a study done by Scheideler and Fro(i®8§6) it was found that dietary flaxseed
inclusion (5%, 10%, 15%) resulted in a decredse& 0.01) of egg weight. The decrease in
egg weight was associated with a decrease in fealld due to the higher energy density of
the diets with high levels (10% & 15%) of flaxseedtrom literature, it seems that the
detrimental effects of dietary lipid inclusion oggeweight are limited and that variable

results occurred.

2.8.3 Eggyoalk colour
Egg yolk colour is an important factor in egg maikg due to consumer preferences that
differs between geographical areas. Yannakopaailaek (1999) reported egg colour values

of 10 in Bio-omega-3 eggs and 12 in regular commercial table eggs usi@dSM Roche
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colour fan" system. The authors ascribed the lower valueot¥ golour in Bio-omega-3
eggs to a lower natural source of lutein and zedwkanwhich are present in the feeds used
during diet formulation and/or in the herbal mix.

Cachaldoreaet al. (2006) reported that fish oil sources high in EBYADHA resulted in a
decreaseH < 0.0001) in yolk colour , especially at higheetdry inclusion levels (15, 30, 45
or 60 g/kg) . In another report, Cachaldetral. (2008) found that an increase in dietary fish
oil supplementation (0 to 30 g/kg) resulted in ardasedR < 0.01) yolk colour, whereas a
dietary increase in soybean oil, linseed oil ad agllard resulted in a distinct increage<
0.0001) in yolk colour. In yet another opinion,tHail and Al-Yousef (2010) concluded that
neither flaxseed inclusion (0%, 5%, 10%, 15% an%R0or flaxseed treatment (roasted or
unroasted) have any effed® & 0.05) on egg yolk colour of any of the dietargatments.
Although egg yolk colour is no indicator of nutriecomposition of eggs, it remains an
important aspect for consumers in their purchasiegsions and a low colour score (< 3)
could counteract the beneficial aspects of n-3caed eggs.

2.8.4 Weight of egg components and egg shell quality

An increase in hen age is associated with an iserda yolk and albumen weight.
Proportionally, most of the increase is due toramaase in yolk weight, and the associated
increase in yolk to albumen ratio (yolk / albumendh age (Grobast al., 1999a). Results
indicated that the ratio of yolk / albumen in Bimega-3' eggs increased’(< 0.05) when
compared to eggs from hens consuming a commerm@al(dannakopoulost al., 1999).
However, the greater yolk / albumen ratios obseineBio-omega-3 eggs was associated

with a lower concentration of solids (e.g. fattydsg in the yolk.

Cachaldoreet al. (2006) reported no significant difference in Haugnits by feeding four
levels (15, 30, 45, 60 g/kg) of fish oil sourceffating in their concentration of EPA and
DHA. They reported that shell thickness decregf&ed 0.003) with an increase in fish oil
inclusion. Usayraret al. (2001) and Kirubakarast al. (2011) found that feeding a diet
enriched with either soybean oil, flaxseed or ssslihave no effecP(> 0.05) on Haugh
units or shell thickness. In agreement with thisdings, Cedroet al. (2009) found no
differences P > 0.05) in Haugh units or yolk index by using dietrriched with marine algae

or fish oil. As expected, they reported that asréase in storage temperature°@5s. 5°C)
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resulted in a deterioratiorP (< 0.05) of both Haugh units and yolk index, irresipe of

dietary treatment.

Basmaciogluet al. (2003) observed that neither flaxseed (43.2 gfia) fish oil (15 g/kg)
have an effectH < 0.05) on yolk ratio (25.33%s. 25.23%), albumen ratio (64.999%.
64.65%), shell weight (6.07 ¢s. 6.32 g), shell ratio (9.68%s. 10.12%) or shell thickness
(396 um vs. 416 um). Bean and Leeson (2003) as well as Wang and (#020) also
concluded that neither long-term feeding or in@adevels of flaxseed in layer diets had any
effect P < 0.05) on egg shell thickness, shell weight, mlbn height and yolk ratio.
However, Bean and Leeson (2003) reported a sigmficlecrease in yolk weight with an
increase in flaxseed inclusion levels. This firdis in agreement with that of Scheideler and
Froning (1996) who also found that feeding flaxs€e%, 10% and 15%) and fish oil (1.5%)
reduced the percentage egg yolk compared to aatasiggt containing 3.22% tallow and
0.6% maize oil. In yet another study, &aal. (2008) concluded that canola seed caused

lower (P < 0.05) eggshell quality.

285 Feedintake

Novak and Scheideler (2001) reported that feedwopsion was higherR < 0.05) at a 10%
dietary inclusion of flaxseed compared to that loé tsoybean control diet. However,
Basmaciogluet al. (2003) reported that feed intake was not affe¢iea 0.05) by fish oil
(1.5%) and flaxseed (4.32%) inclusion. Baucellal. (2000), Yannakopoulogt al. (2005),
Cachaldoreet al. (2006) and Cachaldog al. (2008) also reported no significant differences
in feed consumption using different dietary inctusievels and sources of fish oil, linseed
oil, sunflower oll, tallow, flaxseed as well as arlbal mixture containing selenium;

tocopherol and folic acid.

In contrast Grobast al. (1999b) reported that an increase in diet derkity to fat inclusion
resulted in a lowerR < 0.05) feed intake (116 g/bird/dag. 122 g/bird/day). By using
soybean oil as dietary lipid supplement, Usagtaad. (2001) also reported a decrease in feed
intake of hens when compared to a control diet ({p% inclusion). Huthail and Al-Yousef
(2010) concluded that feeding higher levels (5%80&0) of flaxseed resulted in a decred3e (
< 0.05) of feed intake of hens.
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2.8.6 Feed efficiency

Supplying 4% soybean oil to a layer diet resultedmn improvedR < 0.05) feed efficiency
as opposed to birds being fed the control diet €6 oil diet) (Usayraret al., 2001). A
similar conclusion was made by Grolsisl. (1999b), Celebi and Macit (2008) and Sadaa
al. (2008) who reported an improvemei® € 0.001) in feed efficiency with the dietary
inclusion of supplemental fats (tallow, fish olaxseed oil, sunflower olil) in layer diets.

However, Basmacioglet al. (2003) found no differencesd? (> 0.05) in feed conversion
efficiency when comparing a control diet (no adtpil source) with diets containing either
a fish oil (15 g/kg) or flaxseed oil (43.2 g/kgBaucellset al. (2000) also reported similar
feed efficient coefficientsR > 0.05) irrespective of the dietary lipid source level of

inclusion.

2.8.7 Factorsaffecting fat digestion

Many factors influence the digestibility of fatsdaails in birds and that could deteriorate the
nutritional value of lipid sources when fed to lsirdWiseman (2003) showed that saturation
of the fatty acids being fed to animals plays apanant role in the digestibility of the fatty
acids. The number of double bonds present in #tey facids determines the digestion
efficiency of the fatty acids since UFAs are moeadily digested than SFAs. However,
when both these fatty acid types are fed in contlwnaa synergism exists where UFA
increase the digestibility of SFA (Wiseman, 1990s&vhanret al., 1991; Leeson & Summers,
2001; Kleyn, 2006). According to Pestial. (2002) UFA have the ability to readily form
mixed micelles with bile salts in which saturatattyf acid are then solubilised and absorbed.
Furthermore, fats and oils, being in triglycericdeni, have a higher digestibility than lipid
sources high in FFA levels since the FFA cannoalisorbed directly from the intestine but
requires monoacylglycerides to assist in its alsmrgLeeson & Summers, 2001). It would
appear that an increasing proportion of FFAs indie¢ would result in a linear reduction of
fat digestibility. Wiseman (1990) indicated thatreduction in AME associated with an

increase in FFA content is more pronounced witheiasing degree of saturation.

The spatial formation of UFA results in fatty acitiat are either being in tloes- or trans-
configuration (McDonaldet al., 2002). Thetrans-fatty acid are commonly found in

hydrogenated fats and oils and have a lower digiéstithan that of thecis- configuration.
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Kleyn (2006) noted that poultry does not have alamm utilizing trans-fatty acids, with
AME values of these fatty acids comparing favougahith that of vegetable oils.

A well documented fact is that young birds cannigiest fat as efficient as older birds

(Renner & Hill, 1960; Young, 1961; Wiseman, 1990)wa more pronounced negative effect
when using SFAs, suggesting that fat saturatiomnsindispensable characterization to
consider when using specific supplementary lipidrees. Wiseman and Salvador (1989)
concluded that prior to seven-and-a-half weeksgef @o significant difference was seen for
the utilisation of fats being fed, hence concludihgt two ages (being 1% and 7% weeks)
being adequate for the nutritional evaluation @$.faThe main reason for this is that young
birds are poorly developed in their capacity toyode bile salts, resulting in a lower

efficiency in utilisation of fats (Leeson & SummgeR001). However, it seems that bird age
is not the only criteria to consider but genetitfedlences within a population may also play
an important role in the efficient digestion ofitlp. Renemat al. (2010) conducted a study

on the efficiency of n-3 fatty acid utilisation bgying hens and observed that hens with
higher energy efficiencies had longer and widel inkide their GIT. They also concluded

that a higher ratio of villi length to crypt deptiias present in the more energy efficient

strains of bhirds.

Moisture, impurities and unsaponifiable (M.l.U.paron-fat materials that do not contribute
to the energy value of fatty acids, thereby actsgliluents. Moisture and minerals are the
most common pollutants of fats and oils and cad teaan increase in lipid oxidation. Fats
and oils containing M.L.U. must be adjusted forithdigestibility values (Leeson &
Summers, 2001; Kleyn, 2006). Minerals can inflieettte digestion of fats and oils, due to
the association that exists by means of soap faomatith FFA in the small intestine. This
reaction could result in both fatty acids and maherbecoming unavailable to birds.
Although it is believed that soap formation is oflesser problem to older birds, this
phenomenon is of importance when feeding layers,tduheir high dietary levels of calcium
(Freeman, 1984). Leeson and Summers (2001) imdi¢hat another factor for consideration
is the digesta pH since acidic conditions decréasanicellar solubilisation of fatty acids in

mixed bile salts.
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High levels of indigestible fibre affect fat digest since the bile salts and fibre form a
complex, lowering the available bile for normal thgestion (Leeson & Summers, 2001).
The rate of passage influences not only the togdtibility of the diet, but also that of
dietary lipid sources as well. A delay in the ratgpassage allows the digesta to be in contact
with dietary enzymes, carriers and absorption sftgsa longer time, thus increasing
digestibility and absorption. Dietary addition fat may thus lead to an increase in the
digestion of non-fat components as suggested bgdreand Summers (2001). Nonetheless
fats and oils are utilised more efficiently at lowetake levels (Wisemast al., 1986), a
situation which is more pronounced at a poor natrél value of the specific lipid source
(Wiseman, 1990).

Due to the reduction ade novo fatty acid synthesis in poultry, body fat depositimainly
depends on the direct uptake of preformed fattylsacFor this reason, the fatty acids
composition of body lipids is highly correlated withat of the fatty acid intake of the bird
itself (Doreau & Chilliard, 1997).

2.8.8 Organoleptic properties of enriched eggs

A concern when feeding long chain UFA, suchad@olenic acid, is the typical fishy or
“paint-like” aroma associated with these fatty aomhich can cause a certain degree of “off-
flavours” in eggs (Leesod al., 1998). Zentek (2003) reported that this issliteof either
an increase in fat intake or endogenous producifosmelling substances, resulting in the
transfer of flavour pigments into egg yolk. Itther seems that trimethylamine (TMA) are
associated with the occurrence of egg flavour saf@entek, 2003). TMA oxidase activity
within the hen is of crucial importance and Peargtaal. (1979) illustrated that brown hens
with a low TMA oxidase activity are likely to prode flavour tainted eggs. In contrast, no
flavour tainted eggs were detected by a sensorglpahen White Leghorn hens were fed
diets containing rapeseed, choline or fishmeal igtdmhi et al., 1998), demonstrating that
white hens normally have a higher capability oflisegwith problematic feed ingredients

that might result in organoleptic problems (Zen2®0Q3).

Leesonet al. (1998) concluded that although panellists foumat off-flavour does exist in
the eggs, aroma, flavour and overall acceptabiag unaffected by both the level of vitamin

E and flaxseed inclusion and that the eggs weresrgln still acceptable to panellists
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(Leesonet al., 1998). Jiangt al. (1992) reported increaseB € 0.05) ina-linolenic acid
content of eggs when feeding flaxseed associatdd avmoderate incidence (36%) of “off-
flavour” as observed by sensory panellists.

2.8.9 Effect of egg enrichment on lipid oxidation

Shahryaet al. (2010) conducted a study to determine the etiEstipplementing fish oil and
sunflower oil diets witha-tocopheryl acetateaTA) and vitamin A on lipid oxidation in
eggs. Supplying-TA to the diet had a positive effect on egg qyalitroughout the 60 day
storage period of eggs and promoted lipid stabilitthin egg yolk. Fish oil diets had higher
(P < 0.01) thiobarbituric acid values (TBARS) thae gunflower oil diet for fresh eggs {D
as well as eggs stored for either 3QdDor 60 (o) days. In another study, Hayettal.
(2010) concluded that both antioxidant typesdcopherol and butylated hydroxytoluene)
were efficient P < 0.05) in decreasing the TBARS in flaxseed caorig diets over a 60 day
storage period. Cheriaat al. (2007) suggested that the onset of lipid oxidat®oenhanced
by supplying dietary long chain UFAs. By increasthe level of dietary n-3 fatty acid, the
UFA profile of egg increases, which can lead taramease of lipid oxidation and reducing
overall egg quality. Further storage of these dggsa negative effect (Al al., 1995) on
lipid oxidation of egg yolk. To maintain egg qugland fatty acid stability during prolonged
periods of storage, lipid oxidation should be képta minimum (Hayatet al., 2010).
However, the addition of antioxidante-focopherol and butylated hydroxytoluene) to diets
containing 10% flaxseed resulted in low& € 0.0001) n-6 / n-3 ratio compared to the
control diet without an antioxidant. These resultearly suggested that antioxidants
modulate the desaturase and elongase pathwayawoarBble way (Hayadt al., 2010) and

that their usage in diets containing UFAs is indisgable.

29  Conclusons

From the available literature, it is evident thaimerous possibilities exist to improve the
nutritional properties of eggs as human food sobsceneans of dietary intervention. These
strategies would not only ensure that demandsnimraved, “healthier” food products by

wealthier consumers are addressed, but might &ism amproving the nutritional status of

many malnourished poor people worldwide. Howeweryast number of contradictory

findings in literature regarding the beneficial forddetrimental effects of dietary lipid profile

manipulation on production performance and eggityuetharacteristics occurred. Therefore,
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the contradictory findings in literature need todulressed and clarified by means of further
research, which is specially focused on the effettdietary saturation in terms of its fatty
acid profile.
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CHAPTER 3
EFFECTSOF LIPID SATURATION ON THE DIGESTIBILITY OF
LAYER DIETS

3.1 Introduction

Changing the fatty acid composition of egg yolkotilgh the alteration of the dietary fatty
acids profile is a well recorded technique usethyer nutrition. Several researchers (Jiang
et al., 1991; Scheidelest al., 1994; Baucellgt al., 2000; Bean & Leeson, 2003; Chergin
al., 2007; Cachaldorat al., 2008) reported that the fatty acid compositidnegg yolk
directly relates to that of the diet consumed. fementary lipids not only change the fatty
acids of the diet but also influence the palatghilenergy density and subsequently
digestibility thereof (Mateos & Sell 1980; McDonaddal., 2002).

During diet formulation, a combination of feed iadrents are used according to their
potential nutritional value derived from chemicalayysis, to calculate their contribution to
dietary amino acids, energy, fibre, minerals artdmins. Although supplementary dietary
lipid sources generally increases energy utilisatb the basal diet (Mateos & Sell, 1980),
they do differ in terms of their digestibility effencies. Leeson and Summers (2001)
indicated that the digestibility of lipid sourcesfer significantly, varying from 70% for
tallow to 96% for soybean- and menhaden fish @pehding on chick age and the fatty acid
profile of the respective lipid source. Dispasti@ the digestibility of individual fatty acids
vary significantly from 2% for palmitic acid up @b6% for linoleic acid, depending on the
age of the birds (Leeson & Summers, 2001). Othtraas (Fernandea al., 1994; Zollitsch

et al., 1997; Hondat al., 2009) reported that the digestibility of lipidusoes such as tallow,
lard, cottonseed oil and soybean oil differ sigrafitly, especially at higher inclusion levels
(> 6%) and concluded that a decrease in fatty adidat#on resulted in improved fatty acid
digestibility. Similarly, Leeson and Summers (2pamd Kleyn (2006) are of opinion that an
increase in the unsaturated fatty acid (UFA) cant#nlipid sources resulted in a higher
energy value thereof. Viveras al. (2009) showed that diets supplied with high oksiad
(HO) sunflower oil (high in monounsaturated fattyds) have a higher total fat digestibility
(81%vs. 78%) than diets supplied with palm oil (high inwsated fatty acids). In agreement,
Jia et al. (2008) reported no differenc® ¢ 0.05) in total fat digestibility by using diets
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containing flaxseed or canola seed, both lipid sesirbeing high in polyunsaturated fatty
acids (PUFA).

However, nutrient digestibility is not only influeed by dietary lipid saturation, but also by
dietary lipid inclusion levels. Excessive fat msilon levels (8 to 10%) have a suppressing
effect on protein and carbohydrate digestion initkem of chickens (Hondat al., 2009;
Salarmoini & Golian, 2009) due to its suppressiffeas on pancreatic enzyme secretion
such as protease and amylase. Another importgecas layer nutrition is the interaction
between dietary minerals and fatty acids. The &iom of Ca-soaps (Freeman, 1984; Kleyn,
2006) not only have a serious effect on eggshedlliyuthrough less available €afor
absorption, but also impairs the apparent metadddks energy (AME) supplied by the
supplementary lipid source. Salarmoini and Go{2009) reported that diets high in calcium
(> 3.5% Ca) resulted in a decreased (1v&814.5 MJ/kg DM) true metabolisable energy
(TME) when supplemented with lipid sources. In gebther finding, Atteh and Leeson
(1985) reported that in spite of an increase ircigal soap formation and lossem the
excreta, no significant differences were observeeggshell quality when supplementary

lipids were used.

From literature available, it is seems that lipidlusion levels and the fatty acid profile of
dietary lipid sources have a combined effect orri@wnit digestibility. However, literature
regarding the comprehensible effects of dietaridIgaturation on nutrient digestibility and
the subsequent production response in layer dsesgarce and inconsistent due to various
dietary constraints. Most of the variation in do@nted studies could be ascribed to diets
that are notsoenergetic, differences in lipid inclusion levels as well@ffering Ca and fibre
levels. Considering the renewed interest in thigy f&cids enrichment of eggs, as well as the
inadequate information on nutrient digestibilityetneed arises to determine the digestibility

of isoenergetic diets, differing in lipid saturation.

The aim of the present study was to determine ffieeteof dietary lipid saturation on nutrient

digestibility of laying hens at 42 weeks of age.
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3.2 Materialsand Methods

3.2.1 Birdsand husbandry

Two hundred (n=200) Hyine Silvel Brown point-of-lay pullet17 weeks of age) we
obtained from a commercial pullet prod.. Henswere housed individuall(Figure 3.1) in
metabolic birdcage&l600 cn®), each fitted with a wooden perdhgdividual drinker nipple
and a feed traywithin a natural ventilated building. A s-up photoperio schedule (Hy-
Line, 2009)was followed asrecommended by breed guidelineghereby bird received a
total of 14% hours daylighat 18 weeks, 15 hours dimght at 21 weeks and % hours
daylight from 22 to 42veeks of ag. From arrival of birds (1Weeks of age) until onset

the experimental procedure20 weeks of age) a commercial pager mas were fed to all
birds. At 20 weeks of agéjrds were randomly divided into five dietary tna@nts ech

consisting of 40 individual anim: per treatment (n =40 replicates/treatment). The

experimental diets were fddr a total period of 22 weeks before studyfinished with the
execution of a digestibilityrial at 42 weeks of ageFeed and water was providon anad

libitum basisthroughout the experimental periwhile egg collection was conducted de
each morning before 07:00 ¢

Figure3.1  Birds housed individually in metaboliirdcages.

3.22 Experimental diets
Five experimental diet¢Table 3.4)were formulated using differergupplementarylipid

sources at a constant 30 g/kg incluslevel to increase the dietacpncentratio of specific
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omega-type fatty acids. The number of double bgndsnone, one, two or three and more)
on the carbon atom as described in Chapter 1 wexb ass reference in defining dietary lipid
saturation namely; an increase in the number afblgobonds are associated with an higher
lipid unsaturation andice versa. Furthermore, unsaturated fatty acids were grédup
three families based on their oleic- (n-9), linolgin-6) andu-linolenic acid (n-3) precursors,
thereby referring to the position of the double de®mearest to the omega carbon atom as
illustrated by McDonaldt al. (2002). The control n-3 diet were formulatedhgsa blend of
linseed- and fish oil (50 / 50) to increase theatie levels of shorter chain omega-3 (n-3)
fatty acids such ag-linoleic acid. For the second experimental dmeB(treatment), refined,
deodorised fish oil were used to increase the diatancentration of longer chain n-3 fatty
acids such as eicosapentaenoic- (EPA), docosapenta€éDPA) and docosahexaenoic acid
(DHA). Sunflower oil was used to increase the aligtomega-6 (n-6) fatty acids such as
linoleic acid, while high oleic acid (HO) sunfloweil was used to increase omega-9 (n-9)
fatty acids such as oleic acid in the third (n-6atment) and fourth (n-9 treatment)
experimental diets respectively. Lastly, tallowsweed as supplementary lipid source in the
saturated diet (SFA treatment) to increase theldeokehighly saturated fatty acids such as
palmitic- and stearic acid. These definite omegeetfatty acids were not exclusive to a
specific diet, but the high concentration theredhim a respective diet was used for defining
the treatment. Additionally, the total concentrati(%) of monounsaturated fatty acids
(MUFAs) and PUFAs were combined and defined ad totaaturated fatty acids (UFAS).
The total dietary concentration of unsaturated sadirated fatty acids was further used as
indication of the specific dietary saturation (Tal3.5), irrespective of the omega-type fatty
acids. The choice of the control (n-3) diet usadrdy the present study was based upon the
fact that similar oil blends of vegetable and mararigin are currently being used for the
production of “n-3 enriched eggs” in South Afric&ince the control n-3 diet is higher in
short chain (C18:3c9) n-3 fatty acids comparechon-3 treatment where pure fish oil was
used (Table 3.4), it would also serve as a goodtamor regarding the effects of fatty acid
chain length (irrespective of saturation) on diagedtibility as well as production

performance and egg quality parameters of layers.

The objective was to formulate fivieoenergetic andisonitrogenous diets, with a constant
inclusion level of the various supplementary ligiources, differing only in their fatty acid
profile. To ensure the formulation odoenergetic diets, the AME content of each dietary

lipid source was predetermined. The AME value loé respective lipid sources were
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calculated based upon the free fatty acid (FFA) @nedunsaturated to saturated fatty acid
ratio (U/S), using the following prediction equatidescribed by Wiseman (1990).

AME (kcal/kg) = 239[A + (B x FFA) + (C xB*Y9)]

Where: FFA is the free fatty acids in g/kg
U/S is the unsaturated to saturated ratio

Constants to be used for birds older than 21 dagg@are as follow:

A =39.025
B =-0.006
C =-8.505
D =-0.403

The fatty acid methyl esters (FAME) of the expenmad dietary lipid sources were
determined by extracting the fat content thereafigithe method firstly described by Folch
et al. (1957). Extraction of the total lipid contenoifin the respective dietary lipid sources
was performed quantitatively using chloroform andtmanol in a ratio of 2:1. Butylated
hydroxytoluene was added at a concentration ofl@®® the chloroform : methanol mixture
as an antioxidant. The extracts were dried undeuwm in a rotary evaporator and further
dried overnight in a vacuum oven at’60with phosphorus pentoxide as moisture absorbent.
The total extractable fat content was determineavbighing and is expressed as percentage

(%) fat (w/w) per 100 g lipid source.

Approximately 10 mg of total lipid extracted durinbe Folch extraction process was
transferred into a Teflon-lined screw-top test tuilyemeans of a disposable glass pasteur
pipette. Fatty acid methyl esters were preparedds chromatography by methylation of the
extracted fat, using methanol-BFSlover & Lanza, 1979; Diagt al., 2005, Huret al.,
2004). Fatty acid methyl esters were quantifieshgig Varian GX 3400 flame ionization
GC, with a fused silica capillary column, Chromp&RSIL 88 (100 m length, 0.25 mm ID,
0.2 um film thickness). Column temperature was® 40 230°C (hold for 2 minutes;
4°C/minute; hold for 10 minutes). Fatty acid metagters in hexane (1L.) were injected
into the column using a Varian 8200 CX Auto samplath a split ratio of 100:1. The
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injection port and detector were both maintaine@51°C. Hydrogen, at 45 psi, functioned
as the carrier gas, while nitrogen was employedttees makeup gas. Varian Star
Chromatography Software (VSCS) recorded the chrognains. Fatty acid methyl ester
samples were identified by comparing the relatiggemtion times of FAME peaks from
samples with those of standards obtained from SIGYB®-19). Fatty acids were expressed
as the relative percentage of individual fatty acas a percentage of the total fatty acids
present in the sample. The following fatty acidntinations and ratios were calculated
using the fatty acid data: (i) total SFAs, (ii)abMUFAs, (iii) total PUFAS, (iv) total UFAs,
(v) total n-6 fatty acids, (vi) total n-3 fatty asi, (vii) ratio of PUFAs to SFAs, (viii) ratio of
MUFAs to SFAs, (ix) ratio of UFAs to SFAs, and @nega-6 to omega-3 (n-6 / n-3) ratio.
Free fatty acid concentration of lipid sources watermined according to method number
940.28 for refined oils (AOAC, 2000).

Data of the FFA, U/S ratio as well as the predicddE values for the five lipid sources
used during the experimental period is presentefalrle 3.1. These predicted AME values
were then used to formulate fiveoenergetic (12.6 MJ/kg DM) andsonitrogenous (170 g
CP/kg DM) experimental diets as illustrated in EsbB.2 and 3.3 by means of the Format

feed formulation program.

Table3.1 Mean free fatty acid (g/kg), unsaturated to saadrattio (g/g) and calculated
apparent metabolisable energy (MJ/kg DM) of théed&nt lipid sources used in

the experimental diets.

Controf Fish oil Sunflower oil  H®sunflower Tallow
oil
FFA3 0.11 0.27 0.17 0.51 1.83
u/s’ 4.4 2.2 7.7 9.6 0.6
AME?® 37.52 35.51 38.63 38.82 32.15

A blend of 50% fish oil and 50% linseed oil

High oleic acid sunflower oil

Free fatty acids in g/kg

Unsaturated to saturated ratio as g/g

Apparent metabolisable energy in MJ/kg DM (WisemkEdD0)

a A W N H

Due to a total dietary fat content of approximatglyg fat/kg DM, as well as the duration of
the experimental period (£ 6 months), three batadfeeed were mixed on a two monthly
interval in attempt to limit the oxidation of fedigids and its subsequent effects on animal
production performances. The fat content of eaathhbof feed were extracted (Folehal.,
1957) and analysed (AOAC, 2000) for peroxide vaR¥) (AOAC no. 965.33) and FFA
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concentration (AOAC no. 940.28) in an attempt ttedwine the lipid oxidative quality of
feed. In a further attempt to delay the rate pidlioxidation within the respective diets, the
premix used during the study were specially forrradawith considerably higher vitamin E
levels (100 000 IU/ton feed) as well as the additb150 g Sel-Plex/ton feed.

After calculating the predicted AME of the respeetisupplementary lipid sources, diets
(Table 3.2 & 3.3) were formulated according to thetritional recommendations of a
commercial feed supplier for laying hens duringithpeak egg production period.
Accordingly, their specific nutrient compositionrfparticular feed ingredients, generated
over a prolonged period of time was used. Durigg fbrmulation, the inclusion of full-fat
soya as well as poultry-by-product is avoided wbilleer feed ingredients such as sunflower
oilcake (10%) were kept constant across treatmenkbis was done as a preventative
measurement to ensure that the contribution of fatids from feed ingredients doesn'’t

interfere with those supplied by the respectiveptempentary lipid sources.

3.2.3 Digestibility study

At 42 weeks of age, six hens per treatment (n re&ifnent) were randomly selected to
partake in a digestibility study over a 7 day odilen period. Diet digestibility was done by
total collection of excreta voided and the accuragasurement of food intake over a period
of seven days as described by Larbier and Lecl€t®§4). Birds were weighed to the
closest gram and fasted for 24 hours prior to oof#te study. The subsequent da¥ day

of experiment) pans for excreta collection (FigBr2) were placed underneath the birdcages
and birds received their respective experimenttisdi Feed were weighed out accurately to
the closest gram on a daily basis. Excreta voadedell as feed refusals were collected daily
in the morning where-after it was weighed (cloggaim) and dried in an oven at 70°C. On
the morning of the "7 day of the experimental period (last day) feegistnaere removed and
the hens were fasted for 24 hours. The final faeweded after the 24h fasting period were
collected and birds were weighed once again.
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Table3.2 Meanphysical composition (%) of the experimental diet$ to the layers from 20 to

42 weeks of age (as is basis).

Control Polyunsaturated Polyunsaturated Monounsaturated Saturated

(n-3) (n-3) (n-6) (n-9) (SFA)
Yellow maize 54.72 55.67 54.03 54.03 56.71
Wheat bran 5.57 4.40 6.37 6.37 3.17
Soybean oilcake (48%) 14.30 14.50 14.20 14.20 14.67
Sunflower oilcake (38%) 10.00 10.00 10.00 10.00 10.00
Limestone — coarse 2.00 2.00 2.00 2.00 2.00
Limestone — finé 8.57 8.57 8.57 8.57 8.57
Monocalcium phosphate  1.03 1.05 1.02 1.02 1.07
Salt 0.43 0.43 0.43 0.43 0.43
Linseed oll 1.50 - - - -
Sunflower oil - - 3.00 - -
HO? sunflower oil - - - 3.00 -
Fish oil 1.50 3.00 - - -
Tallow - - - - 3.00
Sodium bicarbonate 0.06 0.06 0.06 0.06 0.06
Choline powdet 0.01 0.01 0.01 0.01 0.01
DL-Methionin€ 0.02 0.02 0.02 0.02 0.02
PremixX 0.30 0.30 0.30 0.30 0.30

! Coarse limestone with particle size2.0 mm = 70%; > 1.0 mm = 25% & < 1 mm = 5%.

Fine limestone with particle sizes2.0 mm = 34%; >1.0 mm = 30% & < 1 mm = 36%.

High oleic acid sunflower oil.

Contains a minimum of 60% choline chloride.

DL-methionine powder with a purity of 99%.

Commercial mineral, vitamin and phytase enzymenprecontaining 100 000 IU Vit. E/ton and 150 g Sel-
Plex"/ton feed (other nutrients and inclusion levelsamefidential).

o o~ W N
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Table 3.3 Mean calculated chemical composition (g/kg DM)ayfdr diets fed during the experimental
period (20 to 42 weeks of age).

Control Polyunsaturated Polyunsaturated Monounsaturated Saturated

(n-3) (n-3) (n-6) (n-9) (SFA)
AME! (MJ/kg DM) 12.6 12.6 12.6 12.6 12.6
Crude protein 171.8 172.0 171.8 171.8 172.1
Fat 61.1 61.4 60.9 60.9 60.9
Ash 157.5 157.4 157.5 157.5 157.3
Crude fibre 45.4 44.4 46.1 46.1 43.4
NDF? 122.3 118.5 124.9 124.9 114.5
ADF? 59.6 58.4 60.4 60.4 57.2
Calcium 39.4 39.5 39.4 39.4 39.5
Phosphorus 6.1 6.1 6.2 6.2 6.1
Magnesium 2.8 2.9 2.8 2.8 2.7
Potassium 6.7 6.6 6.7 6.7 6.5
Chloride 3.3 3.3 3.3 3.3 3.3
Sodium 2.0 2.0 2.0 2.0 2.0
AvP? 3.2 3.2 3.2 3.2 3.2
Ca:AvP 13.6 13.6 13.6 13.6 13.6
Arginine® 11.4 11.4 11.4 11.4 11.4
Isoleuciné 7.0 7.0 7.0 7.0 7.0
Lysin€® 7.9 7.9 7.9 7.9 7.9
Methioniné 3.4 3.4 3.4 3.4 3.4
Threoniné 6.1 6.1 6.1 6.1 6.1
Tryptophafi 2.0 2.0 2.0 2.0 2.0
Methionine and Cystirfe 6.8 6.8 6.8 6.8 6.7

Apparent metabolisable energy in MJ AME/kg DM.
Neutral detergent fibre.

Acid detergent fibre.

Available phosphorus.

Ratio of calcium to available phosphorus.

Total amino acid concentration

o A W N H

38



N T

Figure3.2  Pans used for the collection of excreta duringdigestibility study

3.24 Chemical analysis
To ensure a homogenous mixturdl dried feed, feed refusal anekcreti samples were
milled to pass through sieve size 01 mm (Dozieret al., 2008) Represented sanes were

taken byusing the quadratic method for further laboratorglgse.

3.2.4.1 Dry matter

Dry matter (DM)content of all feedfeed refusal and excretansples were determined |
drying a 2g sample in an oven at 97°C for 12 h« to a constant weig according to
procedurenumber 934.01 (AOAC, 200. After drying, amples were placed desiccators
and allowed to cool untilbom temjerature, before the samphlesre weighec The weight of
individual crucibles was deducted to determinewlegght loss on drying and the weight

the sample, due to weight differencetween crucibles. The followingquations wel used
to calculate the moisture (%) and dry matter (%)tent offeed, feed refusal and excr

samples.

Moisture (%) = weight losgyf / sample weight (g) x 100

Dry matter (%) = 100 +oisture (%)
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3.2.4.2 Gross energy

Gross energy (GE) content of feed, feed refusal thedexcreta samples were determined
using a LECO AC500 Isoperibol Calorimeter (Leco |[©prSt. Joseph, MI) following
procedure number D5865 of the American SocietyTiesting and Materials (ASTM, 2009)
as described by Cantredl al. (2010). Approximately 0.2 g (on a DM-basis) atk sample
(feed, feed refusals and excreta) was weighed atdyrto the % decimal and placed in a
steel crucible. A platinum wire (5 cm) was coneelcto the electrodes of the bomb and the
steel crucible containing the sample were carefplbced inside the bomb vessel before
filling it with oxygen to a pressure of 3000 kP&pecial attention was given to ensure that
the platinum wire were in direct contact with themple but not in contact with the steel
crucible itself. Sample weight was entered intooanputer, the vessel was placed into a
water bath and the electrodes were connected tA Windows operating program recorded
the temperature every six seconds accurately t@0QC using an electronic thermometer.

The gross energy was expressed as mega joulelpgrakn dry matter (MJ/kg DM).

3.2.4.3 Crudeprotein

Nitrogen content of the feed-, feed refusal- ancteta samples were determined according to
the nitrogen combustion method (method no. 990.08)ng a LECO (Model: FP-528)
nitrogen analyser (AOAC, 2000). The principle &ftcombustion method is that the
nitrogen freed by combustion at high temperatufi@) in oxygen (Q) with a purity of
99.9%, is detected and converted to an equival@téip basis. The nitrogen content of the
diet was converted to crude protein by using thmemical factor of 6.25 (McDonald al.,
2002).

Approximately 0.12 g of each sample (on a DM-basigs accurately weighed into
aluminium foil cups that was sealed and placed hen dutomated carousel of the LECO
instrument, ensuring the uninterrupted analysisarfiples. Nitrogen values were recorded
on a computer connected to an electronic scdledétimal) as well as the LECO FP-528
analysing instrument. The protein equivalent watcuwated by a Windows operating

program using the numerical factor as described@bo
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3.24.4 Crudefat

The fat content of the feed-, feed refusal- andetacsamples was determined by means of
Soxhet extraction (method number 920.39), usingofmtm ether (40 - 6& boiling point)

as a solvent (AOAC, 2000). A 2 g sample (on DMiawas closed inside a pre-weighed
Schleicher and Schull Nr. 589/2 filter paper weegefully placed within the extraction
thimble. The thimble were then closed properlyhwat clean cotton wool plug and placed
inside the glass extractor that was connected thlpre-weighed glass flask before pouring
the 150 mL solvent (petroleum ether) gently inte thimble. The extractor unit were placed
into the individual heating units and connectechviiite water cooling unit. The heating was
set to ensure a droplet speed of approximately 6 doops of solvent per second and the
samples were boiled for 6 hours. After the exioscprocess, glass flasks were removed
from the heating units and all remaining solventeavedamped off over a warm water bath
before drying overnight in an oven at’°60 After drying, glass flask containing the lipid
fraction were placed inside a desiccator until ngag room temperature and weighted

accurate to thetdecimal.

3.2.4.5 Ash and organic matter

Ash content of the feed-, feed refusal- and excestaples were measured in a muffle
furnace according to procedure number 942.05 (AOAN0). A 2 g DM sample was
weighed into a pre-weighted porcelain crucible pladed into a muffle furnace. The muffle
furnace was then heated to 600°C and kept conatahts temperature for four hours. After
incineration, samples were transferred to a desicdar cooling before weighing. The
weight of individual crucibles was deducted to deiee the weight of the ash and that of the
sample, due to weight difference between crucibl@he ash content and organic matter

(OM) was calculated as follows:

Ash (%) = weight of ash (g) / sample weight x 100

Organic matter (%) = 100% - Ash

3.25 Calculations
Feed intake and excreta weights were used for élmulation of gross energy intake and
excretion to equate the AME of the diets. The AM#&lue was corrected for nitrogen

equilibrium by assuming that excreta nitrogen, ascamsequence of tissue nitrogen
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catabolism, has an energy value of 34.4 kJ/g amguke following formulae (Hill &
Anderson, 1958; Kim & Patterson, 2000; Leeson & 8ars, 2001; Lopez & Leeson, 2008).

AMEn (MJ/kg) zgﬁqt—akp_ GEexcreta— 344(|\hp_ut_ No_utp_ut)
Feed intake (kg)

Where: GEake = gross energy of the food ingested (kJ/g)
GEcxcreta= gross energy of the excreta (kJ/g)
Ninput = Nitrogen content of the feed ingested (9/g)

Noutput = Nitrogen content of the excreta (g/9)

The following formulas as described by Dhansiaal. (2008) were used to determine

apparent diet digestibility:

| = fotr — fref
Where:l = feed intake (g DM/day)
forr = feed offered (g DM/day)
fref = feed refused (g DM/day).
DM digested (g DM/day) =1 - F

Where: F = total faecal output (g DM/day).

Digestibility of the diet (g/g) =1—-F
I

The apparent digestibility of the specific feed pmments ([)) was calculated according to
the formulae of Dryden (2008):

Dyx = [(FreedX Creed = (Fet X Gre)] = (FabutputX Craeced
[(Feed X Creed) — (Fret X Crer)]
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Where: keq= quantity of feed offered (g DM/day)
Frer = quantity of food refused (g DM/day)
Cieed = CcoOncentration of the component in the diet
Cref = concentration of the component in the refusals
Faouput = quantity of faeces voided (g DM/day)

Craeces= CcONcentration of the component in the faeces

3.2.6 Statistical analysis

The effect of dietary lipid saturation on the apgwdr digestibility of diets and dietary

components was analyzed using a fully randomizexlveay ANOVA design. The PROC

ANOVA procedures of the SAS program (SAS, 1999)evesed to test for significant

differences between treatments. When significBrt 0.05) differences were found, further
multiple comparisons, using Tukey’'s honest sigafficdifference (HSD) test, was used to

identify differences between treatment means.

3.3 Resultsand Discussions

3.3.1 Dietary fatty acid methyl estersand lipid oxidation

Results regarding the effect of dietary lipid sation on the FAME, as well as the total fatty
acid concentration and fatty acid ratios are prieseim Table 3.4 and Table 3.5 respectively.
It must be noted that the respective FAME presemtddble 3.4 are not the only fatty acids
recorded in the diets, but that only individuatyadcids with a dietary concentration of more
than 0.04%, as well as those used for identificatibdietary treatments were included in the
table. Furthermore, it is important to note tlineg total fatty acid concentration and fatty acid
ratios as indicated in Table 3.5 were not calcdlate the individual fatty acid concentrations
of Table 3.4, but on the total dietary fatty acidfpe, irrespective of individual fatty acid
concentration. This was done to ensure that tke thetary UFA / SFA ratio could be
calculated correctly, irrespective of dietary fadiyids low in concentration, since the energy
contribution of individual fatty acids could onlykevaluated with the consideration of the
total dietary UFA / SFA levels (Wiseman, 1990).

Although statistical comparisons were not possdyethe experimental diets, the following
observations are of interest. As expected, thiisians of dietary lipid sources differing in
their fatty acid saturation were not only succdssfaltering the dietary FAME as noticeable

in Table 3.4, but also in manipulating the totagtdry saturation and/or unsaturation as
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illustrated in Table 3.5. It is clearly evident afdle 3.5) that all the poly- and
monounsaturated treatments had a higher concemtrafi total dietary UFAs (on average
80.9%) and a lower total SFAs concentration (onraye 19.09%). In contrast, the total
dietary UFAs of the SFA treatment were 59.07% wititetotal SFAs concentration was
40.74%. Accordingly the lipid saturation of the PAJ(n-3 & n-6) and MUFA (n-9) diets
varied (total SFA 28.2 to 13.5% and total UFA 71®8 86.6%). Furthermore, when
considering the total omega type (n-3, n-6 & n-8ityf acid concentrations as used for
defining the various experimental dietary treatragiitis also clearly evident that both the
control n-3 (21.42%) and the polyunsaturated n€ 12.53%) had the highest total n-3
concentrations, while the total n-6 concentratibthe polyunsaturated n-6 (55.27%) and the
total n-9 concentration of the monounsaturated (290%) diets were respectively the
highest. It must be emphasised that the margirdallier total UFA concentration of the
control n-3 (80.26%) and polyunsaturated n-3 (B3 eatments are mainly ascribed to
using fish oil which is generally high in saturatedty acids (Table 2.1). such as myristic-,
palmitic- and stearic acid. Since fish oil arealgd as a polyunsaturated n-3 source from
animal origin, the concentration of long chain PWFguch as EPA, DPA and DHA is not
sufficient to “off-set” its high concentration catsirated fatty acids. Furthermore, it must be
remembered that the basal diet (approximately 3%riaa dry matter basis) would always
contribute significantly to the n-6 type polyungated fatty acids due to the inclusion of
maize mealX 50%).

By considering concentrations of specific individuatty acids within the respective
treatments, the higher concentration (15.38%)-¢iholenic acid (C18:3¢9,12,15) in the
control n-3 diet could be clearly recognised andhanly ascribed to the elevated levels of
linseed. Similarly in the polyunsaturated n-3 tmeent, the usage of fish oil resulted in lower
a-linolenic acid (1.13%) concentration and an insegh EPA (8.17%) and DHA (2.57%)
concentration. Accordingly, the effect of usintgatative lipid sources in altering the dietary
FAME profile can clearly be seen (Table 3.4) witle highest concentration of linoleic acid
(C18:2¢9,12) in the polyunsaturated n-6 diet (usingflower oil) and the highest levels of

oleic acid (C18:1c9) in the monounsaturated n-9 (diging HO sunflower oil).
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Table3.4 The effect (mean) of dietary lipid saturation oa fatty acid methyl esters (FAME) of layer diets.

Control Polyunsaturated Polyunsaturated Monounsaturated  Saturated
(n-3) (n-3) (n-6) (n-9) (SFA)
FAME (Fatty acidsas % of total fatty acids)

Saturated fatty acids:
Myristic acid (C14:0) 2.39 5.22 0.05 - 2.01
Palmitic acid (C16:0) 13.03 18.18 9.14 7.56 19.99
Margaric acid (C17:0) 0.15 0.25 0.06 0.04 0.77
Stearic acid (C18:0) 3.36 3.47 4.56 4.47 17.11
Monounsatur ated fatty acids (n-9):
Palmitoleic acid (C16:1c9) 2.82 5.96 0.08 0.07 1.39
Oleic acid (C18:1c9) 23.19 21.32 27.82 54.86 30.24
Eicosenoic acid (C20:1c11) 0.65 1.12 0.20 0.21 0.18
Polyunsatur ated fatty acids (n-6):
Linoleic acid (C18:2c9,12) 29.96 27.09 55.27 29.88 24.04
Eicosadienoic acid (C20:2c11,14) 0.04 0.08 - - -
Arachidonic acid (C20:4c¢5,8,11,14) 0.20 0.39 - - -
Polyunsaturated fatty acids (n-3):
a-Linolenic acid (C18:3c9,12,15) 15.38 1.13 0.84 0.77 0.95
Eicosapentaenoic acid (C20:5¢5,8,11,14,17) 4.26 8.17 - - -
Docosapentaenoic acid (C22:5¢7,10,13,17) 0.41 0.66 - - -

Docosahexaenoic acid (C22:6¢4,7,10,13,16,19) 1.38 2.57 - - -
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Table3.5 The effect (mean) of dietary lipid saturation oa thtal fatty acid concentration (%) and fatty a@tios of layer diets.

Control Polyunsaturated  Polyunsaturated Monounsaturated  Saturated
(n-3) (n-3) (n-6) (n-9) (SFA)
Fatty acid concentration (%):

Total SFA 19.75 28.17 14.97 13.45 40.74
Total MUFA? (Total n-9) 28.49 31.55 28.91 55.90 34.27
Total PUFA (Total n-6 & n-3) 51.77 40.28 56.11 30.65 25.00
Total UFA' (Total n-9, n-6 & n-3) 80.26 71.83 85.02 86.55 59.07
Total n-6 30.35 27.75 55.27 29.88 24.04
Total n-3 21.42 12.53 0.84 0.77 0.95
Fatty acid ratios:
MUFA / SFA® 1.44 1.12 1.93 4.16 0.84
PUFA / SFR 2.64 1.46 3.76 2.28 0.61
UFA / SFA 4.06 2.55 5.68 6.43 1.45
n-6/n-3 1.44 2.49 65.99 38.67 25.35

o N o g~ W N H

Saturated fatty acids.
Monounsaturated fatty acids.
Polyunsaturated fatty acids.

Unsaturated fatty acids (monounsaturated and pebturated fatty acids).

The ratio of monounsaturated to saturated fatiysac
The ratio of polyunsaturated to saturated fattgisac
The ratio of unsaturated to saturated fatty acids.
The ratio of omega-6 to omega-3 fatty acids.



Leeson and Summers (2001) and Verleyen (2010) atetfic that the energy value of
supplementary lipid sources as well as diet dige#yi and absorption are related to their
oxidative quality. Verleyen (2010) further indiedtthat the usage of PV (primary oxidation
products) and thiobarbituric acid value (TBA, setany oxidation products) is mostly suited
to determine the oxidative stability of pure ligdurces. The effects of dietary saturation on
lipid oxidation stability of the diets as reflectdny the, PV and FFA concentration are
presented in Table 3.6. Thiobarbituric acid valtieeed samples were not determined during
the present study and it was decided upon usingFth®& concentration, which is more
commonly used in South Africa, as indication ofidiperoxidation in feed. Feed samples
that were taken on the day of blending the oil viftd basal diets were regarded as “fresh”,
whereas samples taken after two months of feediegdiets were regarded as “stored”.
Since three batches of experimental diets were anduging the progress of the study (see

paragraph 3.2.2), mean values of the “fresh” anborésl” diets are presented in Table 3.6.

Table3.6 The effect of dietary lipid saturation on the pede- (milliequivalent peroxide /
kg fat) and free fatty acid (%) content of bothsfiand stored diets (Means).

Control Polyunsaturated Polyunsaturated Monounsaturated Saturated

(n-3) (n-3) (n-6) (n-9) (SFA)
Peroxide value (millieq. peroxide/kg fat)
Fresh 44.60 47.17 47.03 26.88 11.84
Stored 48.74 47.81 101.74 26.16 11.38
Freefatty acid (%)
Fresh 23.19 21.19 25.14 26.53 21.25
Stored 40.35 42.29 48.24 43.18 46.47

Statistical comparisons were not possible due taci& of replications. However, it is
interesting to note that the PV of the feed remagtatively similar between the fresh and
stored feed samples, except in the case of theupsigurated n-6 treatment where a 116%
increase in PV were noted. These results are gty in both PV and FFA values of the
stored and fresh diets. A possible explanationttiese results could be the fact that there
was a time-lap of at least six months duration fremmpling of feed to analyses thereof.
Although the samples were frozen at —18°C they watevacuum packed to prevent any
possible further oxidation. The oxidative statfishe oils and individual raw materials were
not determined before every mixture and could &laee played a huge role the resultant
higher oxidation of the final mixed diets. Howevierespective to the higher PV and FFA as
recorded in Table 3.6, McGi al. (2011) reported that high dietary peroxide valokg5
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to 150 milliequivalent peroxide / kg fat had no atge effect on feed intake and production
performances of birds, provided that an antioxidd@&5 mg / kg) is included in the diet.
These results support Verleyen (2010) who repattetl the occurrence of peroxidation in
pure lipid sources is not related to their speddity acid profile.

By using the PV category classification system eflgyen (2010) for pure lipid sources as
reference, it is evident that all experimental timeants, with the exception of the saturated
(SFA) treatment, were severely oxidized (> 20 mgliperoxide/kg fat ) when freshly mixed.
Since there was no increase in the PV of experiahehets during the two months storage
period, except in the case of the polyunsaturatédtneatment, it could be speculated that
secondary oxidation products (TBA) were formed wgrthe storage period, rather than a
continuation of primary oxidation. The increase~RA concentration from the fresh to the
stored diets could further support the suggestiahsecondary oxidation had occurred due to
the increase in free radicals, although it was aquuntified by means of TBA analysis.
Supportive to the thought that the diets were dlyesubjected to primary peroxidation, are
the high FFA concentration (23.5% on average) effteshly mixed diets. Free fatty acids at
such high levels suggest that the metabolisableggneontent of the diet might be
influenced, because Leeson and Summers (2001)aiedi¢hat any diet with a FFA content
of more than 20% would result in suppressed graluhto a shortage of energy. Leeson and
Summers (2001) concluded that glucose cannot baeldrdue to the absence of glycerol

moiety at high levels of dietary FFA, resultingardecrease of blood glucose levels.

3.3.2 Nutrient digestibility

Nutrients as illustrated in Table 3.3 were notmllysically analysed. The actual chemical
composition (g/kg DM) of the different experimentiiéts is presented in Table 3.7. The
diets analysed on average about 8% higher for Gieldsas 6.8% and 8% lower for fat and

ash respectively, when compared to that of theutatied chemical composition (Table 3.3).

Although the chemical composition of the experinaéniets differs in some instances, it did
not influence the effect of lipid saturation invgated in this study. Variation in analytic
procedures, chemical composition of feed ingrediemtd diet mixing as well as sampling
could have contributed to the differences betwewlyaed (Table 3.7) and formulated diets
(Table 3.3). The ideal would be to chemically deiee the nutrient composition of each

feed ingredient that will be used during the maaotufang of diets and used those specific

48



nutrient values during the diet formulation progesstead of “average” feed matrices. After
mixing the experimental diets, it needs to be a®dyonce again to determine if it is
comparable with the formulated diet before feedirtg the birds. However, due to practical
and time limitations, the experimental diets usadmd) the present study were mixed after

formulation and then fed to hens while the chemarellysis was done at a later stage.

Table3.7 Mean dry matter chemical analysis (%) of the déferexperimental diets.

Control  Polyunsaturated Polyunsaturated Monounsaturated Saturated

(n-3) (n-3) (n-6) (n-9) (SFA)
Dry matter 95.34 95.29 95.36 96.03 95.60
Gross energy (MJ/kg) 16.57 16.69 16.45 16.64 16.68
Crude protein 19.42 18.10 18.80 17.75 18.96
Fat 5.63 5.80 5.75 5.77 5.76
Ash 14.35 14.26 14.76 14.41 14.59

Data regarding the effect of dietary lipid satwaton dry matter feed intake and apparent
digestibility of nutrients is shown in Table 3.Bietary lipid saturation level had no effeét (
= 0.60) on feed intake of hens. From the result¥able 3.8 it further seems that dietary
lipid saturation had generally no effect on theappt digestibility of dry matteP(= 0.18),
organic matter® = 0.12), ashR = 0.84) and energyP(= 0.30). However, the apparent
digestibility of CP P < 0.05) and fatf < 0.0001) were influenced by dietary treatmenhe T
monounsaturated n-9 diet resulted in the highest 0.05) CP digestibility (58.4%), which
differs statistically only with that of the polywstsirated n-6 diet (55.0%), but not with any of
the other dietary treatments. Therefore, no cietinence of dietary lipid saturation on
apparent digestibility of CP could be detected.rttlermore, dietary lipid saturation had a
highly significant effect® < 0.0001) on fat digestibility of the experimentiiéts. The UFA
diets had a higher fat digestibility (94.2 to 95)a¥%an the SFA diet (90.4%).

It is further evident from Table 3.8 that the PURA diet resulted in both the higheBt €

0.01) AME (13.29 MJ/kg DM) and AME(12.74 MJ/kg DM) content. In contrast, the
polyunsaturated n-6 diet resulted in the lowest AMIE92 MJ/kg DM) and together with the
control n-3 diet the lowest AME(12.36 MJ/kg DM) content. However, despite the
significant differences in AME and AMEas mentioned, no clear influence of dietary lipid

saturation on apparent metabolisable energy caulobiserved.

49



0S

Table3.8 Mean (+ s.d.) effects of dietary saturation on dmgtter feed intake, apparent digestibility coeéfidts and the apparent
metabolisable energy content of diets fed to layiags during the digestibility study.
Control Polyunsaturated Polyunsaturated Monounsaturated  Saturated  Significance cv*
(n-3) (n-3) (n-6) (n-9) (SFA) (P) (%)

Feed intake (g/bird/day) 100.24 £5.53 100.50 £10.37 101.78 £5.23 105.38 £+ 2.74 102.40 + 3.04 0.60 5.92
Apparent digestibility
coefficients (%)
Dry matter 72.0+£0.8 73.1£0.8 72.3 0.7 72.4£0.9 72.7£0.7 0.18 1.09
Organic matter 74.7 £ 1.3 75.8+0.6 74.8 £ 0.6 748+ 1.0 75.6 £ 0.8 0.12 1.17
Crude protein 56.5¢ +2.7 56.3+1.7 55.00+ 1.8 58.4£+1.3 57.9°+1.6 <0.05 3.3
Fat 945 +1.3 94.7+2.0 95.6+1.2 94.8+0.7 90.4£+1.8 < 0.0001 1.59
Ash 563x27 56.1+4.7 57.1x2.0 57.2+3.2 56.0+2.7 0.84 5.68
Gross energy 77.6+1.3 78.8+1.0 77.7+0.3 78.1+1.1 78.1+0.9 0.30 1.26
Apparent metabolisable energy
(MJ/kg DM)
AME? 12.96 +0.21 13.29+0.21 12.92 +0.07 13.18%+0.22 13.16" £ 0.12 <0.01 1.34
AME? 12.36+£0.20  12.74+0.21 12.36 + 0.06 12.6F7 +0.21 12.50" £ 0.11 <0.01 1.34

a,b,c
1
2
3

Coefficient of variance (%).
Apparent metabolisable energy in MJ/kg.

Row means with different superscripts differ sigrafitly atP < 0.05.

Apparent metabolisable energy corrected for né@rogetention in MJ/kg.



The lower dietary AME values (control n-3 & polyatsrated n-6 treatments) were probably
related to marginally lower dietary gross energyncemtrations (Table 3.7) and apparent
digestibility of gross energy (Table 3.8). The etved (Table 3.6) increase in PV value of
the polyunsaturated n-6 diet during storage coaldeltontributed to the lower AME value of
this diet. However, this theory is highly deba&ldince it is doubtful that the marginal
increase in PV of the control n-3 diet would resdlin its significant lower AME and AMEN
values. Furthermore, data in Table 3.8 suggesiaidthe lower fat digestibility (90.4%) of
the saturated fatty acid treatment was not assatiatth a decrease in the AME (13.10 MJ
AME/kg DM) content of this specific dietary treatme

Results regarding fat digestibility are in agreetneith that of Sminket al. (2008) who
reported that UFAs are known for their higher didpigty coefficients and absorption
efficiencies compared to that of SFAs. One ofakplanations for these findings are the fact
that monoglycerides and long chain UFAs have thhtyalbo link up with conjugated bile
salts to form micelles which increases their apitd be digested, whereas SFAs have an
inferior ability to form micelles because of thelaracteristic low polarity (Freeman, 1984;
Wiseman & Lessire, 1987). Viverogt al. (2009) also reported that a diet high in
monounsaturated fatty acids (HO sunflower oil) kesbiin an increasedP(< 0.001) fat
digestibility compared to a saturated fatty acicetdcontaining palm oil which are
characteristically high (£ 45%) in palmitic acidi&€0). The results of the present study are
also in agreement with other authors @ial., 2008) who reported no significant differences
in fat digestibility between various polyunsatuthte3 and n-6 dietary lipid sources by using
canola-, rapeseed-, flaxseed, soybean oil and aweifl oil as dietary lipid supplements.
Zollitsch et al. (1997) further reported that diets high in saeuotdatty acids, due to the usage
of supplementary lipid sources such as lard, talhoa palm oil, which are all relatively high
in palmitic (C16:0) and stearic (C18:0) acid, résdlin a lower P < 0.001) fat digestibility
compared to diets high in UFAs.

34  Conclusions

Results of the present study indicate that didiprg saturation have no significant effect on
feed intake of hens as well as the apparent dightsti coefficients of most analysed
nutrients, except in the case of crude prot€irc (0.05) and fatF < 0.0001). Diets high in
saturated fatty acids (3% tallow inclusion) reslilie a lower P < 0.0001) fat digestibility.

However, the decrease in fat digestibility of thghly saturated diet was not associated with
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a decrease in either the AME or AlEontent thereof. The failure to establish arctesnd
between dietary lipid saturation and the recordiigérénces in CP and fat digestibility as
well as AME and AME content between treatments, suggest that thergié#ty acid
profile is of lesser importance in establishingedibility coefficients for nutrients, compared
to other factors such as constant lipid inclusi@vels as well assoenergetic and

isonotrogenous levels of diets.
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CHAPTER 4
EFFECT OF LIPID SATURATION ON PRODUCTION
PERFORMANCESOF LAYERS

4.1  Introduction

The use of supplementary lipid sources in poultigtsdare mostly done to improve the
energy density and/or to improve feed acceptaldlity handling properties thereof. Lately,
an additional role for the usage of dietary lipausces is the modification of the fatty acid
profile of food products such as eggs (Cachal@beh, 2008; Wang & Huo, 2010). For these
purposes, vegetable and marine type oils are ntrmaferred over animal fats due to their
unsaturated fatty acid (UFA) profile and higher agmt metabolisable energy (AME)
content (Palmquist, 2002; Pestial., 2002). However, many other factors such as diyel
(Wiseman, 1990), rancidity and oxidation (Mandlal., 2004), dietary mineral levels
(Freeman, 1984) and dietary fibre content (Leeso8usnmers, 2001) might influence the
type of lipid source used in poultry diets.

Some reports (Groba al., 1999a,b; Safaet al., 2008) indicated that the inclusion of UFA
lipid sources into layer diets have a benefidak(0.05) effect on egg size. However, much
controversy still exist regarding the effects oétdry fatty acid saturation on production
performances of layers in terms of feed intake, m@ggluction, egg weight and -output, with
equal numbers of reports find either a beneficialdetrimental effect on the mentioned
parameters while the remainder (almost 50% of tepaoecorded no effect at all. These
differences in literature could mainly be ascrilbedenotype of birds (Bean & Leeson 2003),
age and phase of production (Groleaal., 1999b) as well as lipid sources (Whitehegd.,
1993; Castoret al., 1994; Scheideler & Froning, 1996) and inclusiemels (Novak &
Scheideler, 2001; Yannakopoulgisal., 2005; Ansaret al., 2006).

From a nutritional point of view, dietary inclusia fats or oils could result in heavier eggs
being produced as well as the possible interferafceaturated fatty acids (SFAs) with
calcium metabolism (Leeson & Summers, 2001) andctdmsequent formation of Ca-soaps.
However, data regarding the effect of dietary fadtyids on eggshell quality is just as
contradictory as that of production performance apaaters. While some authors
(Cachaldoreet al., 2006; Jieet al., 2008) reported that dietary lipid sources (pexgtive of
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degree of fatty acid saturation) have a detrimemtiiéct on eggshell quality, others
(Basmacioglet al., 2003; Bean & Leeson, 2003; Wang & Huo, 2010pragal no effectsK

> 0.05) on eggshell quality. These conflictingutes regarding the effect of dietary lipid
saturation on production parameters and eggshalitgharacteristics makes it difficult for
unambiguous formulation decisions, suggesting tesearch is still needed in an attempt to
provide nutritionists with more comprehensive imf@tion. Furthermore, since most of the
documented studies focused on either the usageeaif& lipid sources or the effects of
inclusion levels, to alter the fatty acid methykees (FAME) of eggs, very few studies
focused on the effects of diets differing in theéegree of lipid saturation. This study was
therefore an attempt to address some of the shertfaliterature by using dietary lipid
saturation, as defined by the number of double bgeda. none, one, two, three) on the
carbon atom, as an evaluative measurement on eglygiron performances and eggshell

quality characteristics.

The aim of the present study was to determine ffexte of dietary lipid saturation on

production performance of laying hens during peakipction (20 to 40 weeks of age).

4.2 Materialsand Methods

4.2.1 Birdsand husbandry

The same birds and animal husbandry practises rapretiensively discussed in paragraph
3.2.1 (Chapter 3) was used during the present studlyy 20 weeks of age, birds were
randomly allocated into five dietary treatments;teaonsisting of 40 individual replicates (n
= 40 replicates/treatment). Feed and water waggedad libitum, while egg collection was
conducted daily each morning before 07:00 am. yDaihimum and maximum temperature
was recorded at five different locations within theuse at 07:00 am for the entire
experimental period. Production data was recortiathg weeks 24, 28, 32, 36 and 40 of
age and is considered as the peak production pefidtie hens. Data of all the eggs
produced during the respective collection weeksewedividually recorded and summarized
before pooled for statistical analysis. Individbaddy weights (Figure 4.1) of hens were also

recorded during the mentioned weeks.
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Figure4.1 Recording body weigs at 24, 28, 32, 36 and 40 weeksage.

4.2.2 Diets

Dietsas well as lipid sourceused during the present stualye comprehensivedescribed in
paragraph 3.2.2 (Chapter, 3Yhile the physical composition (Table 3.2), cédted chemica
composition (Table 3.3), fatty acid methyl esteFalfle 3.4), total fatty acid concentrati
and ratios (Table 3.5), dietary oxidative stabilifyable 3.6) and analysed chenl
composition (Table 3.7) of the diets are illustdate the mentioned tables.The five
isoenergetic (12.6 MJ AME/kg DM) and isonitrogenous (170 g CP/kg DM) diets wel
formulatedusing various lipid sources a constant 8 g/kg inclusion level. Diets were
defined according to theidegree oflipid saturationas comprehensivelexplained in
paragraph 3.2.2 (Chapter Briefly, the control n3 diet were formulated by using a blenc
linseed-and fish oil (50 / 50) to increase the dietary Is\wad omega-3 (R3) fatty acids such
asa-linolenic acid. For the second experimental di-3 treatment), refined, deodorised f
oil were used to increase the dietary concentratadn n-3 fatty acids such &
eicosapentaenoic{EPA), docosapentaen- (DPA) and docosahexaenoic acid (DH/
Sunflower oil was used to increase the dietary @-6 (n-6) fatty acids such as linoleic ac
while high oleic acid (HO) sunflower oil was usedincrease the ome-9 (n-9) fatty acids
such as oleic acid in thaitd (r-6 treatment) and fourth @-treatment) experimental die
respectively. Lastly, tallow was used as supplaargnlipid source in the saturated ¢
(SFA treatment) to increase the levels of highlyusded fatty acids such as palmr- and
stearic acid.
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4.2.3 Feedintake

Hens were individually fed (£ 110 — 115 g/bird/d&pm a pre-weighed feed bucket between
07:00 and 08:00 am every day. To ensureacmibitum supply of feed, feed trays were
inspected at 15:00 pm and only topped-up with iéee¢eded. Feed intake was determined
on a weekly basis and any remaining feed refusalthe feed trays were weighed and
brought into consideration during the determinabbweekly feed intake (g/bird/week). The
weekly feed intake was then used to calculate #teeage daily feed intake (g/bird/day) for
the specific period of time. Feed efficiency (M&s determined during weeks 24, 28, 32, 36
and 40 of age, respectively, by dividing the weeddyg output by the weekly feed intake and
expressed as a coefficient (g egg / g feed consuasedescribed by Palat al. (2009).

4.2.4 Production parameters

Eggs were collected daily before 07:00 am and iddally recorded. Hen-day egg
production was calculated according to Ahmad & Bdé& (2003) where the number of eggs
produced was divided by the number of live birdeach replicate. Hen-day production was
summarised on a weekly basis and is then expreased percentage (%) weekly egg
production per individual hen. Eggs that wereeagittracked, had soft shells or those without
a shell (shell-less) was recorded as egg produetnhthe sum thereof was then subtracted
from the number of eggs laid to give a total nundfentact sellable eggs which was used for

the calculation of percentage sellable eggs pratluce

Individual egg weights (g) were recorded by acalyatveighing each egg to the closest
0.0001 gram on a Shimadzu (Model: AY 220) elect@uale (Figure 4.2). The total weekly
egg weight (g) was used to calculate mean egg Wwéagtihe collection weeks. Egg output
(g) for the specific collection weeks was deterrdiaecording to Rose (1997) by multiplying

the number of eggs produced by an individual heh ter weekly mean egg weight (g).
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Figure4.2 Individual weighing of eggs for each hen during calculatior of egg output.

4.25 Eggshdl quality

At 24, 28, 32, 36 and 4@eeks of age, 20 eggs per treatment were randosidgtedon a
daily basis (n = 140/treatment/collection wedor the determination of eggshell qual
parameters. After recording egg weight, t individually marked eggs we broken at the
equator into two halve@igure 43). The procedures described $yong (198) as well as
Kul and Seker (2004) werased for washing o&ggshells under slow flowing water
remove the adhlmmg albumen. The shells were tl allowed to dry for an hour at roo
temperature before shahickness measurementsere conductedFigure 44). An AMES
(Model: BG 3602-0-04%hell thickness meter, accurate0.001 mm, wasised for three shell
thickness measurements per measurement; namelythe blunt end (BE), equator (E!
and sharp end (SE) of individual shells (De Ketelaerest al., 2002; Ehtesham .
Chowdhury, 2002; Ahmad & Balander, 2003; Kul & Sek2004). In total, nine she
thickness (ST) readings werecorded per individual eggshelShell thickness data each
hen at aspecific collection period was th pooled to calculate the mean ST at the BE,
and SEas well as an average shell thickness of the esju.
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Figure4.3  Eggshell halve left to dry after being rinsetd remove adhering alburr.

[ZEFFNAN

Figure4.4  Recordingeggshell thickness with an AMI micrometer.

After recording eggshell thickness, all shwerestored individually for the determination
dry shell weight (gXFigure 4.5 and shell ash content (gccording to he procedures of
Clunieset al. (1992). Imlividually marked cruciblewere dried overnight at 10°C and
weighedafter cooling to room temperature indesiccator Individual eggshells (sh: and
adhering membranes) weparefully crushed into a p-weighed crucible and drii to a
constant weighfor 12 hours at 1(°C according to procedure n834.01 (AOAC, 200C.
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After recording dry eggshell weight, shells w incineratedn a muffle furnace at 5°C for

16 hours to determine tleggshell ash conte.

Figure45 Recordingof eggshell weigl.

Eggshell qualityvariables such as egg surface (ESA), shell weight per unit surface at
(SWUSA), percentage eggshell and calcul eggshell Ca content (g) wt determined by

using the following formulae:

Egg surface area (ESA) = 3.978%"%%(Carter, 1975)
Where: W = egg weight (g)

Shell weight per unit surface area (SWUSA) (m¢®) = SW/ESA(Wells, 1967
Where:SW = shell weight (g DM
ESA = egg surface art

Percentage eggshell (%) = (SW/EW) x 100 (Orban &aRua, 199C
Where: SW = shell weight (g DI
EW = egg weight (g)

Eggshell Ca content (g) = SW (g) x 0.373 (SimoR86]
Where:SW = shell weight (g DN
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4.2.6 Statistical analysis

The effect of dietary lipid saturation on egg proilon and eggshell quality parameters were
analyzed using a fully randomized one way ANOVA iges The PROC ANOVA
procedures of the SAS program (SAS, 1999) were teddst for significant differences
between treatments. When significant differencesewiound P < 0.05) a further multiple
comparison test, Tukey’s honest significant diffee (HSD) test, was used to identify these
differences. Fisher’s least significant differer{it&D) test was used to explain statistically
significant differences with low magnitude that bunot be explained by Tukey's
studentized range test (HSD) in Table 4.2.

4.3 Resultsand Discussions

43.1 Temperature

The average maximum and minimum house temperatasesrecorded during the
experimental period are presented in Figure 4lée dlear decreasing trend in temperature is
characteristics of the time period (January to Maythe Bloemfontein area where this study
was conducted. Decreases in the maximum tempertitat do not coincide with decreases
in minimum temperature within specific weeks (w@2kand 27 of age) are ascribed to above
normal rainfall which resulted in cloud coveragel dmwer maximum temperatures, without
a consequential lowering in minimum temperaturébe average daily temperature for the
experimental period was 20@, while the mean maximum and minimum temperattoes

the same period were 26®@and 13.2C respectively.

35
30
25
20 =@—Maximum

15
.
10 == Minimum

Temperature (°C)
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0

20 24 28 32 36 40
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Figure4.6  Average minimum and maximum temperatures from 20taveeks of age.
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Environmental temperature plays an important roldeied intake, and essentially energy
intake, of laying hens. Kleyn (2006) indicatedttha environmental temperature of’C9s
regarded as the lower critical temperature (LCTilevthe upper critical temperature (UCT)
is regarded as 2C. Any deviation from these temperatures wouldrefoge result in
changes in metabolic heat production and conselyuemergy/feed consumption. An
increase in environmental temperature above the WCassociated with an increase in
energy demand to enable birds to dissipate bodiheaeans of sensible and evaporative
heat loss, while environmental temperatures thattothan the LCT also requires more
energy to ensure sufficient heat generation. Wsag al. (2001) concluded that the
exposure of hens to constant high environmentapégatures resulted in a lower feed intake
and subsequently lower egg production. They furtencluded that the addition of 4%
supplementary lipids to the diet resulted in heawggs and a better feed efficiency.
Although the mean minimum temperature (2@)8was lower than the LCT and the mean
maximum temperature (26®) was equal to the UCT during the present stuuly,average
daily temperature (20°6) were within the comfort zone of birds. Furtherm the effect of
environmental temperature on animal production e@sstant across dietary treatments for

the duration of the experimental period.

4.3.2 Production

The effects of dietary saturation on the respectik@luction performance parameters are
presented in Table 4.1. Dietary lipid saturati@a mo effect on feed intak® & 0.36), egg
production P = 0.32), egg weightR = 0.40), egg output(= 0.14) and body weighP(=
0.43) of the hens during the peak production periotihe SFA diet, using tallow as
supplementary lipid source, resulted in the low@st< 0.015) percentage sellable eggs
(89.17%). This was a direct result of the highercpntage (10.3%) cracked eggs produced
by hens in the SFA treatment compared to that efotier treatments (between 1.86% and
3.86%). The remainder (0.53%) of egg deformit@sthe saturated treatment constitute of
broken, shell-less and soft-shelled eggs. No miffee P > 0.05) was observed when
comparing percentage sellable eggs of the UFA nreats (poly- and monounsaturated
dietary treatments) with each other. Results ftbm present study is in agreement with
various researchers (Jiaegal., 1991 & 1992; Novak & Scheideler, 2001; Basmalicaj

al., 2003; Bean & Leeson, 2003; Cachalderal., 2006 & 2008; EL-Husseinst al., 2008)
who reported no differenceB & 0.05) in egg production, feed intake or egg Welgy using
different supplementary lipid sources differingthreir FAME from highly unsaturated to
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highly saturated. In contrast with the general -smmificant effects of dietary lipid
saturation on production performances during thesgmt study (Table 4.1), Kirubakaran
al. (2011) concluded that an increase in dietaryfatfy acids resulted in a loweP & 0.05)
feed intake and an increade € 0.05) in egg weight. Other authors (Scheidé&léfroning,
1996; Gonzalez-Esquerra & Leeson, 2000) reportatlttie dietary inclusion of unsaturated
fatty acids from lipid sources such as fish- ama$keed oil resulted in a highét € 0.05) egg
production than that of saturated fatty acids assalt of tallow supplementation. Turggsit
al. (2006) reported that a dietary inclusion of sated lipid sources (tallow) resulted in a
higher £ < 0.05) egg production than that of unsaturateidi (sunflower oil). They also
found that by increasing the dietary inclusion leiee5% for both lipid sources (tallow and
sunflower oil), egg production decreas®&l< 0.007) while egg weight increasdel € 0.08)
for the tallow treatment. Scheideler and Froning9@) and Sarét al. (2002) found that egg
weight decreasedP(< 0.05) when using polyunsaturated n-3 enrichexlsdi Celebi and
Macit (2008) recorded a higheP < 0.01) feed intake by using a saturated dietoftabs
supplementary lipid source) compared to that ohlyigunsaturated diets (flaxseed- and

sunflower oil).

Bean and Leeson (2003) founded that body weighten$ fed flaxseed diets were lower (

< 0.05) than that of the control diets containirggsupplementary lipids, but ascribed their
findings to the negative effects of anti-nutritibfectors, also reported by Gonzalez-Esquerra
and Leeson (2000) and Rodriquetzal. (2001), rather than to a direct lipid treatmefifiec.
These discrepancies between results of the presedy and those previously mentioned
could be ascribed to the fact that some authord hgghly unsaturated and saturated lipid
sources at the same inclusion levels, without ctimrg the AME content of the basal diet
according to the metabolisable energy yield of réspective lipid source used (Wiseman,
1990).

From Table 4.1 it further seems that the monounatgd n-9 treatment (supplemented with
HO sunflower oil) resulted in the lowe$® € 0.001) feed efficiency (0.471), while that oéth
control n-3 (0.494) and saturated (0.491) treatsemre respectively the best. The poor FE
of the monounsaturated n-9 treatment could parlyexplained by the collective effects of
respectively the highest feed intake (108.86 g/bfi) the lowest egg output (357.52 g/b),
although these results were not statistically $icgmt (P > 0.05).
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Table4.1 The mean (z s.d.) effects of dietary lipid satuaton layer performance during peak production-(20 weeks of age).

Control Polyunsaturated Polyunsaturated(n- Monounsaturated  Saturated Significance cV!
(n-3) (n-3) 6) (n-9) (SFA) (P) (%)
Feed intake (g/bird/day) 106.36 £ 6.39 107.43 +8.12 108.26 + 7.90 108.86 £ 7.12  106.02 + 6.92 0.36 6.82
Hen-day egg producti6rf%) 95.43 94.14 95.93 94.57 96.14 0.32 5.03
Sellable egds(%) 95.82" 97.92 96.49"° 97.09 89.17 <0.015 13.08
Egg weight (g) 55.77 +1.79  54.88+2.94 56.10 + 2.36 54.76 +2.31  55.21+3.10 0.40 4.60
Egg output (g) 366.60 +£ 19.85 358.06 £ 23.25 368.54 + 23.83 357.52 £+ 23.38 364.37 £ 28.08 0.14 6.56
Feed efficiency (g/g) 0.494+0.031 0.478°+0.028 0.487°+0.024  0.47P+0.024 0.49F+0.027 < 0.001 5.52
Body weight (Q) 1706 + 105 1691 + 120 1732 + 110 1711 + 99 1729 + 109 0.43 6.36
# Mean values for hen-day egg production (%) anidisiel eggs (%).

a,b
1

Row means with different superscripts differ sfigaintly atP < 0.05.

Coefficient of variance (%).



Since the feed intake of the monounsaturated edrrent (108.86 g/b/d) is only marginally
higher than that of the control n-3 (106.36 g/l@djl the saturated treatment (106.02 g/b/d), it
could be suggested that feed intake alone wash®otause for poor FE recorded in the
monounsaturated n-9 treatment. Since the chemaalbposition (Table 3.7) and nutrient
digestibility (Table 3.8) of the monounsaturate® treatment indicate that the diets were
correctly formulated in terms of its energy conitibn, the marginally lower egg weight and
egg output of the monounsaturated n-9 treatmenidcoot be attributed to energy and/or
protein deficiencies. Furthermore, it also seenas the statistically lower AME and AME
content of the control n-3 and polyunsaturated tre@tments (Table 3.8) had no statistical
significant negative effects on any of the productparameters, included FE, for these two

treatments.

The results of Kirubakaragt al. (2011), indicating that a loweP (< 0.05) feed intake and a
higher P < 0.05) egg weight of n-3 enriched diets resuilted subsequent improvemem €
0.01) of FE, is only partly supported by the resut the control n-3 treatment during the
present study (Table 4.1). However, since the 8Eatment illustrated similar patterns than
the control n-3 treatment regarding feed intakd@fis and egg weights during the present
study, it is highly doubtful that the improvement FE as recorded by Kirubakaranal.
(2011) could only be attributed to the dietary neBicentration during the present study. In
another finding, Turguét al. (2006) reported that polyunsaturated sunflowkresiulted in a
lower (P < 0.02) feed conversion ratio (FCR) compared taraged tallow (1.8%s. 1.91) at

a 2.5% dietary inclusion level. However, theseaulteswere not supported by the present
study (Table 4.1) because the FE of both the pelgumated n-6 (0.487) and the saturated
(0.491) treatments did not differ statisticall £ 0.05). According to Turgut al. (2006)
dietary fatty acid profile influenced feed intake € 0.01) of birds. This was however not
observed during the present study. Tuej. (2006) also ascribed the differences recorded
in FCR to a higher feed intake of the saturateldwatreatment (126.1 g/b/d) and not to an
increase in egg production or egg weight.

Most of the variation observed in certain productiparameters between the present and
former studies could be ascribed to genetic diffees between the birds (Hy-Line Silver;
Lohmann Brown; ISA Brown; Bovans White), age ofdsir(ranging from 19 to 44 weeks of

age), lipid sources (tallow, fish-, linseed-, ragmax$, soybean-, olive-, sunflower- and palm
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oil), lipid inclusion levels (ranging from 1.2% &%) and dietary AME values (ranging from
12.3 to 13.6 MJ AME/kg DM).

4.3.3. Eggshdl quality

Data representing the effect of dietary lipid sation on egg properties and eggshell quality
measurements are indicated in Table 4.2. Supplgiyigg hens with diets differing in their
fatty acid profile had no effecP(> 0.05) on eggshell properties in general. Dyetgid
saturation only affectedP( < 0.05) the percentage eggshell (Table 4.2), viherie
polyunsaturated n-3 treatment produced the hig{®64%) and the polyunsaturated n-6
treatment the lowest (9.39%) proportion of eggshelbwever, it must be noted that Tukey’s
(HSD) test was not able to identify differenceswestn these treatment means and therefore,
the Fisher (LSD) test which is less strict than Thkey's (HSD) test, was used to identify
these differences. Since the calculation of peeggn eggshell (Orban & Roland, 1990)
depends on both eggshell weight and egg weighgngbmation of a light shell and heavy
egg weights would result in a lower percentage legigswvhile the opposite scenario whereby
a heavy eggshell weight and a light egg weight @aesult in a higher percentage eggshell is

also true.

Considering the data for egg and eggshell weighteng the present study (Tables 4.1 &
4.2), it is evident that the polyunsaturated neatiment have the highest ¢ 0.05) eggshell
weight (5.31 g) as well as the second low&st(0.05) egg weight, thereby contributing to
the highest R < 0.05) percentage eggshell, whereas the oppssérario is true for the
polyunsaturated n-6 treatment. Various authoen(ht al., 1992; Basmacioglet al., 2003;
Bean & Leeson, 2003; Turget al., 2006; Celebi & Macit, 2008; EL-Husseiryal., 2008)
reported that dietary lipid source, varying fronghily saturated to highly unsaturated, had no
negative effectsR > 0.05) on shell weight, shell thickness and shedlaking strength and
percentage eggshell, to which the current studgststtto. The only differences found
between results of the present and that of the ioved authors are the effects of lipid
inclusion on percentage eggshell. Since most @dhauthors didn’t report any significant
effects on eggshell- and egg weights, as well asfdlt that these parameters differ only
marginally in their studies, it is assumed to berdason why they didn’t reported significant
differences for percentage eggshell.
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Table4.2 The effect (mean + s.d.) of dietary lipid saturaton eggshell quality measurements during peattyztan (20 - 40 weeks of age).

<9

Control Polyunsaturated Polyunsaturated Monounsaturated  Saturated Significance cV!
(n-3) (n-3) (n-6) (n-9) (SFA) (P) (%)

Eggshell properties
Shell weight (g DM) 5.25+0.20 5.31+0.28 5.25+0.26 5.19 £0.19 5.28 £0.23 0.61 4.50
Shell ash content (g/g) 0.94+£0.040 0.95+0.003 0.95 + 0.003 0.95 + 0.003 0.95 + 0.003 0.45 1.76
Shell thickness
Blunt end im) 352 +15 357 +12 351+14 352+14 358 +12 0.38 3.83
Sharp endym) 368 + 13 37315 370+ 15 37215 377 +14 0.45 3.93
Equator um) 364 +11 371+12 364 + 14 364 + 10 369 + 12 0.13 3.23
Average eggshell thicknegsn{) 361 +11 367 £11 362 +£13 362 +11 368 £ 11 0.21 3.10
Eggshell quality variables
ESA? (cn) 67.80+1.18 67.32+2.31 67.98 + 1.63 67.26 + 1.62 67.24 +2.12 0.58 2.69
SWUSA’ (mg/cnf) 77.35+2.32 78.77+2.14 77.15 + 3.05 77.20 +2.46 78.49 +2.28 0.10 3.17
Percentage eggshe(Pe) 9.43°+0.28  9.64+0.24 9.39 + 0.36 9.44°+0.33 9.67°+0.31 <0.05 3.21
Eggshell calcium content (g) 1.96 + 0.07 1.98+0.11 1.96+£0.10 1.94 +0.07 1.97 £ 0.09 0.61 4.50

#
ab,c
1
2
3

Differences between treatments means were ideqtifsing the Fisher least significant differenst (eSD).
Row means with different superscripts differ sfigaintly atP < 0.05.

Coefficient of variance.

Eggshell surface area.

Shell weight per unit surface area.



During the present study (Table 4.1), the SFA tneait resulted in a loweP(< 0.015)
number of sellable eggs due to an increase in efjgstacks and breakages. However,
eggshell weight (5.28 g), eggshell thickness (3®8),percentage eggshell (9.61%) and
eggshell Ca-content (1.97 g) of the SFA treatmesrewelatively high compared to the other
treatments and are definitely not a reflectionh& high number of cracked/broken eggshells
as recorded for this treatment. However, it isegalty known that percentage eggshell as
well as shell thickness is related to eggshellngiie Roberts (2004) concluded that shell
strength is not only determined by the quantityegfshell that is present but also by the
quality of eggshell construction. This researcftamd that when eggshell weight, shell
thickness and percentage eggshell are categossgoloal quality, but the breaking strength is
relatively poor, the explanation most probably lieshe ultra structure of the eggshell and/or
how the shell was constructed in terms of calciuatt deposition on the external shell
membrane. Considering the explanation of Rob&@84), it might be possible that although
none of the eggshell properties were negativelluémiced by the SFA treatment, a poor
macrostructure of the shells might have been resplenfor the increase in cracked/broken
eggs associated with this treatment. It wouldhgeideal to quantify the pore sizes between
Ca-crystals deposited onto the external eggshethion@nes by means of electron microscopy
in an attempt to ascribe the high incidence of bgljdbreakages of the SFA treatment.
Another possibility in the assessment of high egtidireakages is the determination of Ca-
soaps within the excreta of birds. Atteh and Legd®84 & 1985) suggested that Ca-soaps
formed by free fatty acids from saturated fat sesrare not absorbed by the birds. Although
the calculated Ca-content of eggshells (1.97 g)XHerSFA treatment was similar to that of
other treatments, the formation of Ca-soaps ire#tegeta is not known. Since the birds were
in their peak production period, it might be spated that they were still able to maintain
their shell Ca-content by means of medullar bonéihsation to the uterus. However, this
scenario would not be sustainable for a prolongeibg of time, before the Ca-reserved in

medullar bone becomes depleted.

While specific supplementary lipid sources weredut®w the modification of the dietary
FAME during the present study, the usage of otkedfingredients with a high fat content
would result in similar FAME alterations, althouglh a lower magnitude. However, the
rationale behind the changes in FAME would remaial@gous with comparable production

and eggshell quality outcomes, given that the disggproperly formulated.
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44  Conclusions

Results from the present study suggested thatrdilgpéd saturation have in general no effect
(P > 0.05) on most of the production performances agdshell quality characteristics
evaluated. The few significant effects observednduthe study namely, total sellable eggs
(P < 0.015), feed efficiency?(< 0.001) and percentage eggshlk(0.05), indicates no clear
trend and could not be directly related to the degsf dietary lipid saturation or to specific
nutrient digestibility results in Chapter 3. Inngeal, it could be concluded that the degree of
dietary lipid saturation will have no detrimentéfieet on egg production and eggshell quality
parameters, with the exclusion of highly saturatikets whereby the percentage of eggs
available for sale is drastically influenced, givitre fact that diets arisonitrogenous and

isoenergetic and that the total dietary fat content remainfinwiacceptable norms for layers.
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CHAPTER 5
THE EFFECT OF LIPID SATURATION ON INTERNAL EGG
QUALITY

51 Introduction

Wealthier modern consumers changed their discerntoesrds food by shifting their focus
from the financial costs to a combination of hedd#nefits and associated risks with the
consumption thereof. Dietary manipulation with glgoentary lipids is a well known
technique used to increase essential fatty acicdcetrdration in animal proteins such as
poultry meat and eggs (Scheideler & Froning, 19 rell, 1998; Yannakopoulog al.,
2004; Hayatet al., 2010; Singhet al., 2012). However, this technique is not withony a
flaws and the successful essential fatty acid Brnrent depends on various biological aspects
such as lipid sources used, type of animal andoiidative stability of enriched products.
Furthermore, the consumption of these enrichedymtsdshould be sufficiently to experience
the true benefits thereof for humans.

Commercially produced table eggs are normally mmrces of omega 3 (n-3) type fatty
acids and contain a high portion of omega 6 (na@yfacids (Suradt al., 2000; Hayatt al.,
2010). Since n-3 polyunsaturated fatty acids (PE)H#fave numerous beneficial functions in
humans, such as decreasing blood pressure, degdas risk of cardiovascular diseases,
inhibiting growth of cancer cells, reducing bloadoosity, assist in early neural development
and delaying losses in immunological functions (@met al., 2006), it is understandable that
most of the dietary manipulation programs focusttos improvement of this n-3 type fatty
acids in food sources. Additionally, Jiaatgal. (1991) concluded that a favourable dietary
fatty acid profile, high in PUFAs and monounsatedafatty acids (MUFAS), could reduce
the cholesterogenic effect of eggs by alteringrtfadty acid composition by incorporating n-

3, n-6 and omega-9 (n-9) fatty acids into egg Bpid

The positive response in altering the fatty aciwfif of eggs through the manipulation of the
hen’s diet is possible due to the ability of fowdsutilise and deposit fatty acids directly into
adipose tissue and egg yolk without significant imcation (Ansariet al., 2006; Celebi &

Macit, 2008). However, increasing the PUFA contargggs increases their susceptibility to

lipid oxidation, which could deteriorate egg qualinainly due to a decrease in organoleptic
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properties of eggs, thereby lowering consumer dabdjy toward these “enriched” products
(Hargis and Van ElswykKl991). Since fish oil have a relatively high camication of longer
chain n-3 PUFA such as eicosapentaenoic- (EPA),oshmentaenocic- (DPA) and
docosahexaenoic acid (DHA) (Farrell, 1998; Hagatal., 2010) it is normally used in
combination with vegetable type lipid sources @ied-, flaxseed- or rapeseed oil), which is
higher in shorter chain n-3 PUFA-(inolenic acid). However, the dietary usage ofFAld,
especially longer chain n-3 type fatty acids, resubn increased lipid oxidation of egg yolk
(Leesonet al., 1998; Grashorn, 2005; Hayetal., 2010) that becomes more severe over an
extended egg storage period (£ 40 days), evenfragerated temperatures (Cherianal.,
2007). Dunn-Hurrockst al. (2011) further reported that dietary supplemeoatvith fish-

or flaxseed oil (high in n-3 PUFAs) have a detrita¢reffect P < 0.05) on the vitelline
membrane strength of egg yolk, thereby reducingHaegh units of enriched eggs, as a
result of the increase in yolk diameter. In costtrather authors (Meluzet al., 2000; Celebi

& Macit, 2008; Cedreet al., 2009) reported no difference® ¥ 0.05) on internal egg quality
characteristics such as albumen- and yolk ratidk yeeight and Haugh units between
conventional (maize, soybean type diets) and rp@ tiets (fish oil, marine algae substrate,
linseed oil). Although literature regarding théeets of supplemental lipid sources as well as
lipid inclusion levels in layer diets is in abundanvariation in conclusions between studies
complicates the comprehensive interpretation amdicgtion of information. Furthermore,
the lack of literature regarding the specific eféeaf dietary lipid saturation, varying n-3, n-6,
n-9 fatty acid to highly saturated fatty acids (SfrAre of major concern and suggest the

need for further scientific exploration.

The aim of this study was to determine the effeftdietary lipid saturation on internal egg
quality parameters, egg yolk fatty acid compositasnwell as lipid oxidation stability of egg
yolk during the early laying period.

52 Material and Methods

5.2.1 Birdsand housing

The same birds and husbandry practises as compiebndiscussed in paragraph 3.2.1

(Chapter 3) were used for the determination of qg@jity parameters. Internal egg quality

was evaluated during 24, 28, 32, 36 and 40 weekg®fand data collected during this period
were pooled to represent the peak production peaieeéxplained in paragraph 4.2.1 (Chapter
4). Fatty acid methyl esters (FAME), thiobarbituacid reactive substances (TBARS) and
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peroxide values (PV) of eggs were determined at/@&€ks of age which was regarded as the

“mid-point” during the 20 week production study (2@0 weeks of age).

5.2.2 Diets

Diets used during this study are described in tefighin paragraph 3.2.2 (Chapter 3), while

the physical composition (Table 3.2), calculatedmaltal composition (Table 3.3), fatty acid

methyl esters (Table 3.4), total fatty acid concaign and ratios (Table 3.5), dietary

oxidative stability (Table 3.6) and analysed cheheomposition (Table 3.7) of the diets are
illustrated in the mentioned tables. All birds emed these diets for the duration of the
experiment (20 weeks) as discussed in paragrap® @Chapter 4) and production parameters
were recorded (paragraph 4.2.4) and comprehensigislgussed (paragraphs 4.3.2) in
Chapter 4.

5.2.3 Internal egg quality

Internal egg quality was evaluated to determine dffect of dietary lipid saturation on
parameters such as yolk and albumen indices, Haob, the ratios of alboumen- and yolk
weight to egg weight (albumen / egg weight and yweéight / egg weight) and yolk colour.
The mentioned parameters were evaluated at theaap collection weeks (24, 28, 32, 36
& 40 weeks of age). To limit the effect of envimental temperature, all internal egg quality
measurements were conducted in an enclosed labpaita temperature of 22 throughout

the study.

5.2.3.1 Egg weight

Individual egg weights (g) of all eggs produced eveecorded as described in paragraph
4.2.4. After recording egg weight, twenty eggs peatment (n = 20/trt) were randomly
selected for the further analyses of internal egajity properties. These eggs were broken in
halve on an egg break-out stand (Figure 5.1) eguippth a level glass surface (Keemer
al., 2006; Sumaet al., 2007) and a mirror angled at°€5 which allowed the accurate
measurements of yolk and albumen properties. Afgerbreaking, shells were weighed (“as

is”) to the closest 0.0001 g and the shell weighs wsed for further calculations.
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Figure5.1 Inner egg content (a glass surface of an egg break-tablt.

5.2.3.2 Albumen and yolk measurements

Egg yolk diameter (Figure 5.2) was measuraccurately to 0.01 mnat two different
locations according to theros-over technique, using a digitagémnier calliper Omni-Tect?

model no. SHA 1890).For improvedaccuracy, this techniqualowed two yolk diameter
readings, each madm a 9€ intersect with anothein order to calculate an average y
diameteras described by Berardineet al. (2008). Accordinglyalbumen diameter (Figu
5.3) was alsaneasured accurately to 0.01 mm both longitudindl eguatorial (Berardinel
et al., 2008) to allow the calculation of an averagaiaibn diameter (Kul & Seer, 2004).

Figure5.2  Measuring ofyolk diamete.
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Figure5.3  Measuringalbumen diamet.

A digital tripod micromete(Ames model no. BG 31-0-04)accurate to 0.0( mm was used
for the measurement gblk and albumen height. Yoheight(Figure 5.4 was measured at
the caitre of the yolk without separating the yolk frometalbume according to the
technique firstly described yunk (1948) as well as Keeneral. (2006)and Berardinellet
al. (2008).

Figure54  Measuringyolk height with an /mes tripod micrometer.

Albumenheight measuremet (Figure 5.5) were donen the thick albume according to the
techniques described by Keeret al. (2006) and Sumet al. (2007),without touching the
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yolk and avoidingmeasurements othe chalazae. Micrometglacement for albume
measurements weddne at two points on the thick aloumen, opproximately6 mm from
the edge of the yolk whilhe otheimeasurement point was aboutné from the edge of tr
thick and thin albumen. Measurements obtzed during this process were used for

calculation of different internal egg quality pareters

Figure55  Measuringalbumen height ing an AMES tripod micrmete.

5.2.3.3 Yolk colour

Yolk colour was determinelly using a DSM RocHecolour fanaccording to the techniqt

described by Vuilleumierl@69). The person responsible for the evalue of yolk colour

was pretested for colour perception ensure objective resulend wassolely in charge of
yolk colour measurementsroughout the experimental per. The egdireal-out stand was
fitted with a white fluorescent lamp ayolk colourevaluation was conducted against a w

background to eliminate atjent colours.Yolk colour was evaluated by holding tblades
of the colour fan directhabo\e the yolk (Figure 5.6) andertically observing the blades

match the yolk colour.
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Figure5.6  Determiningegg yolk colour using DSM Roché& colour far.

5.2.3.4 Yolk weight

After recording allmentionecmeasurements on the egg break-out tab&inner egg content
was carefully placed intoyolk separator to separatee yolk from the albume(Figure 5.7).
The yolk was then rolle¢Figure 5.8)on a damp paper towak described bHusseinet al.
(1992) and Grobast al. (199¢h) to remove adhering alboumen and chalazae (Figuep&®
to the weighing thereof. Yolk weight was rearded on a Shimadzu (Model: AY 22

electronic scale accurate to 0.0001 ¢ and used for the calculation of albumen we.

Figure5.7  Separating @g yolk and albumen.
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Figure5.8 Removing adhering alboumdrom egg yolkon a damp paper tow.

Figure5.9  Recordingyolk weigh after removing albumen.

5.2.3.5 Calculations

Haugh unit (HU) of eggweredetermined according to the procedures describedaugh,

(1937) using the egg breakit table and atandard tripod micrometeas described in
paragraph 5.2.3.(determination of egg weigl as well as paragraph2.3.2 (albumen and
yolk measurements). Bysimng the albumen height in millimetres (H), alonighmegg weigh

(W) and the gravitational constant (G) of 32.2, kNére calculated with the followin

formula (Keeneet al., 2006)
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HU = 100 log {H — NG(30W*"-100)/100] + 1.9}

The albumen index is defined as the height (mnthefalbumen divided by the width (mm)
of the albumen (Heiman & Carver, 1936; Kul & Sek¥04) and was calculated by using the

following formula:

Albumen index (%) = (Albumen height / Albumen digerg¢ x 100

The calculation of the yolk index is similar to thd the albumen index. It was determined
by using the yolk height (mm) and yolk diameter (vt calculate the index by using the
following formula (Kul & Seker, 2004; Keenest, al., 2006):

Yolk index (%) = (Yolk height / Yolk diameter) x 00

Albumen weight (g) was calculated as the differebetveen total egg weight (g) and the
weight (g) of the eggshell (g) plus the yolk (gy¢Baset al., 1999b):

Albumen weight (g) = Egg weight — (Shell weight &Ik weight)

The albumen and yolk ratios were calculated asreepéage of the component weight (g)
compared to the weight (g) of the egg. The formulescribed by Kul and Seker (2004) were
used for the calculation thereof:

Albumen ratio (%) = (Albumen weight / Egg weight1R0

Yolk ratio (%) = (Yolk weight / Egg weight) x 100

5.24 Eggfatty acid methyl esters

At 30 weeks of age, 24 hens per treatment (n re&atfhent) which had laid an egg before
07:00 am were randomly selected to participatdéndetermination of egg yolk FAME and
lipid oxidation. On the day of egg collection, &ggs per treatment were analysed as fresh
(Do) while the other 12 eggs were stored for a peab@8 days (Rs) at 4°C in a still air
refrigerator according to the procedures descripeétiayatet al. (2010). The length of the
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storage period (28 days) was chosen to simulate“libst-before” date of packed eggs
currently used in South Africa (Red Barn, 2010).

Fresh eggs (F) were analysed for FAME, TBARS, and peroxide vglR¥), while the stored
eggs (Bs) were only analysed for TBARS and PV. All eggsrevendividually weighed
(Figure 4.2) as described in paragraph 4.2.4 (@na})t where after the egg was broken into
an egg separator to enable the separation of yotk lloumen and the recording of yolk
weight (see paragraph 5.2.3.2). After recordintk yeeight, the vitteline membrane was
carefully removed from the yolk before an aliqubts(g) of the yolk was taken for chemical

analysis of the mentioned parameters.

5.2.4.1 Lipid extraction
The total lipid content of the yolk samples weré¢rasted according to the method described

by Folchet al. (1957) and comprehensively explained in paragBapt?2 (Chapter3).

5.2.4.2 Analysis of fatty acid methyl esters

The same methods used for determination of FAMHigil sources and feed samples
(paragraph 3.2.2; Chapter 3) were used for them@tation of the yolk FAME. Fatty acids
identified were expressed as the relative percentdgndividual fatty acids as a percentage
of the total fatty acids present in the sample (8®/E). Total extractable fat content was
determined by weighing and expressed as % fat (wéx&)100 g egg yolk. The fat free dry
matter (FFDM) content was determined by weighing thsidue on a pre-weighed filter
paper, used for fat extraction (Foleh al., 1957) after drying it according to procedure
number 934.01 of the AOAC (AOAC, 2000). By determg the difference in weight, the
FFDM was then expressed as % FFDM (w/w) per 100lk. yThe moisture content of the
yolk was determined by means of subtraction (19®lipid - % FFDM) and expressed as %

moisture (w/w) per 100 g yolk

By using the concentration of individual fatty agidhe following fatty acid combination and
ratios for egg yolk were calculated namely: (i)atoSFAs, (ii) total MUFASs, (iii) total
PUFAs, (iv) total unsaturated fatty acids (UFAS)), total n-6 fatty acids, (vi) total n-3 fatty
acids, (vii) ratio of PUFAs to SFAs (PUFA / SFAYijii) ratio of MUFAs to SFAs (MUFA /
SFA), (ix) ratio of UFAs to SFAs (UFA / SFA) andetliix) omega-6 to omega-3 (n-6 / n-3)

ratio. Furthermore, levels of n-6 and n-3 fattidaavere respectively expressed as either mg
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n-6 or mg n-3 per g egg (shell included) by consigethe egg weight and the % lipid within
the egg yolk.

5.2.4.3. Thiobarbituric acid reactive substances

For the determination of lipid oxidation in fresiDof and stored (B) egg yolk,
approximately 5 g of the yolk sample were usedaoalysis of TBARS according to the
agueous acid extraction method described by Rabaajo (1992).

5.2.4.4 Peroxide value

The PV of fresh (P and stored (R) egg yolk were determine according to technique
number 965.33 of the AOAC (2000) as formerly ddsstiin paragraph 3.2.2 (Chapter 3) for
feed samples.

525 Statistical analyses

Data collected during the specific collection weéks. 24, 28, 32, 36 & 40 weeks of age)
were pooled for statistical analysis of the spediisted parameters and were regarded as the
early laying period. The effect of dietary lipidatsration on internal egg quality
characteristics were analyzed using a fully randeshione way ANOVA design. The PROC
ANOVA procedures of the SAS program (SAS, 1999)evesed to test for significant
differences between treatments. When significéfgérénces were found?(< 0.05), further
multiple comparison tests, using Tukey’s honestificant difference (HSD) test, was used

to identify differences between treatment means.

53 Resultsand Discussions

5.3.1 Internal egg quality

Results regarding the effect of dietary lipid satiom on internal egg quality parameters are
presented in Table 5.1. Dietary lipid saturatiorgéneral had no significarf® & 0.05) effect
on the tested parameters, except in the case biwngpht P < 0.05), -height® < 0.05) and
-colour score R < 0.0001). Yolk weight (13.31 g) of the layersl flne PUFA n-3 diet was
lower than that of the PUFA n-6 diet. Accordingys diet resulted in a lower yolk height
(18.24 mm) compared to the control n-3 diet (181%6). Yolk colour was the highed®
0.0001) for the SFA treatment and it was the onétadlly treatment to score significantly
higher than any of the UFA treatments. The lowPst 0.0001) yolk colour was recorded

for the PUFA n-3 treatments. The general limitegiponse of dietary saturation on internal
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egg quality parameters as illustrated in Table &.lhowever in agreement with the

production performance results as reported in Ghiap{Tables 4.1 & 4.2).

The results of the present study is not in agre¢émvéh Kehuiet al. (2004) who reported that
the dietary inclusion of 5% fish oil (PUFAs of nige) resulted in heavieP(< 0.05) yolk
weights compared to that of palm oil (high in SEA$)Jowever, they found no significant
differences in yolk weights between the dietaryusion of PUFA n-3 (fish oil) and PUFA
n-6 (soybean oil) type dietary lipid sources. Ham@nd Van Elswyk (1991), Ferriet al.
(1995) and Meluzziet al. (2000) reported that dietary supplementation akdeed, (n-3
PUFA), soybean oil (n-6 PUFA), palm oil and larigthin SFAs) had no effecP(> 0.05) on
egg and albumen weights, as was observed in theemrestudy. However, other authors
(Whiteheackt al., 1993; Scheidelest al., 1994; Van Elswylet al., 1994) concluded that both
egg and yolk weights were decreased by the inalusialietary lipid sources high in both n-
3 and n-6 types polyunsaturated fatty acids. Vé&wik et al. (1994) suggest that the
hypolipodemic effect of certain lipid sources suah fish oil might reduce the hepatic
lipogenisis and lipid transport from the blood irkee ova, thereby affecting egg- and yolk
weights negatively. Conversely, yet another grotiputhors (Baucellst al., 2000; Meluzzi

et al, 2000; Chen & Hsu, 2003) concluded that at a @mdipid inclusion level as well as
the usage ofisocaloric and isonitrogenous diets, as implemented in the present study,
resulted in the lack of significant differenceseigg properties such as egg and yolk weights
Yolk colour results from the present study supmbitammershoj (1995) who reported that
yolk colour was lowerF < 0.05) in eggs produced from diets containingf& oil (high in
n-3 PUFAs) compared to a diet with 3% animal faiusion (high in SFAs). These results
were also confirmed by a study conducted by Cachaldt al. (2008) who found that
increasing dietary inclusion levels of fish oil uded in a lower P = 0.01) egg yolk colour.
Contrary to the findings of the present study, dienal. (1992) concluded that egg yolk
colour was higherR < 0.05) by feeding whole oilseeds such as flaxgaegl PUFAs type)
compared to both sunflower seed (PUFAs of n-6 tgme) HO sunflower seed (MUFASs of n-

9 type).
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Table5.1

Mean (z s.d.) effects of dietary lipid saturatiaminternal egg quality parameters (20 to 40 wedlegye).

Control Polyunsaturated Polyunsaturated Monounsaturated Saturated Significance

(n-3) (n-3) (n-6) (n-9) (SFA) (P)
Egg weight (g) 55.77 + 1.79 54.88 + 2.94 56.10 + 2.36 54.76 + 2.31 55.21 + 3.10 0.40
Shell weight (g) 5.61 +0.31 5.66 + 0.32 5.66 + 0.34 5.55 + 0.26 5.70 £ 0.29 0.57
Yolk weight (g) 13.80°+ 0.66 13.37 £ 0.64 13.96'+ 0.94 13.73°+0.73 13.63°+ 0.66 <0.05
Yolk diameter (mm) 39.63+1.51 39.02 + 0.66 39.31 +0.80 39.49+1.16 39.24 +0.98 0.53
Yolk height (mm) 18.76 + 0.47 18.24 + 0.50 18.66°+ 0.54 18.63°+ 0.56 18.59°+ 0.60 <0.05
Yolk ratio (%) 24.52 +1.33 24.24 +0.88 24.86 +1.19 25.02 +0.89 24.73+1.10 0.19
Yolk index (%) 47.66 +1.18 46.72 +1.44 47.28 +1.26 47.46 +1.70 47.62 +1.58 0.24
Albumen weight (mm) 36.51 +£1.60 35.91 +£2.27 36.47 £ 1.60 35.50+1.71 35.87 £ 2.53 0.44
Albumen diameter (mm) 112.94 £ 4.78 113.43 +£6.48 112.58 £ 6.92 112.62 +5.04 112.32 £ 6.70 0.98
Albumen height (mm) 8.06 +0.79 7.55+0.73 7.72 £0.97 7.92 £0.76 7.72+0.88 0.33
Albumen ratio (%) 65.41+1.34 65.44 +1.08 65.05 + 1.20 64.83 +0.98 64.92 +1.21 0.33
Albumen index (%) 7.23+0.86 6.78 +0.83 6.98 +1.12 7.12+0.81 6.99 + 0.98 0.61
Haugh units 90.56 + 3.97 87.96 + 4.20 88.44 + 5.64 90.04 + 4.18 88.85 + 4.46 0.33
Colour 5.2¢' + 0.23 5.45%+0.28 5.64°+0.26 5.8 +0.23 6.14+0.27 < 0.0001

a,b,c,d

Row means with different superscripts differ sfigaintly atP < 0.05.



Cachaldoraet al. (2008) suggested that high levels (> 45 g/kgdietary PUFAs may
interact with the deposition of oxicartenoids doghe increase in total yolk fat concentration
(Grobaset al., 2001), resulting in an increased peroxidation ater®id pigments and its
retention in egg yolk. This explanation suppolis yolk colour results of the present study,
as discussed later (Table 5.4), where the com®dFA n-3 and n-6 treatments were more
susceptible to dietary (Table 3.5) and yolk lipiddation when compared to the MUFA n-9
and SFA treatments.

5.3.2 Yolk fatty acid methyl esters

The effect of dietary lipid saturation on yolk pespes such as percentage yolk fat, FFDM
(%), moisture content (%), FAME of egg yolk as waslthe total concentration and fatty acid
ratios are indicated in Tables 5.2 and 5.3 respagti It must be noted that the respective
FAME presented in Table 5.2 are not the solitatjyfacids recorded within egg yolk, but
only those specific individual fatty acids that wealso recorded for the diets (Table 3.4).
Furthermore, it is important to note that the tdadlly acid concentration and fatty acid ratios
as indicated in Table 5.3 were not calculated enfdtty acid concentrations of the single
mentioned fatty acids in Table 5.2, but on theltdiatary fatty acid profile, irrespective of
individual fatty acid concentration. Dietary lipghturation had no significant effect on the
fat (P = 0.24), FFDM P = 0.17) and the moisturd® (= 0.66) content of egg yolk. As
expected, differences in dietary lipid saturatidralfles 3.4 & 3.5) resulted in a highly
significant P < 0.0001) alteration of egg yolk FAME in resporsethe specific dietary
treatment. The control n-3 diet (50 / 50 linsekdish oil) resulted in the highesP & 0.0001)
concentration ofo-linolenic acid (PUFA n-3) (2.42%) as well as thecend highest
concentration of total n-3 (9.42%) and second lawes to n-3 (n-6 / n-3) ratio (1.51) in egg
yolk. In agreement to the dietary FAME, the polyaturated n-3 diet resulted in the highest
(P < 0.001) concentration of n-3 type PUFAs such Bé [0.95%); DPA (0.90%) and DHA
(8.33%). Additionally, the polyunsaturated n-3atraent also resulted in the higheBt<
0.0001) concentration of total n-3 fatty acids §B3) as well the lowest n-6 / n-3 ratio
(1.16) and the highest concentration of n-3 (7.98w%3/g whole egg).

The polyunsaturated n-6 treatment resulted in tighdst P < 0.0001) concentration of
linoleic acid (PUFA n-6) (20.41%), total polyunsatied fatty acids (25.50%) and total n-6
(24.49%) within egg yolk. Subsequently, the PUF2¥A ratio (0.67) as well as the n-6 / n-3
ratio (24.60) was the highesP (< 0.0001) for the polyunsaturated n-6 treatmefite
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monounsaturated n-9 treatment resulted in the bigfe< 0.0001) concentration of oleic
acid (MUFA n-9) (44.80%), total MUFAs (49.23%) atatal UFAs (65.36%) in egg Yyolk.
The MUFA / SFA ratio (1.43) as well as the UFA /ASkatio (1.90) of the monounsaturated
n-9 treatment were also the highd3t{0.0001). Interesting to note that the usagealtdw

as a dietary lipid source in the SFA treatmensulted in no distinct elevated levels of
individual fatty acids, total fatty acid concenioat or fatty acid ratios, except for the
individual highest P < 0.0001) concentration of margaric acid (SFAB205) in the egg
yolk. It is further interesting to note that altiyh individual fatty acids, as well as total fatty
acid concentration and ratios are distinctivelyoggisable in the experimental diets (Tables
3.4 & 3.5) according to the dietary lipid sourcesed, the magnitude thereof are less
noteworthy in the FAME of yolk itself (Tables 5.2 83). Results of the present study
suggests that the extent in which the FAME of egllx ys altered, differs between the SFA
and UFAs (control n-3, polyunsaturated n-3, polaingated n-6 & monounsaturated n-9)
treatments, whereby a more pronounced effect inalkeration of egg yolk FAME are
recorded with the usage of UFAs. Although dielgrig saturation resulted in difference?® (

< 0.0001) of egg yolk FAME between treatments falividual SFAs (for example: myristic-

, palmitic-, margaric- and stearic acid), theséeti@nces were not nearly as profound as those
observed between treatments for UFAs (for examplkeic-, linoleic-, a-linolenic-,
eicosopentaenoic-, docosapentaenoic- and docosatiexacid). These results of the present
study agrees with that of Cachaldetal. (2008) who found that diets varying from 15 g/kg
to 60 g/kg in various types of fish oils have ngndicant effect on the yolk concentration of
myristic-, palmitic-, margaric- and stearic acidF&3). They further concluded that the
endogenous synthesis of SFAs within birds mightdsponsible for the lack of significant
differences in yolk FAME for these fatty acids.

Important is the fact that although the differepid sources used for alteration of the dietary
saturation had an effedP (< 0.0001) on chancing the FAME of yolk, it had eftect P >
0.05) on yolk properties as indicated in Table 5SThese results attest to, Jiagial. (1991)
and Cachaldorat al. (2008) who reported that neither dietary lipidis@ nor dietary lipid
saturation had any effed® & 0.05) on the total lipid content of egg yolk.
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Tableb5.2 The mean (z s.d.) effect of dietary lipid saturatam egg yolk properties and fatty acid methyl ss(EAME) at 30 weeks of
age.
: Control Polyunsaturated Polyunsaturated Monounsaturated  Saturated Significance
(n-3) (n-3) (n-6) (n-9) (SFA) (P)
Yolk properties (%):
Yolk fat 31.28 £ 0.70 30.51+1.70 30.35+2.13 31.45+0.82 30.98 £ 0.98 0.24
Yolk fat free dry matter 19.51+2.17 20.31£0.89 21.19+2.93 20.24 £ 0.50 20.84 £ 0.60 0.17
Yolk moisture 49.21 +2.33 49.18 £+ 1.85 48.46 + 3.58 48.31 £ 0.79 48.18 +£1.18 0.66
FAME (% of total fatty acids)
Saturated fatty acids:
Myristic acid (C14:0) 0.35' + 0.04 0.5+ 0.06 0.23 +0.05 0.28 +0.05 0.39 + 0.06 < 0.0001
Palmitic acid (C16:0) 26.66+1.54  30.00+0.97 26.67+0.87 25.59+0.97 26.52+1.16 < 0.0001
Margaric acid (C17:0) 0.17+0.03 0.2 +0.01 0.16°+0.02 0.13'+0.02 0.32+0.04 < 0.0001
Stearic acid (C18:0) 10.16°+1.23 9.51°+0.94 11.29+1.30 8.61°+ 1.53 10.04°+ 1.15 < 0.0001
Monounsatur ated fatty acids (n-9):
Palmitoleic acid (C16:1c9) 2.45'+0.49 2.79+0.48 1.63+0.24 2.44 +0.60 2.74+0.55 < 0.0001
Oleic acid (C18:1c9) 34.64 +2.85 319 +1.93 33.06 +1.44 44.80 + 3.07 41.82 +2.78 < 0.0001
Eicosenoic acid (C20:1c11) 0.2+ 0.04 0.24+0.03 0.18 +0.02 0.23+0.02 0.2+ 0.03 <0.001
Polyunsaturated fatty acids (n-6):
Linoleic acid (C18:2c9,12) 12.7P+0.77 11.03+052  204F+1.42 12.28°+0.80 11.58%+0.85 < 0.0001
Eicosadienoic acid (C20:2c11,14) 0.10 £ 0.02 0.08 +0.01 0.26'+0.03 0.13 +0.03 0.10° + 0.02 < 0.0001
Arachidonic acid (C20:4¢5,8,11,14) 1.23+0.31 1.00 £0.17 3.77+0.84 2.77+0.82 2.7 +0.73 < 0.0001
Polyunsaturated fatty acids (n-3):
a-Linolenic acid (C18:3¢9,12,15) 2.42+0.67 0.22 +0.05 0.14 +0.05 0.12+0.04 0.16' +0.04 < 0.0001
EPA! (C20:5¢5,8,11,14,17) 0.54 +0.11 0.95 +0.14 - - - < 0.0001
DPA? (C22:5¢7,10,13,16,19) 0.56+0.16 0.90'+0.12 - - 0.08 + 0.02 < 0.0001
DHA? (C22:6¢4,7,10,13,16,19) 5.76 + 1.50 8.33+0.90 0.66 +0.15 0.65 +0.24 0.88 +£0.26 < 0.0001

abed  Row means with different superscripts diffgrsiicantly atP < 0.05;"

Eicosopentaenoic acitl; Docosapentaenoic acitl; Docosahexanoic acid.
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Tableb.3

Mean (z s.d.) effect of dietary saturation on td&ly acid concentration (%) and fatty acid rand®gg yolk.

Control Polyunsaturated Polyunsaturated Monounsaturated  Saturated Significance
(n-3) (n-3) (n-6) (n-9) (SFA) (P)

Total fatty acid concentration (%)

Total SFA 37.40+2.33 40.33+1.14 38.3%5°+1.58 34.64 +2.04 37.43+1.93 < 0.0001
Total MUFA? (Total n-9) 39.13+3.48 37.03+221 36.18+1.67 49.23 +3.55 46.83 +3.30 < 0.0001
Total PUFA (Total n-6 & n-3) 23.47+160 2264+1.24 2550+0.92 16.14 +1.73 15.74 + 1.69 < 0.0001
Total UFA' (Total n-9, n-6 & n-3) 62.60+2.32 59.67+1.14 61.6%+158 65.38+2.04 62.57+1.93 < 0.0001
Total n-6 14.09+0.80 12.1T+0.57 24.49+0.89 15.20 + 1.49 14.47 + 1.41 < 0.0001
Total n-3 942+118  10.53+1.00 1.0Z +0.14 0.93+0.26 1.28 +0.31 < 0.0001
Fatty acid ratios

MUFA / SFA° 1.06 +0.17  0.95+0.08  0.95+0.08 1.43+0.19 1.26+0.16 < 0.0001
PUFA / SFA 0.63 +0.04 0.56" + 0.02 0.67 +0.04 0.47 £0.03 0.42'+0.04 < 0.0001
UFA | SFA 1.68+0.18 1.48+0.07 1.61°+0.11 1.96+0.18 1.68+0.15 <0.0001
n-6 /n-3 1.51°+0.19 1.16'+0.12 24.60 + 4.09 17.22+4.12 11.90 + 2.72 < 0.0001
mg n-3 / g whole edg 7.26 +0.80 7.78 +£0.99 0.73+0.10 0.74£+0.21 0.95' + 0.24 < 0.0001
mg n-6 / g whole ed§ 10.87°+0.96 8.97+0.57 17.69 + 1.58 12.10 + 1.40 10.76 + 1.19 < 0.0001

a,b,c,d
1
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Row means with different superscripts differ sigraftly atP < 0.05.
Saturated fatty acids.

Monounsaturated fatty acids.

Polyunsaturated fatty acids.

Unsaturated fatty acids.

The ratio of monounsaturated to saturated fatitysac
The ratio of polyunsaturated to saturated fattglsac
The ratio of unsaturated to saturated fatty acids.
The ratio of omega-6 to omega-3 fatty acids.

The n-3 content per gram of whole egg (mg / g).
The n-6 content per gram of whole egg (mg / g).



Alvarez et al. (2004; 2005) also reported that dietary suppldéatem with fish- and HO
sunflower oil in attempt to alter the dietary lipsaturation had no effecP (> 0.05) on the
percentage moisture (%) of egg yolk. However, thegyorted that an increased inclusion
level (from 1 to 5 g/kg) of conjugated linoleic dcfCLA) resulted in an increased yolk
moisture content, which they ascribed to the assedidecrease in yolk fat content. Contrary
to the results of the present study, Chesdiaal. (2007) indicated that by adding both fish oil
and CLA at 0.25% in combination to yellow greasglinin SFAs), a decreasP & 0.05) in
total lipid content of egg yolk of approximately4% was recorded, which they ascribed to

the decreased fat synthesis within the liver assediwith supplementary CLA..

Results of the present study is in agreement il of Cachaldorat al. (2008) who found
that the dietary fatty acid profile have a highlgnsficant influence on the FAME of egg
yolk. Cachaldorat al. (2008) indicated that the dietary inclusion d tipid sources such as
fish oil resulted P < 0.001) in a linear increase in the concentratibBPA, DPA and DHA
(PUFAs n-3) within egg yolk. In support, Cherieinal. (2007) concluded that layer diets
containing different supplementary lipid sourceslligw grease, CLA and/or fish oil) are
effective in changing the FAME of egg yolk accoglito the dietary fatty acid profile.
Celebi and Macit (2008) reported that the dietagiusion of a short chain PUFA n-3 lipid
source such as flaxseed oil resulted not only innareasedR® < 0.0001) concentration of
PUFAs such as-linoleic acid within egg yolk, but also of thosenger type n-3 fatty acids
such as EPA, DPA and DHA. Furthermore, Chedaal. (1996) and Carrilo-Dominguest
al. (2005) concluded that hens have the ability tmghtea-linolenic acid and EPA to its
longer n-3 metabolites such as DPA and DHA durirggformation of yolk lipids in the liver.
Comparing the dietary concentrationsueifnolenic acid, EPA, DPA and DHA (Table 3.4) of
both the control n-3 and polyunsaturated n-3 treatsywith their respective concentrations
in egg yolk (Table 5.2), it's clearly evident thadth a-linolenic acid and EPA concentrations
decline on average between 80 to 87% , while tmeeatration of DPA (+36%) and DHA
(+220 to 317%) increased considerably in the ydiiereby supporting the findings of
Carrilo-Dominguezet al. (2005). In another report, Alvarex al. (2005) found that the
dietary inclusion of HO sunflower oil as dietaryOnlpid source, resulted in a loweP
0.001) total SFA concentration as well as palnatid stearic acid levels and an incredse (
0.001) in total MUFA and oleic acid content of egik. In agreement the monounsaturated

n-9 treatment of the present study (using HO swetaoil) resulted in the lowesP(< 0.001)
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concentration of total SFA (34.62%) as well as riteacid (SFA) (8.61%) and the highest
concentration® < 0.001) of total MUFA (49.23%) and oleic acid (FMA n-9) (44.80%).

The highestR < 0.0001) concentration of total SFAs (40.33%) &wlest concentration of
total UFAs (59.67%) in egg yolk of the polyunsatathn-3 treatment were unforeseen when
compared to the total concentration of the dietpeeially that of the SFA treatment.
However, it is interesting to note that the polyatnsated n-3 diet had the higheft €
0.0001) concentration of saturated myristic- (0.»3¥d palmitic acid (30%) in the egg yolk.
Furthermore, since fish oil were solely used astadye lipid supplement in the
polyunsaturated n-3 treatment, one must considerfatty acid profile and its role in
contributing to the high SFA content of egg yolkrom Table 2.1 it is also evident that the
saturated palmitic acid concentration of pure bdlcould vary between 13.4 % (O'Fallen
al., 2007) and 20.2% (Basmacioglu-Malayoglu, 200Results of the present study could
however be explained by the findings of Baucedisal. (2000) who reported that the
progressive substitution of fish oil with otheritipsources such as linseed oil (high in short
chain PUFA n-3), rapeseed oil (high in short cRFA n-3), sunflower oil (high in PUFA
n-6), and tallow (high in SFAs), hardly affectec ttespective levels of SFAs in egg yolk,
irrespective of its significant alteration of egolly n-3 and n-6 PUFA concentrations.
Baucellset al. (2000) concluded that irrespective of the dielgil source being used, the
total SFA concentration of egg yolk ranged betw@@rand 38%. Furthermore, Schreieer
al. (2004) also reported that the total SFA concéioimeof egg yolk were similar( > 0.05)
for both tallow (high in SFAS) and seal blubber(biigh in PUFASs of n-3 type). Schreingr
al. (2004) concluded that if higher levels of UFAg &ed to laying hens, they do have the
capacity to keep the SFA levels in egg yolk relivwconstant, which is a crucial aspect for

the biological and reproductive properties of eggs.

The n-6 / n-3 ratios of both the polyunsaturate®itneatment (1.16 / 1) and control n-3 (1.51
/ 1) are within the ideal range as prescribed leyRAO (2010), where a n-6 / n-3 ratio within
human diets should be lower than 10 / 1 and prefg@s low as 2 / 1. One of the beneficial
aspects of these low n-6 / n-3 ratios is that coress would be able to increase their PUFA
n-3 essential fatty acid intake with sufficient tdiy ingestion of these “enriched” eggs.
Similarly to the results of the present study, 8otaret al. (2004) reported a reductioR €
0.0001) in the n-6 / n-3 ratio from 6.78 /1 to 2/50 by using seal blubber oil (PUFA n-3
type fatty acids) at a dietary inclusion level 8 Eompared to tallow (SFAs). Schreirgr
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al. (2004) also indicated that it is possible to @ase the total n-3 fatty acid concentration of
eggs from 33 mg n-3/ egg (tallow treatment) to 1@ / egg (seal blubber oil) at a 5%

dietary lipid inclusion level, while Hargis and V&fswyk (1991) concluded that dietary lipid

supplementation with 3 to 7% fish oil, would incsedahe n-3 fatty acids in eggs to more than
200 mg / egg. Results from the present study rarsupport to these findings where the
polyunsaturated n-3 treatment had the highest 0.0001) n-3 fatty acid content per gram
egg (7.78 mg n-3 / g whole egg), while the polytwmsded n-6 treatment resulted in the
highest n-6 fatty acid content per gram of wholg €57.69 mg n-6 / g whole egg). Results
of the n-6 / n-3 ratio as well as total n-3 concatidn in eggs are noteworthy to consumers
and dieticians since it could be used jointly agimleline in regulating the intake of essential
fatty acids (both n-3 and n-6 type PUFAS) by meainegg consumption. Given the results
of the present study (Table 5.3), one egg with\arage weight of 55 g containing 7.80 mg
n-3 / g whole egg, would result in a total of 42 m3 which is approximately 25% (males)
and 40% (females) of the daily n-3 fatty acid reguoients of adults (Food & Nutrition

Board, 2002). Given the same enriched egg, wille@eased n-6 concentration of 0.73 mg
n-6 / g whole egg, a person would only consume gré per day which is less than 0.5%
of the daily n-6 requirements of adults (Food & fitign Board, 2002). By consuming n-3

enriched eggs, consumers would still be able tootla¢r food sources with higher n-6

concentrations, without compromising their egg comgtion.

However, an increase in the n-3 fatty acid contéreggs also has its limitations in terms of
sensory acceptability. Various authors (Holdas &yM1966; Van Elswylet al., 1992; Van
Elswyk et al., 1995) indicated that eggs containing 200 mg oram-3 fatty acids coming
from the dietary supplementation of menhaden oiehaoor sensory quality. In agreement
to those reports, Hayat al. (2010) found that the dietary inclusion of fisih resulted in a
significant reduction in the organoleptic qualitiemgs and ascribed their results to higher
levels of EPA and DHA (n-3 PUFAS) found in fish aglsulting in a consequent increase in
long chain PUFAs of egg yolk. In another reporeriber-McNeill and Van Elswyk, (1996)
found that although menhaden oil provides EPA, ERA DHA (n-3 PUFAS), it is only the
DHA levels that are significantly deposited in egglk and ascribed poor sensory
characteristics of menhaden oil to this specifityfacid. Although sensory characteristics
were not evaluated during the present study, tlesipiity do exist that that the high levels
of n-3 and therefore DHA enrichment might have lesuin eggs with a lower sensory

acceptability to consumers, given documented liteea
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5.3.3 Lipid oxidation of egg yolk

Results regarding the effect of dietary saturaten the oxidative stability of eggs as
expressed by TBARS and PV of freshyand stored eggs (B) are presented in Table 5.4.
Dietary lipid saturation level had generally a #igant effect on both TBARSR < 0.001)
and PV P < 0.05), irrespective of egg storage period. pblgyunsaturated n-3 treatment had
the highest TBARS for fresh and stored eggs (0.8 fmalonaldehyde / kg yolk for both time
periods), while the TBARS of the saturated and numisaturated n-9 treatments were almost
equally low in both time periods (0.13 mg malonélgiie / kg yolk). The PV value of fresh
eggs (B) from the polyunsaturated n-3 treatment were igbdst (3.96 meq. peroxide / kg
fat) whereas that of the monounsaturated n-9 tre@itnvere the lowest for both time periods
(2.77 and 2.04 meq. peroxide / kg fat respectivelihe higher TBARS and PV values for
the polyunsaturated n-3 treatment where fish oilewesed as dietary lipid supplement were
partly foreseen. However, the significant diffezes of both the TBARS and PV between the
control n-3, polyunsaturated n-6 and polyunsatdrat8 treatments for fresh eggso(vere
not anticipated given the results of the dietary iRVIable 3.5 (Chapter 3). Taking into
account that a PV value above 10 meq. peroxidelkgrid TBARS above one is considered
to be high and unacceptable, and the results ofuhrent study is well below that for all the
treatments can be the reason why there are notliffieyence between the fresh and stored
eggs. This observation may be the result of thenétion of other secondary oxidation

products, not measured in this study.

Since the dietary lipid oxidative stability, as rmesed by means of the PV, of the
polyunsatured n-3 treatment (Table 3.5) were vemjilar to that of the control n-3 and
polyunsaturated n-6 treatments for fresh diets, dlifficult to explain the significant increase
in lipid oxidation of egg yolk as indicated in Tal®.4. It seems that the high€r< 0.0001)
level (2.42%) ofo-linolenic acid (Table 5.2) found in egg yolk ofetleontrol n-3 treatment
resist lipid oxidation better than the higher lsvef EPA (0.95%), DPA (0.90%) and DHA
(8.33%) in egg yolks from the polyunsaturated n«€atment. The more double bonds
present in a fatty acid the more susceptible fbiBpid oxidation. EPA and DPA have five

double bonds and DHA six, compared to the thredlddoonds ofi-linolenic acid.
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Table5.4

of fresh () and stored (R&) eggs at 30 weeks of age.

The mean (z s.d.) effects of dietary saturationhanthiobarbituric acid reactive substances (TBAR®) peroxide value (PV)

Storage Control Polyunsaturated Polyunsaturated Monounsaturated Saturated Significance
time (n-3) (n-3) (n-6) (n-9) (SFA) (P)
TBARS' Do 0.19 + 0.05 0.27+0.09 0.16 + 0.05 0.13 + 0.04 0.13+0.32 < 0.0001
Dag 0.25 + 0.09 0.27+0.08 0.16 + 0.05 0.14 +0.05 0.13 +0.05 < 0.0001
PV2 Do 3.07+0.64 3.96'+0.67 353°+1.01 277 +0.45 3.23°+0.73 <0.002
Dag 2.90°+0.58 2.37°+0.90 3.02+0.98 2.04+0.77 2.47°+0.87 <0.05

Row means with different superscripts differ sfigaintly atP < 0.05.
Thiobarbituric acid reactive substances (mg matteteyde / kg yolk).

Peroxide value (milliequivalent peroxide / kg fat)



These results suggested that if a combination ahtpland animal oil is used for the
manipulation of dietary FAME, egg yolk fatty acideuld withstand lipid oxidation better
than with pure animal oil (fish oil), irrespectieésimilar dietary oxidation levels.

The decrease in egg yolk PV between fres) @nd stored (B) eggs further suggest that
egg Yyolk peroxidation is not directly linked withet dietary PV, especially when results of
the polyunsaturated n-6 diet is evaluated (Tabf). 3.However, it further seems that the
elevated levels of dietary lipid oxidation (Tablé)are not positively reflected in the level of
yolk lipid oxidation. Similarly, egg production &ble 4.1) and -quality characteristics
(Tables 5.1, 5.2 & 5.3) were not negatively infloed by the high levels of dietary lipid
peroxidation as seen in Table 3.6. These findouysd partly be explained by the results of
McGill et al. (2011) who reported that high dietary peroxideueal of 75 to 150

milliequivalent peroxide / kg fat had no negativifeet on feed intake and production

performances of birds, provided that an antioxidqa8® mg / kg) is included in the diet.

Shahryaret al. (2010) reported higheP(< 0.01) TBARS in egg yolk of hens fed n-3 fatty
acids (fish oil) compared to n-6 fatty acids (sanfér oil) (3.29vs. 2.88 mg malonaldehyde /
gram yolk). This was supported by the resultshefgresent study after a storage time of 28
days. Hayatkt al. (2010) found that an increment in yolk n-3 fa#gids resulted in an
increased risk of lipid oxidation of yolk and a sefjuent reduction in egg quality and overall
sensory acceptance. Hayhtl. (2010) further reported that the inclusion ok#iaed (high

in short chain n-3 PUFAS) in layer diets resultedhihigher oxidative stability compared to
fish oil (high in longer chain n-3 PUFAS) inclusiokie related this improvement in oxidative
stability to the high levels od-linolenic acid within flaxseed oil, compared tcettonger
chain PUFAs of fish oil. The results of Cheriahal. (2007) also indicated that diets
supplied with fish oil (longer chain PUFAs of n3ge) resulted in eggs with highd? €
0.05) TBARS (1.5vs. 1.0 mg malonaldehyde / gram yolk) orp Dompared to diets
supplemented with yellow grease (high in saturfaéty acids) and/or CLA (high in PUFAs
of n-6 type intrans- configuration). These authors concluded thaspeetive of the fatty
acid profile of the dietary lipid source used, arage period of beyond 40-days promoted

lipid oxidation and the accumulation of TBARS siggantly.
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54  Conclusions

The only meaningful internal egg quality charastériinfluenced by dietary lipid saturation
was yolk colour. It seems that the dietary induasof saturated lipids resulted in the highest
egg colour while that of the n-3 diets the loweb clear influence of dietary lipid saturation
on other internal egg quality characteristics cdadddetected. Results from the present study
clearly indicated that the fatty acid methyl est@gfAME) of egg yolk could be favourably
altered by using various dietary lipid saturationfiles (PUFAs and MUFAS). Conversely,
the usage of saturated tallow in the diet of layees not characterised by a distinct
influence, with the exception of margaric acid,tbe SFAs concentrations of egg yolk and it
seems that endogenous synthesis of these SFAsWitlis might have occurred. Although
the usage of PUFA n-3 diets could be successfldgduo decrease the n-6 / n-3 ratios of
eggs and thereby increasing the intake of essamiafatty acidsvia food containing these
enriched egg products, it coincide with a signifiicdecrease in lipid oxidative stability as
well as egg yolk colour. Although not investigaiadhe present study, a possible negative
influence of high levels of PUFA n-3 in egg yolky) sensory acceptability to consumers
should be kept in mind. This aspect as well agalesof a-linolenic acid to counteract this,

needs further investigation.
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CHAPTER 6
GENERAL CONCLUSIONS

Polyunsaturated fatty acids (PUFAS) have been identified as essential nutrients in reducing
the risks associated with cardiovascular diseases (CVD) in humans while these fatty acids are
further essential for normal growth and development of children. However, the daily human
diet is either deficient in PUFAs and/or the ratio of omega-6 / omega-3 (n-6 / n-3) is not
within the ideal (< 4/ 1), mainly due to the industrialised manufacturing systems used for
food production and preparation. Polyunsaturated fatty acids can be incorporated into poultry
meat and eggs through dietary manipulation, offering consumers a product that combines
amino acids with essential fatty acids (EFA) within a complete food source. However,
production performances of animals as well as quality characteristics of food products
produced could be at risk using n-3 type PUFASs enriched diets due to their susceptibility to
lipid oxidation. Therefore, a comprehensive study was conducted to evaluate the effects of
dietary lipid saturation on nutrient digestibility, production performances of laying hens,
internal and externa egg quality characteristics as well as lipid oxidative stability of egg yolk
during prolonged exposure (20 weeks) to specific dietary fatty acids.

Results from the present study indicated that the dietary fatty acid profile was successfully
atered in agreement to those of the specific supplementary lipid sources used. It is aso
evident that the diets with higher concentrations of PUFAS were more susceptible to lipid
oxidation, as measured by means of peroxide vaue (PV) and free fatty acids (FFA),
compared to that of the monounsaturated n-9 and saturated fatty acid (SFA) treatments,
irrespective of storage duration of feed. Results further indicate that dietary lipid saturation
had no influence on feed intake as well as apparent digestibility of dry matter, organic matter
or gross energy. Although the polyunsaturated n-6 treatment resulted in the lowest apparent
crude protein digestibility and the SFA treatment in the lowest fat digestibility, no clear effect
of dietary lipid saturation on nutrient digestibility could be recognised. Both the apparent
metabolisable energy (AME) and AME corrected for nitrogen (AME;) were influenced by
dietary lipid saturation. Although the polyunsaturated n-3 treatment resulted in the highest (P
< 0.01) AME (13.29 MJ AME/kg DM) and AME, (12.74 MJ AME/kg DM), no clear trend
regarding dietary lipid saturation on AME and AME, could be established since both these
parameters tested the lowest within the control n-3 and polyunsaturated n-6 treatments. The
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results of the digestibility study seems to suggest that although diets with a highly saturated
fatty acid profile have a negative influence on fat digestion, no similar negative responses
were observed in terms of the AME and AME,. In the case of adult laying hens, it seems that
the constant inclusion levels of supplemental lipid sources as well as the formulation of
isoenergetic and isonitrogenous diets with similar dietary mineral and fibre composition are
of more importance in influencing nutrient digestibility, compared to the dietary lipid

saturation as single factor.

Results regarding the effect of dietary lipid saturation on egg production performances and
externa egg quality suggested that the dietary fatty acid profile have no influence on most of
these parameters. However, the percentage sellable eggs were the lowest (P < 0.015) for the
SFA treatment during the present study. Although the SFA treatment resulted in the lowest
percentage sellable eggs (89.17%) during peak production (20 - 40 weeks of age), no
differences were recorded for eggshell weight, mean eggshell thickness, egg surface area,
shell weight per unit surface area and eggshell Ca-content when compared to the other
treatments. Since the SFA treatment had no negative influence on any of these eggshell
quality parameters, it could be speculated that the high dietary concentrations of SFA might
have influenced the ultra structure of eggshells negatively, thereby resulting in an increased
egg losses via shell breakages and cracks. However, since the ultra structure of eggshells
were not evaluated by means of microscopy or shell breaking tests, this philosophy remains
only speculative in the present study, athough recorded in some other documented literature
and needs further investigation. Feed efficiency and percentage eggshell was the only two
other parameters influenced by dietary treatment. Once again, it seems that the effect of
dietary lipid saturation on these two parameters could not be clearly defined. It can be
concluded from the results of the production study that, with the exception of the SFA
treatment which resulted in less sellable eggs, the effects of dietary lipid saturation are similar
on egg production as well as external eggshell quality parameters during peak production (<
40 weeks of age).

It further seems that lipid saturation had no clear effect (P > 0.05) on most of the internal egg
quality parameters. However, the SFA treatment resulted in the highest (P < 0.0001) yolk
colour score, while the yolk colour score were the lowest for the n-3 treatments. Results of
the present study confirmed that of documented literature that the FAMES of egg yolk was
successfully altered to represent that of the particular dietary treatment without any
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detrimental effects on the total fat content, fat free dry matter or moisture content of egg yolk.
Both the control n-3 and polyunsaturated n-3 treatments were highly effective (P < 0.0001) in
increasing the eicosopentaenoic- and docosahexanoic acid content of egg yolk, whereas a
general increase in the total n-3 concentration of egg yolk aso resulted in a decreased ratio of
n-6 / n-3 yolk fatty acids. Additionally, results of the present study indicate that the extent, in
which the FAME of egg yolk is atered, differs between the SFA and UFAs (control n-3,
polyunsaturated n-3, polyunsaturated n-6 & monounsaturated n-9) treatments, resulting in a
total SFA concentration of egg yolk that ranges between 34 and 40% irrespective of dietary
concentration thereof. From a metabolic point of view, it seems that the endogenous

synthesis of saturated fatty acids within birds might be responsible for these results.

Dietary lipid saturation level had generaly a highly significant effect on lipid oxidation of
egg yolk as measured by the thiobarbituric acid reactive substances (TBARS) and peroxide
value (PV), irrespective of egg storage time (fresh or 28 days of refrigerated storage). The
polyunsaturated n-3 treatment resulted in the highest (P < 0.001) TBARS for both fresh and
stored eggs (0.27 mg malonaldehyde / kg yolk), while the TBARS of both the saturated and
monounsaturated n-9 treatments were amost equally low for both time periods (0.13 mg
malonaldehyde / kg yolk). The significant differences in yolk lipid oxidation for fresh eggs
between the control n-3 and polyunsaturated n-3 treatments as observed during the present
study, could suggest that an increase in yolk concentration of n-3 fatty acids with longer
carbon chain lengths (el cosopentaenoic-, docosapentaenoic- & docosahexanoic acid) resulted
in an increased rate of lipid oxidation compared to n-3 fatty acids with shorter chain length
(o-linolenic acid) within the birds. Although the results of the present study showed that the
usage of PUFA n-3 diets could be successful to enrich the essential n-3 fatty acids of eggs, its
negative effects regarding lipid oxidative stability as well as colour of egg yolk should be
kept in mind. Accordingly high levels of PUFA n-3 in egg yolk could negatively influence
the sensory acceptance by consumers, athough not evaluated during the present study. It
seems that higher levels of a-linolenic acid in egg yolk could resist lipid oxidation better than
other PUFAs. The usage of PUFA lipid sources high in a-linolenic acid to improve the
oxidative stability of eggs and therefore overall sensory acceptance needs urgent further
investigation. Furthermore the role and manipulation of eicosapentaenoic- and
docosahexaenoic in the reduction of the organoleptic quality of eggs needs further research.
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Finally it can be concluded that dietary lipid saturation did not affect overall production and
egg quality characteristics during peak production, even with differences recorded in terms of
nutrient digestibility. Caution needs to be taken when high levels of SFAs are included in
layer diets due to its associated decrease in shell quality by means of the lowest percentage
sellable eggs. Furthermore, it can be concluded that the FAME of egg yolk can be
manipulated through dietary manipulation without any negative influences on most internal
egg quality characteristics. However, specia care should be taken in monitoring the lipid
oxidative stability of n-3 enriched eggs to ensure that a good quality food product with a
viable shelf life could be supplied to consumers. As recommendation for future research, the
aspects regarding the influence of dietary lipid oxidation on consumable food product
stability when modifying the FAME of animal tissue as well as general animal welfare and
immunity should be investigated.
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ABSTRACT

A study was conducted to investigate the effects of dietary lipid saturation on nutrient
digestibility, egg production and egg quality characteristics of laying hens during peak
production (< 42 weeks of age). Five isoenergetic (12.6 MJ AME/kg DM) and
isonitrogenous (170 g CP/kg DM) diets were formulated with a 30 g/kg lipid inclusion level,
using a blend (50 / 50) of fish- and linseed oil (control n-3), pure fish oil (polyunsaturated n-
3), sunflower oil (polyunsaturated n-6), high oleic acid (HO) sunflower oil (monounsaturated
n-9) and tallow (saturated fatty acid treatment). The blend of fish- and linseed oil blend were
used to increase the a-linolenic acid content of the control n-3 diet, while fish oil was used in
the polyunsaturated n-3 diet to increase the concentration of eicosopentaenoic- (EPA) and
docosahexanoic acid (DHA) fatty acids primarily. Sunflower oil and HO sunflower oil was
used to increase the linoleic- and oleic acid in the polyunsaturated n-6 and monounsaturated
n-9 diets respectively, whereas tallow was used to increase pamitic- and stearic acid levelsin
the saturated fatty acid (SFA) treatment. Two hundred, individually caged Hy-Line Silver
Brown hens (20 weeks of age) were randomly allocated to the five dietary treatments (n = 40
replicates/treatment) and received the respective experimental diets. During 24, 28, 32, 36
and 40 weeks of age, all eggs produced were recorded, individualy weighed and used for
anaysis of interna and external egg qualities. While feed intake of hens was measured
weekly, body weights were determined monthly. Data for the respective collection weeks
were pooled for calculation of parameter means during statistical analysis. During the
mentioned weeks eggs were evaluated for shell quality and internal egg quality. During week
30 of age, 12 eggs per treatment were also randomly selected for analyses of fatty acid
methyl esters (FAME), thiobarbituric acid reactive substances (TBARS) and peroxide value
(PV) while another 12 eggs were stored at 4°C for analyses after 28 days. At the end of the
study (42 weeks of age) six birds per treatment were used to determine the effects of dietary
lipid saturation on nutrient digestibility.

Dietary lipid saturation had no effect (P > 0.05) on feed intake as well as most of the nutrient
digestibility coefficients, except in the case of crude protein (P < 0.05) and fat (P < 0.0001),
whereby the monounsaturated n-9 diet resulted in the highest (P < 0.05) CP digestibility
which differs statistically only with that of the polyunsaturated n-6 diet, but not with any of

the other dietary treatments. Therefore, no clear influence of dietary lipid saturation on
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apparent digestibility of CP could be detected. Furthermore, al poly- and monounsaturated
diets had a higher fat digestibility (94.2 to 95.6%) than the SFA diet (90.4%). Although both
the polyunsaturated n-6 and control n-3 treatments had the lowest (P < 0.01) apparent
metabolisable energy (AME) and AME corrected for nitrogen (AME,) vaues, no clear trend
regarding dietary lipid saturation on nutrient digestibility could be established. Similarly to
nutrient digestibility results, dietary lipid saturation resulted in a limited significant response
on production parameters tested without any recognisable trends. The SFA treatment resulted
in the lowest (P < 0.015) percentage sellable eggs, while feed efficiency (P < 0.001) and
percentage eggshell (P < 0.05) was the lowest for the monounsaturated n-9 and
polyunsaturated n-6 treatments respectively. Evaluating internal egg qualities, the control n-3
and polyunsaturated n-3 treatments had the lowest (P < 0.0001) egg yolk colour compared to
that of the SFA which resulted in the highest colour score. Additionally, the FAME of egg
yolk was successfully atered to represent that of the particular dietary treatment without any
detrimental effects on the total fat content (P = 0.24), fat free dry matter (P = 0.17) or
moisture (P = 0.66) content of egg yolk. The polyunsaturated n-3 treatment was highly
effective (P < 0.0001) in increasing the EPA and DHA concentration of egg yolk, whereas a
general increase in the dietary n-3 content resulted in a decreased (P < 0.0001) ratio of n-6 /
n-3 for both the control n-3 and polyunsaturated n-3 diets. Both the SFA and
monounsaturated n-9 treatments resulted in the lowest (P < 0.0001) TBARS for both time
periods, whereas the polyunsaturated n-3 treatment resulted in the highest (P < 0.001)
TBARS for both fresh and stored eggs (0.27 mg malonadehyde / kg yolk during both time

periods).

From the results of the current study it can be concluded that although fat digestion was lower
for the SFA treatment, AME values did not differ between treatments. With the exception of
the SFA treatment that resulted in less sellable eggs, no influence of lipid saturation on egg
production and external egg shell qualities could be detected. The results showed that PUFA
n-3 diets could be successfully used to enrich the essential n-3 fatty acids of eggs. However,
lipid oxidation stability as well as yolk colour was negatively influenced by an increase in
PUFA n-3 type fatty acids.
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OPSOMMING

‘n Studie is uitgevoer om die effek van dieet lgunersadigheid op nutriéntverteerbaarheid,
eierproduksie en kwaliteitseienskappe van eiersurggle piekproduksie<(42 weke
ouderdom) van |éhenne te ondersoek. Vyf energi2.6( MJ SME/kg DM) en
proteienekwivalente (170 g/kg RP DM) diéte is gefoleer. In die onderskeie diéte is 30
g/kg lipiedbronne ingesluit deur van ‘n vis- endgadoliemengsel (50 / 50) as kontrole n-3
behandeling, visolie (polie-onversadig n-3), sonoelolie (polie-onversadig n-6), hoé
oleiensuur (HO) sonneblomolie (mono-onversadig B®peesvet (versadige vetsuur dieet)
gebruik te maak. ‘n Mengsel van vis- en lynsaala gebruik om diex-linoleiensuur
inhoud van die kontroledieet te verhoog, terwyl dsolie in die polie-onversadige n-3 dieet
gebruik is om eikosapentanoé (EPA) en dokosaheksa@HA) vetsure te verhoog. In die
polie-onversadige n-6 en mono-onversadige n-9 is&enneblomolie en HO sonneblomolie
gebruik om onderskeidelik die linoleensuur en aisirir inhoud in die onderskeie diéte te
verhoog. Beesvet is gebruik om die vlakke van pg@m en steariensuur in die versadige
vetsuur dieet te verhoog. Twee honderd Hy-linev&ilBruin henne (20 weke oud) wat in
individuele hokke aangehou is, is ewekansig tussk®m vyf behandelings (n=40
herhalings/behandeling) verdeel. Gedurende oudesdeke 24, 28, 32, 36 en 40 is
eierproduksie daagliks aangeteken, eiers individgesveeg en na die laboratorium vir
verdere analise van eksterne- en interne kwakieitskappe geneem. Voerinname is
weekliks bepaal, terwyl die henne se liggaamsmasdarende die genoemde weke bepaal is.
Data van dié onderskeie weke is vir statistiesdeiludes saam gepoel en is gedefinieerd as
die piekproduksie periode. Die eierdop- en intdewaliteit van die eiers wat geproduseer is,
is in bogenoemde weke geévalueer. Gedurende audewieek 30 is 12 eiers van elke
behandeling ewekansig geselekteer om vir oksiddalalitiet d.m.v. peroksied waarde (PW)
en tiobarbituursuur reaktiewe bestandele (TBAR3p#¢s. ‘n Verdere 12 eiers is ewekansig
gekies en in ‘n yskas {@) vir 28 dae gestoor waarna dit vir beide pararsetatleed is. ‘n
Veteringstudie is aan die einde van die studieeuitgr (42 weke ouderdom) om die effek

van vetsuurversadigheid op nutriént verteerbaareegyalueer.

Daar was geen effek van vetsuurversadighfid>(0.05) op voerinname en die skynbare
verteerbaarheid van die meeste nutriénte nie, tvehad die geval van RP en vet waar die

mono-onversadigde n-9 dieet die hoogte<(0.05) RP verteerbaarheid gehad het wat slegs
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met dié RP verteerbaarheid van die polie-onversidig6 dieet verskil het. Al die polie- en
mono-onversadigde é&e (vanaf 94.2 tot 95.6%) het ook ‘n do(P < 0.0001)
vetverteerbaarheid gehad as die versadigde vetiieet (90.4%). Alhoewel die polie-
onversadige n-6 en kontrole behandeling beide diagdte R < 0.01) skynbare
metaboliseerbare energie (SME) en SME gekorrigeestikstof (SME,) waardes gehad het,
was daar geen duidelike verwantskap tussen vewstsasiigheid en nutriéntverteerbaarheid
nie. Daar was ook geen effek van vetsuurversagligmproduksie van die henne nie. Die
versadigde vetsuur dieet het statisties betekehi@¥c< 0.015) minder bemarkbare eiers
geproduseer. Die doeltreffendheid van voerbergiffih< 0.001) en die persentasie eierdop
(P < 0.05) was onderskeidelik die laagste vir die mronversadige n-9 en polie-onversadige
n-6 behandelings. Evaluering van interne eierkeidédi het getoon dat die kontrole n-3 en
polie-onversadige n-3 behandelings die laagstgegtikleurtelling gehad het in vergelyking
met die hoogsteR(< 0.0001) kleurtelling van die versadigde vetsbhehandeling. Verder
was dit duidelik dat die vetsuurprofiel van die reaeur dieet manipulering suksesvol
verander is om die profiel van die dieet te venvemordig sonder dat daar enige negatiewe
uitwerking op die totale vetinhou® & 0.24), vetvrye droé masda £ 0.17) of voginhoudH

= 0.66) van die eiergeel voorgekom het. Die de#indheid P < 0.0001) van die polie-
onversadige n-3 behandeling was duidelik sigbadrdieeverhoging in EPA en DHA in die
eiergeel en tesame met die kontrole n-3 behanddletigdie merkbare verhoging in n-3
inhoud daartoe gelei dat ‘n drastiese verbeteiihg 0.0001) in die verhouding van n-6 / n-3
voorgekom het. Die TBARS vir beide mono-onversadi en versadigde vetsuur
behandelings was die laagste € 0.0001) vir beide tydsperiodes, waarteenoor pdike-
onversadige n-3 behandeling die swakBte (0.0001) TBARS (0.27 mg malonaldehied / kg
eiergeel) vir beide tydsperiodes getoon het.

Daar is tot die slotsom gekom dat alhoewel die ertderbaarheid van die versadigde vetsuur
behandeling die laagste was, het die SME waardetuasen behandelings verskil nie. Met
die uitsondering van die versadigde vetsuurbeharglelat die minste bemarkbare eiers

gehad het, is geen invloed van lipiedversadigheieierproduksie en eksterne eierkwaliteit

waargeneem nie. Die resultate het getoon dat-palersadige n-3 diéte met sukses gebruik
kan word om essensiéle n-3 vetsure in die eieethong. Daarenteen is lipiedoksidasie en
ook die kleur van die eiergeel negatief beinvioedrgolie-onversadigde n-3 vetsure.
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