Effect of Supplementation with Fish Oil or Microalgae on Milk Fatty Acid Composition
and Lipogenic Gene Expression in Cows Managed in Confinement or Pasture Systems

Payam Vahmani

Submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia
September 2013

© Copyright by Payam Vahmani, 2013



Table of Contents

LiSt Of TADIES cuuueeeeniriiiiiniiitiicttniiniecinecssneeisnnecssssessssseessssessssssssssssssssssssssssssssssssssasess iv
LSt Of FIUIES..uciciuiiiiiiiiinricninnicssnnicssnnicssnnicsssnsssssnesssssessssesssssssssssssssssssssssssssssssnsssssssssses v
ADbStract........ceeceeesseeecssnnecnnne vi
List of Abbreviations Used vii
ACKNOWIECAZIMENLS ....couunriiiiirsnniecscsnricssssasresssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssasss X
Chapter 1 INtroduction.......ceecieeineinseeiseensnenssnissenseccssecsssssssesssscsssesssssssssssssssssasssassssass 1
1.1 Lipid Metabolism in the RUMEN ............cccoiiiiiiiiiiiiie e 5
1.2 Milk Fat Synthesis in Dairy COWS ........c.cecveeiierienieeiiieeieereesre e seeeveeseneeneens 7
1.3 Effects of Milk Fatty Acids on Human Health ..............cccoooiiniiiiiiiniiiiciee 9
1.4 MilK Fat DePreSSION. .....ccccuiiieiiieeiieeeiieeeieeeeiteeeveeesreeesiveeesareeeeseessseeesaeessneas 13
1.5 Molecular Mechanisms Involved in Milk Fat Depression.........c.cccceccveeeevveennee. 15
1.6 Dairy System Impacts on Milk Fat Composition Related to Human Health...... 19
1.6.1 Dairy Farm Management SYStEIMS.........cceerierieeriieeiiienieeieenieeereesinesseeneeeenns 19
1.6.2 Dairy Systems and Milk FA CompoSition...........ccceecverienieriieneeneniecneenieneenn 20
1.7 The Effects of Feeding Marine Oils on Dairy Cow Response.........c..ccoceeeueneee 22
1.7.1 Ruminal Lipid MetaboliSm ........c.cceociiieiiiieiiieeiieecieecieeeeiee e 23
1.7.2 Dry Matter INtake.........ccccvveriiiiiiiieiie ettt e 24
1.7.3 Milk Yield, Milk Protein and LactOSe ...........ccocueeeeecieeeeeiiiieeeecieee e 25
174 MILK Fat..ooioiiiie ettt st 26
1.7.5 Milk FA COMPOSITION .....vvieiiiieiiieeiiieeiieeeteeeiveeeieeeeieeesteeesereesnveeenneesaeees 29
Chapter 2 Effect of Supplementation with Fish Oil or Microalgae on Fatty Acid
Composition of Milk from Cows Managed in Confinement or Pasture Systems ..... 43
2.1 ADSIIACE ..ottt ettt ettt e sab e et e e neeenne 44
2.2 TNEOAUCION ...ttt sttt e e st sae e 45
2.3 Materials and Methods..........coouiiiiiiiiiiiiiiee e 47
2.3.1 Animals, Experimental Design and Treatments .............ccoceeveeiieenienieennenne 47
2.3.2 Measurements, Sampling and Analyses ..........cccoeveeeviierieeiienieeieenie e 49
2.3.3 CalCulations.......couieuiiriieienieieeeet et st 51



2.3.4 StatistiCal ANALYSIS...ccuieeiiieeiiieeiieeeie et ereeeeee e e e e ee e enee 51

2.4 RESUILS....eiieiieciieeeeeee ettt e et e et e e e e e tb e e e tr e e eaaeeenaaeenreeennes 52
2.4.1 Animal PerfOrmance ............coeeuiriiniieienieniieie et 52
2.4.2 Milk FA COMPOSIHION ....eouviieiiieiieiiieiieeieeeiee ettt e e eteeseeeebeeseaesnseessee e 52
2.5 DISCUSSION ...uviieiiiieeiiieeieeeeeeeeieeeeteeesteeeeteeessseeessseeessseeessseeessseessseessseesnsseesnnns 55
2.5.1 Animal Performance ...........cccuieeuiieeiiieecie ettt 55
2.5.2 Milk FA COMPOSIHION ....ecuviieiiieiieiiieiieeieeeiee et eeiee et esere e seeeebeeseeesnseessee e 56
2.6 CONCIUSIONS ....eeentiiiiieiieieete ettt sttt ettt et saeesaeenne s 61
2.7 ACKNOWIEAZMENLS......ccuiiiiiiieeiieeciie et eeae e enreeenseeenes 62

Chapter 3 Effects of Management System (Pasture vs. Confinement) and Marine
QOil Supplementation on Lipogenic Gene Expression in Mammary, Liver and

Adipose Tissue of Lactating Dairy COWS .....cccevveiecsvercsssnrcssnrcssnnsssssssssssssssssssssssssssssses 70
Bl ADSITACT ...ttt et e 71
3.2 INETOAUCEION ...ttt ettt ettt et be et 72
3.3 Materials and Methods...........coieiiiiiiiiiinieiee e 74
3.3.1 Experimental Design, Treatments and Animal Measurements........................ 74
3.3.2 Blood Collection and ANalySes..........co.eouiiiiniiiiiiiiiiiiiiiiiiineeneeen 75
3.3.3 TiSSUE COIIECTION ...ttt 75
3.3.4 RNA Extraction and cDNA Synthesis.........ccccoevviveviiiniiiinieeie e, 75
3.3.5 Primer Design and Evaluation, and Quantitative PCR ..........c..ccccooiniininnene. 76
3.3.6 Fatty Acid ANAlYSIS.....coouiiiiriiiiiriiniiiieetesteeteseete ettt 78
3.3.7 StatiStical ANALYSIS.....eieciiiieiiieeiieeeiiee ettt e e 78
B RESUILS ..ottt e 79
3.4.1 Animal Performance, Energy Balance and Blood Metabolites ....................... 79
3.4.2 Milk Fatty Acid SECIEtION......cccueriiiriiiiiniiiiiiieriteteete ettt 79
3.4.3 GENE EXPIESSION ..eeevviieiiiieiiieeiieeeitee et eteeseee e tee e et eesereeesereeenaeesnseeennneas 80
3.5 DISCUSSION ...ttt ettt ettt ettt et ht e et e s bttt e sat e et e e s bteeabe e bt e enbeenaeas 81
3.5.1 Energy Balance and Blood Metabolites............cccccevviiiiiiniieniieniieiecieeeeee, 81
3.5.2 Milk Fatty Acid Secretion and Mammary Lipogenic Gene Expression.......... 82
3.5.3 mRNA Expression of Lipogenic Genes in SUBQ..........cccccvvvviiiiiiieicieeenen. 86
3.5.4 Hepatic Lipogenic Gene EXPression........eeeveeecieeeciieeeiiieeniieenieeesveeeeveeeenes 87

il



3.0 CONCIUSIONS ..ottt e e e et e e e e e e e e e e eaeeeeeeereaaaaaaeeas &9

3.7 ACKNOWIEAZMENLS.......viiiiiiieiie ettt e e e e e eae e e 90
Chapter 4 Conclusions . 97
References........coeevuereeenuecnnee 101
Appendix A Copyright Permission Letters 118

Appendix A.1 Copyright Permission for Chapter 1..........ccoceveniiniininienienenene 119

Appendix A.2 Copyright Permission for Chapter 2..........cccceevevieneeninieniencnnne 120
Appendix B Feed Analysis Methods..........ccouiieiveicissnncsssnncsssnncssnncssssncssnsscsssssssssssssanns 121

il



List of Tables

Table 1.1 Dietary approaches used to modify milk FA composition in dairy cows.....

Table 1.2 The content of selected fatty acids (g/100 g total FA) and SFA:UFA ratio
in milk from cows grazing or fed fresh forage vs. cows fed conserved forages in
CONTIMEIMETIE ...ttt ettt ettt et e s et et e s bt e e bt e bt e eabe e bt e enbeenneeenseas

Table 1.3 Total ether extractable (EE) lipid, and concentrations of total and selected
fatty acids (FA) of fresh and conserved forages, grains, oilseeds and commercial
lipid supplements used in dairy ratiONS.........ceerueeeruieeriierieeieerie e eieeereesreeebeeseneeseens

Table 2.1 Fatty acid composition of feeds and lipid supplements, g/100 g of total FA

Table 2.3 Effect of management system and lipid supplement on milk yield, milk
composition, BW, BCS and DMI...........coiiiiiiiiii e

Table 2.4 Effect of management system and lipid supplement on milk fatty acid
composition (g/100 gof total FA)........ooiiiiiiii

Table 2.5 Effect of management system and lipid supplement on trans 18:1 and
conjugated 18:2 isomers (g/100 goftotal FA) ........oooiiiiiiiiiiiiiiiiees

Table 2.6 The trans 18:1 isomer distribution (% of total trans-18:1) of milk fat from
Holstein cows on pasture or in confinement receiving no marine oil supplement
(control; CO), rumen-protected fish oil (FO) or rumen-protected microalgae (MA)...

Table 3.1 Primers used for quantitative real-time PCR.......................

Table 3.2 Effect of management system and lipid supplement on energy intake,
energy balance, BW, BCS and blood metabolites.................ccviiiiiiiiiiiiiiinin.

Table 3.3 Effect of management system and lipid supplement on milk fatty acid
yield (MOLES/Aay). .. .one i

Table 3.4 Effect of management system and lipid supplement on mRNA expression
of genes coding for lipogenic enzymes, desaturation enzymes and transcription
regulators in mammary tissue of lactating Holstein cows ..............ccoooiiiiin

Table 3.5 Effect of management system and lipid supplement on mRNA expression
of genes coding for lipogenic enzymes, desaturation enzymes and transcription
regulators in subcutaneous adipose tissue of lactating Holstein cows ....................

Table 3.6 Effect of management system and lipid supplement on mRNA expression
of genes coding for lipogenic enzymes, desaturation enzymes and transcription
regulators in liver of lactating Holstein COWS ..........coeiiiiiiiiiiiiiiiii e

v

35

36

63
64

67

68

91

92

93

95



List of Figures

Figure 1.1 Major pathways for the biohydrogenation of linoleic and a-linolenic
acids INthe TUMCN. ... o e 37

Figure 1.2 The ruminal biohydrogenation pathways of linoleic and a-linolenic acids.

t = trans, ¢ = cis; Solid arrows represent the major established pathways; dashed

arrows describe the minor putative pathways suspected by the occurrence of the

minor RBH intermediates during the ruminal metabolism studies.......................... 38

Figure 1.3 Putative biohydrogenation pathways of oleic acid in the rumen. Solid
arrow represents the major pathway; dashed arrows describe the minor pathways...... 39

Figure 1.4 Diagram of milk fat synthesis in in the bovine mammary epithelial cell.
Abbreviations: UFA = unsaturated fatty acids, RBH = ruminal biohydrogenation,
SFA = saturated fatty acids, HSL = Hormone sensitive lipase, TAG =
triacylglyceride , VLDL = very low density-lipoprotein, CM = chylomicron, FFA =
free fatty acids, BHBA = beta-hydroxybutyrate, GLUT = glucose transporters, LPL=
lipoprotein lipase, FATP = fatty acid transport proteins, FABP = fatty acid binding
protein, Glycerol-3-P = glycerol-3 phosphate, SCD = stearoyl-CoA desaturase,
ACACA = acetyl-CoA carboxylase, FASN = fatty acid synthase, FA = fatty acids,
GPAT= glycerol-3 phosphate acyl transferase, AGPAT = 1-acyl glycerol 3-
phosphate acyl transferase, DGAT = diacylglycerol acyltransferase 1, CLD =
cytoplasmic lipid droplet, MFG = milk fat globule...................cooiiiiiiiii, 40

Figure 1.5 Schematic relationships between RBH and mammary lipogenesis. PUFA

= polyunsaturated FA, SFA = saturated fatty acids, RBH = ruminal

biohydrogenation, SREBP1 = sterol response element binding protein 1, ACACA =
acetyl-CoA carboxylase, FASN = fatty acid synthase, LPL= lipoprotein lipase, SCD

= stearoyl-CoA desaturase, LCFA = long chain fatty acids, MUFA =

monounsaturated fatty acids..........ooeiiiii 41

Figure 1.6 The relationship between ruminal lipid metabolism and milk fatty acid
composition in grazing cows. 18:3 n3 = a-linolenic acid, RBH = ruminal
biohydrogenation, 4:0 = butyric acid, 16:0 = palmitic acid, frans-11 18:1 = vaccenic

acid, cis-9, trans-11 18:2 = rumenic acid, cis-9 18:1 =oleicacid......................... 42

Figure 2.1 Least squares means showing management system X lipid supplement
interactions for milk fat content of trans-11 18:1 (vaccenic acid; white bars) and cis-

9, trans-11 CLA (rumenic acid; gray bars) in Holstein cows on pasture or in

confinement receiving no marine oil supplement (control; CO), rumen-protected fish

oil (FO) or rumen-protected microalgae (MA); Least squares means within fatty acid
type with different letters are significantly different (P <0.05)..............coceiiini. 69



Abstract

Modifying milk fat composition to enhance its content of valuable fatty acids
(FA) is required to meet the needs of a society which is becoming better informed about
the relationship between diet and health. Manipulating the cow’s diet is an effective,
natural way to modify the amount and composition of milk fat of cows. The two main
factors that affect the cow’s diet concern management system (MS; pasture vs.
confinement), and supplementation of diets with lipid supplements. Marine oils
specifically are fed to enhance milk with n-3 long-chain polyunsaturated FA (n-3 LC-
PUFA). The effects of source of marine lipid supplement (LS; fish oil vs. microalgae) in
the cow’s diet and its interaction with MS on milk fat composition have not been studied.
Thus, the main objective was to determine the interaction of MS and LS on milk FA
profile and on expression of lipogenic genes in mammary, adipose and liver of lactating
dairy cows. Compared with cows in confinement, grazing cows produced milk fat with
lower content of unfavorable FA (12:0-16:0), while increasing the levels of beneficial FA
including cis-9 18:1, 18:3 n-3 and conjugated 18:2. Feeding either fish oil or microalgae
improved levels of n-3 LC-PUFA and reduced those of 16:0 in milk fat regardless of MS,
but concurrently increased the level of other trans 18:1 isomers at the expense of trans-11
18:1. The reduced secretion of 12:0-16:0 in milk from grazing compared with confined
cows was associated with lower mammary expression of lipogenic genes suggesting that
part of the effect of MS on milk FA profile is mediated transcriptionally. The effect of LS
on lipogenic gene expression was tissue specific with the greatest response to treatment
observed in liver despite its minor role in lipogenesis in cattle relative to the mammary
and adipose. Major conclusions were that milk produced in pasture systems has a more
healthful FA profile than that of confinement systems, and that MS and LS have tissue
specific effects on lipogenic gene expression in dairy cattle which have important effects
on cow performance and healthfulness of the milk FA profile.

Vi
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Chapter 1 Introduction

Large portions of this introduction are published as:

Vahmani, P., A. Fredeen, and K. Glover. 2013. Dairy system impacts on milk fat
composition related to human health. Pages 47—60 in: Milk Fat: Composition, Nutritional

Value and Health Implications. Nova Science Publishers Inc., Hauppauge, NY.



The evolving discovery of beneficial compounds in food and increasing consumer
awareness of the health implications of dietary choices have created a demand for foods
containing beneficial components including nutrients that may not have been considered
essential in the human diet in the traditional sense. Concurrently, detrimental compounds
in foods are being identified. Opportunities to improve the healthfulness of animal food
products require research. Animal derived foods may be enriched naturally via the diet of
livestock, and animal nutritionists have focused research attention over the last decades
on manipulating the diet of animals to cause deposition of beneficial components in the
foods (i.e. egg, meat and milk) we derive from them. Interest in modifying the fat content
and fatty acid (FA) composition of animal products to improve their healthfulness has
been increasing over the last three decades.

Nutrition is known to affect the fat content of bovine milk, while the FA
composition of milk has been largely ignored by the industry. Generally the focus of
modification of fat composition of milk has been to increase the content of one or more
polyunsaturated FA (PUFA). However, ruminal biohydrogenation (RBH) reduces the
concentration of PUFA in milk. As a result of RBH, the profile of FA leaving the rumen
is very different from that of ingested FA. While linoleic acid (LA; 18:2 n-6) and o-
linolenic acid (ALA; 18:3 n-3) are naturally the predominant FA in ruminant diets, stearic
acid (SA; 18:0) is the main FA leaving the rumen for absorption in the small intestine.
Numerous RBH intermediates (e.g. conjugated 18:2 and trans 18:1 isomers) escape
complete RBH (Shingfield et al., 2010) and are assimilated by the animal causing a high

degree of complexity of milk fat, with more than 400 FA present (Jensen, 2002).



Since the RBH of unprotected unsaturated FA (UFA) exceeds 80% (Doreau and
Chilliard, 1997; Jenkins and Bridges, 2007), methods have been developed over the past
several decades to protect dietary UFA against RBH and improve their transfer to
ruminant food products. The approaches used for ruminal protection of supplementary
UFA include encapsulation inside a microbial resistant shell (enrobing with
formaldehyde treated protein or saturated lipids), transformation of FA to their salt
derivatives (e.g. calcium salts or amides), or feeding whole oilseeds. However, for the
majority of dietary UFA, none of these approaches provides complete protection from
RBH (Jenkins and Bridges, 2007). Concurrently, attempts have been made to increase
ruminal outflow and enrich product content of RBH intermediates, particularly
conjugated linoleic acid (CLA) by supplementing unprotected PUFA. The potential to
enrich milk with these FA is much greater than that of dietary PUFA (Lock and Bauman,
2004; Chilliard et al., 2007).

Table 1.1 is a compilation of successful dietary manipulation techniques used to
modify milk FA composition. Two primary factors that influence milk fat yield and its
composition are the cow’s management system (pasture or confinement) and the
supplementation of diets with oils. Marine oils are fed specifically to enhance milk fat
content of n-3 long-chain PUFA (n-3 LC-PUFA), particularly eicosapentaenoic acid
(EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3). The effects of source of
marine oil (fish or algae) in the cow’s diet and its interaction with management system on
milk fat have not been studied.

Feeding oil supplements to dairy cows can also reduce the milk fat content of

unfavorable saturated FA (SFA) including 12:0, 14:0 and 16:0 (Table 1.1). This effect



has been attributed mainly to down-regulation of mammary lipogenic gene expression by
specific RBH intermediates such as trans-10, cis-12 18:2 (Harvatine et al., 2009;
Shingfield et al., 2010). Previous studies (Chilliard et al., 2007; Vahmani et al., 2013)
showed that compared to cows fed conserved forages and more grain in confinement,
grazing cows produce milk with a higher fat content of beneficial UFA and lower fat
content of unfavorable SFA. However, the mechanism of a dairy management effect (e.g.
mammary transcriptional regulation) has not yet been studied. Furthermore, it has been
established in rodents that PUFA supplementation down-regulates lipogenic gene
expression in liver and adipose tissue resulting in decreased lipogenesis in these tissues
(Jump, 2002; 1314, Wang and Jones, 2004). However, the effects of PUFA
supplementation on lipogenic gene expression in extra-mammary tissues (e.g. liver and
adipose) in lactating dairy cattle are scarce. Therefore, the goal of this research was to
examine the interaction of dairy farm management system (MS; pasture vs. confinement)
and source of marine lipid supplement (LS; fish oil vs. microalgae) on milk FA
composition and on expression of genes involved in lipogenesis in mammary, liver and
adipose tissue in lactating dairy cows. The current chapter begins with a mechanistic
overview of ruminal lipid metabolism, milk fat synthesis and milk fat depression in
ruminants, and includes on the current state of knowledge regarding impact of bovine
milk FA on human health. Background information on dairy system impacts on milk FA,
and the effects of supplemental marine oils on ruminal and mammary responses in dairy
cows is also provided. Experiments described in Chapters 2 and 3 detail the effects of

MS, LS and their interaction on cow performance, energy balance, milk FA composition



and lipogenic gene expression in dairy cows. The final chapter (Chapter 4) is a general

discussion of the major findings of this research, and conclusion.

1.1Lipid Metabolism in the Rumen

Ruminant diets naturally contain 1-4 % lipid (dry matter; DM basis) (Van Soest,
1994), the source of which is mainly forage and grain. The FA in forages are contained
primarily in phospholipids and glycolipids, whereas triacylglyceride (TAG) is the major
form of lipid in grains and oil seeds. Generally, a forage-based diet provides ALA as the
predominant FA, while in a total mixed ration (TMR) containing a grain-based
concentrate, LA predominates.

Following ingestion, dietary lipids are exposed to lipolysis and RBH. During
lipolysis, the phospholipids, glycolipids and TAG are hydrolyzed by the lipases of
lipolytic bacteria (eg. Butyrivibrio fibrisolvens and Anaerovibrio lipolytica) yielding free
FA (FFA) in the rumen (Harfoot and Hazlewood, 1988). These FFA are mainly adsorbed
onto feed particles and are either directly incorporated into microbial lipids or
biohydrogenated. A free carboxyl group on FFA is required for RBH to proceed;
therefore, lipolysis is an essential step of ruminal UFA metabolism.

Unsaturated FA are toxic to rumen microorganisms such that RBH is considered
to be a detoxification mechanism (Kemp and Lander, 1984). The RBH process involves
several steps performed by bacterial isomerases and reductases. The isomerases change
the configuration of double bonds in the FA from cis to trans, and the reductases
hydrogenate the double bonds, reducing the level of unsaturation of FA (Harfoot and
Hazlewood, 1988). Reduction is the rate-limiting step in RBH, whereas the isomerization

step is rapid (Harfoot and Hazlewood, 1988).



The major RBH pathways of LA and ALA are well elucidated (Figure 1.1;
Harfoot and Hazlewood, 1988; Griinari and Bauman, 1999; Jenkins et al., 2008). During
the first step of the RBH of LA and ALA, the cis-12 double bond is isomerized to trans-
11 double bond to form FA with conjugated cis/trans double bonds (Figure 1.1). These
conjugated intermediates are then sequentially reduced to trans-11 18:1 (vaccenic acid;
VA) which is the predominant RBH intermediate found in the rumen. The final RBH step
where VA is reduced to SA is rate limiting (Kemp and Lander, 1984) which allows for
the accumulation and subsequent escape of VA from the rumen to the duodenum. On
average, the extent of RBH of LA and ALA in the rumen is reported to be 85 and 93%
respectively (Doreau and Ferlay, 1994).

Recent in vitro and in vivo studies (Chilliard et al., 2007 and Jenkins et al., 2008)
suggest that besides the major RBH pathways of LA and ALA described above,
numerous minor RBH pathways exist in the rumen, resulting in the formation of a wide
range of RBH intermediates (Figure 1.2). Although most of these RBH intermediates are
likely biohydrogenated to SA, some escape depending on feeding management, and these
are absorbed in the small intestine, and incorporated into ruminant meat and milk.

Besides LA and ALA, oleic acid (OA; cis-9 18:1) is also found in ruminant diets,
coming mainly from oil seeds (e.g. canola and sunflower). However, less information is
available about the fate of OA during RBH. Harfoot and Hazlewood (1988) suggested
that OA is biohydrogenated directly to SA without the formation of any RBH
intermediates. In contrast, recent in vitro studies (Figure 1.3; Shingfield et al., 2010)

reported that the RBH of OA involves the formation of several trans 18:1 isomers



including trans 6- trans 16 18:1. The extent of RBH of OA is lower than that of LA and

ALA, ranging between 58 and 87% (Shingfield et al., 2010).

1.2 Milk Fat Synthesis in Dairy Cows

The fat content of bovine milk typically ranges from 30 to 50 g/kg depending on
breed of cow, its stage of lactation and feeding management (Shingfield et al., 2010).
Bovine milk fat is mostly composed of TAG (97- 98% of total milk lipids), with the
remaining lipid split among: cholesterol (approximately 0.42%), 1,2-diacylglycerides
(0.28-0.59 %), phospholipids (0.2-1.0 %), and trace amounts of FFA,
monoacylglycerides and cholesterol esters (Jensen, 2002).

Milk fat typically has a high content of SFA (60-70%) followed by
monounsaturated FA (MUFA; 25-30%), and has a low content (~ 5%) of PUFA,
especially n-3 LC-PUFA (Dewhurst et al., 2005). The milk FA are either synthesized de
novo in the mammary gland or are taken-up by the mammary as pre-formed FA from
blood (Figure 1.4). De novo synthesized FA include short (4:0-8:0) and medium (10:0-
14:0) chain SFA as well as about 50 % of 16:0 (palmitic acid; PA) (Shingfield et al.,
2010). The remaining milk FA (C16-C24) are extracted mainly from circulating very
low-density lipoproteins (VLDL) and chylomicra, as well as non-esterified FA (NEFA).
These preformed FA originate from the diet and from adipose tissue. The latter usually
accounts for 4-8% of milk FA, but its proportion increases during early lactation when
cows are in negative energy balance and blood levels of NEFA are relatively high
(Bauman and Griinari, 2001).

In ruminants, acetyl CoA and butyryl CoA, formed from the acetate and beta-

hydroxybutyrate (BHBA) originating from the ruminal fermentation of carbohydrates, are



the predominant precursors for de novo FA synthesis, which occurs mainly in the cytosol
of lactating mammary epithelial cells and in the adipocytes of late lactation or non-
lactating dairy cows (Moore and Christie, 1979). The de novo FA synthesis pathway is
controlled by the activity and abundance of two key enzymes, acetyl-CoA carboxylase
(ACACA) and fatty acid synthase (FASN), as well as the availability of NADPH. The
ACACA catalyzes the synthesis of malonyl-CoA from acetyl CoA, which is considered
to be the rate limiting step in de novo FA synthesis. The FASN enzyme catalyzes
elongation of either a primary malonyl-CoA, or butyryl CoA by the stepwise addition of
malonyl-CoA units up to C16 (Barber et al., 1997). The required reducing equivalent is
generated in the pentose phosphate pathway as well as by isocitrate dehydrogenase. The
contribution of BHBA to de novo FA synthesis is limited mostly to the initial four carbon
unit, accounting for about 8 % the total milk FA carbons (Palmquist et al., 1969).

Besides de novo synthesis, another source of milk FA is circulating TAG
contained in lipoproteins which are taken up by the action of mammary lipoprotein lipase
(LPL) bound to the capillary endothelial surface (Figure 1.4; Moore and Christie, 1979).
The LPL hydrolyzes TAG at the core of the chylomicra and VLDL and releases FA
which are transported into the mammary epithelial cell by the action of FA transport
proteins (Shingfield et al., 2010).

Due to RBH, the majority of FA absorbed by the mammary secretory cell are
saturated. The de novo synthesized FA are entirely saturated as well. However, the
mammary stearoyl CoA desaturase (SCD), also known as A-9 desaturase, can desaturate
the saturated FA (10:0-19:0) to their respective cis 9 MUFA. Activity of mammary SCD

accounts for approximately 90, 50 and 60% of cis-9 14:1, cis-9 16:1 and OA respectively



(Mosley and McGuire, 2007), as well as 70-95% of the RA (Griinari et al., 2000; Corl et
al., 2001).

The pool of FA resulting from de novo synthesis, uptake from blood and A-9
desaturase activity are then esterified to glycerol-3-phosphate (glycerol~P) in the
endoplasmic reticulum (Figure 1.4). About 70% of the glycerol~P originates from the
catabolism of glucose in the glycolysis pathway. The remainder is derived during the
hydrolysis of TAG (Luick and Kleiber, 1961). In the glycerol~P pathway, the positions
snl to sn3 of glycerol~P are acylated sequentially via the actions of glycerol-3 phosphate
acyl transferase (GPAT), acyl glycerol phosphate acyl transferase (AGPAT), and diacyl
glycerol acyl transferase (DGAT), respectively (Moore and Christie, 1979). The
positioning of FA on the glycerol backbone is not random. Fatty acids with a relatively
low melting point including short-chain SFA (SCSFA; 4:0-8:0) and 18:1 are
preferentially esterified at sn-3. Medium-chain SFA (MCSFA; 10:0-14:0) are
preferentially esterified at sn-2. Palmitic acid is esterified equally at the sn-1 and sn-2

positions, whereas SA is selectively esterified at the sn-1 position (Jensen, 2002).

1.3 Effects of Milk Fatty Acids on Human Health

Milk and dairy products are major dietary sources of SFA in developed countries
(Kliem and Givens, 2011). During the last several decades, association of SFA with
cardiovascular disease (CVD) has caused reduced consumption of milk fat in these
countries (Lubary et al., 2011). The SFA in bovine milk range from 4 to 24 carbons in
length with the major ones (% of milk FA) listed in order of descending concentration
consisting of: 16:0 (22-35%), 18:0 (9-14%), 14:0 (8-14%), 12:0 (2-5%), 4:0 (2-5%), 10:0

(2-4%), 6:0 (1-5%) and 8:0 (1-3%) (Jensen, 2002). Three SFA in particular (12:0, 14:0,



16:0) are hypercholesterolemic and increase the risk of CVD (Williams, 2000); however,
despite the presence of these FA in milk fat, there is a lack of epidemiological evidence
that consuming milk fat increases the risk of CVD (Kliem and Givens, 2011; Givens,
2012). In fact, a number of epidemiological studies suggest that increased consumption of
milk and dairy products may reduce the risk of CVD (Kliem and Givens, 2011).

The short chain SFA (4:0-10:0) and SA do not raise blood cholesterol (Williams,
2000). In fact, some of these FA have health benefits. Dairy products are the major
dietary source of 4:0 (butyric acid), which has been shown to have anti-carcinogenic
properties in animal models and cancer cell lines (Shingfield et al., 2008). Caprylic acid
(8:0) and capric acid (10:0) provide a quick energy because of their rapid absorption and
consequently are a valuable energy source in clinical nutrition (Gibson, 2011).

Feeding strategies that reduce the milk fat content of 12:0-16:0 could reduce the
potential adverse effects of milk fat consumption on vascular health (Shingfield et al.,
2008; Givens, 2012). Indeed, consumption of dairy products in which 12:0-16:0 were
partially replaced by healthful MUFA and PUFA via changes in feeding management of
cows lowered total and LDL-cholesterol in humans (Noakes et al., 1996). The feeding of
PA rich fat supplements however, to increase energy intake and milk fat content has
become a common practice in today’s dairy industry (Lock et al., 2011). Unfortunately,
the potential detrimental effects of this practice on the healthfulness of milk fat by
increasing milk content of PA have been over looked.

Oleic acid is the dominant UFA in milk and the second major FA (after PA)
constituting 20-30 % of total milk FA (Jensen, 2002). Milk and dairy products are

considered major dietary sources of this FA (Kliem and Givens, 2011) which has been
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shown to improve vascular health. Increased dietary intake of OA at the expense of SFA
can reduce the risk of CVD by lowering blood cholesterol (Williams, 2000), and
consumption of milk and dairy products with higher content of OA can improve vascular
health (Noakes et al., 1996).

After OA, the group of the trans 18:1 FA is the second major source of milk
MUFA, ranging from 0.88 to 7.65 % of total milk FA (Dewhurst et al., 2006) depending
on diet and feeding practices. The trans 18:1 isomers in ruminant fat include trans-4 18:1
to trans-16 18:1 with VA being the dominant isomer (60-80% of the total trans 18:1)
(Shingfield et al., 2008). Levels of trans-9 and trans-10 18:1 are minor in milk, but are
the major trans FA in partially hydrogenated vegetable oils (PHVO) and are considered
detrimental to human health (Shingfield et al., 2008). Vaccenic acid is typically the major
source of RA in animal tissues via A-9 desaturase, and thus could be considered to have
anti-carcinogenic properties (Corl et al., 2003; Lock et al., 2004). Furthermore, VA has
been shown to have anti-atherogenic properties in mice (Bassett et al., 2010). A number
of studies have also shown that the consumption of butter naturally enriched with VA and
RA improved blood lipid profile and reduced CVD risk in non- ruminant animal models
compared to standard butter (reviewed by Shingfield et al., 2008). However, since these
effects were not as consistent in humans, more studies are needed to confirm the effects
of VA and RA along with reduced levels of SFA on human cardiovascular health.

The content of PUFA in milk fat is very low due primarily to extensive RBH. The
main PUFA in bovine milk fat are LA (1-3%) and ALA (0.5-2%) (Jensen, 2002). Milk fat
is a unique source of CLA in the human diet contributing about 75% of CLA intake

(Lock and Bauman, 2004). The content of CLA in bovine milk ranges from 0.34 to 1.07
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% of total fat depending on feeding management (Dhiman et al., 2005). To date, about 20
CLA isomers have been identified in milk fat of which RA constitutes 66-89%
(Shingfield et al., 2008). During the last two decades, several health benefits have been
attributed to CLA including reductions in the rates of cancer, obesity, atherogenesis, and
osteoporosis (Park, 2009). However, the majority of these health claims originate from in
vitro and animal model studies where high doses of synthetic CLA used may not simulate
the typical human intake from milk and dairy products (McCrorie et al., 2011; Dilzer and
Park, 2012). The intake of total CLA from natural sources in the US (ruminant milk and
meat) is estimated to be 151-212 mg/day (McCrorie et al., 2011). However, an intake of 3
g/day of CLA may be needed for an equivalent anti-carcinogenic effect in human adults
(Ip etal., 1994). As well as differences related to amount of CLA used, synthetic
preparations of CLA used in animal model studies typically contain almost equal
amounts of the two predominant isomers, RA and trans-10, cis-12 CLA, whereas the
concentration of the latter is very low in milk fat (0.01-1.61% of total CLA isomers)
(Shingfield et al., 2008). The biological activities reported for CLA are based on the
combined effect of these two isomers (McCrorie et al., 2011; Dilzer and Park, 2012).
There is limited information on the specific effects of individual CLA isomers including
RA and trans-10, cis-12 CLA which seem to have equivalent anti-carcinogenic properties
(Park, 2009). The trans-10, cis-12 CLA has potent anti-lipogenic properties in rodents
(Park, 2009) and causes milk fat depression in dairy cows (Shingfield et al., 2010),
whereas RA is more effective in improving the blood lipid profile in animal models and
possibly humans (Shingfield et al., 2008). More research on isomer specific health effects

of CLA 1is needed.
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The well-known multiple health benefits of EPA and DHA (Ruxton, 2004), have
resulted in successful attempts to increase the concentrations of these FA in milk which is
naturally a poor source of EPA and DHA (<0.1% of total FA; Lock and Bauman, 2004).
Feeding marine oil (fish oil or algae) is the only way to enrich milk with EPA and DHA
since feed sources of these FA are typically absent in cattle diets. Fresh forages and oil
seeds provide some ALA, the precursor to EPA and DHA but efficiency of conversion of
ALA to EPA and DHA in cattle is very low. Feeding linseed oil, a rich source of ALA, to
dairy cows did not increase the plasma or milk concentrations of EPA or DHA, despite an
increased concentration of ALA in milk and plasma (Loor et al., 2005b; Ponter et al.,

2006).

1.4 Milk Fat Depression

Milk fat depression (MFD), or low-fat milk syndrome is a phenomenon in which
milk fat yield is reduced by up to 50%, with no change in milk yield or in the yields of
protein or lactose (Bauman and Griinari, 2001). Diet induced MFD is typically observed
in cows fed diets containing high levels of readily fermentable non-structural
carbohydrates (NSC) in high grain/low-fiber diets, or when plant or marine lipid
supplements are fed (Bauman and Griinari, 2001). As much as a 43% reduction in milk
fat percentage and yield has been reported in cows fed a milk fat-depressing diet
containing 25:70 % forage/concentrate, supplemented with 5% soybean oil (Piperova et
al., 2000). The occurrence of diet induced MFD is widespread in the dairy industry. Diet
induced MFD has been the subject of numerous studies over the past century and several
theories have been proposed to explain this phenomenon. The most recent, the

“biohydrogenation theory” proposes that pathways of RBH are altered under certain
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dietary conditions to produce unique FA that are potent inhibitors of milk fat synthesis
(Figure 1.5; Bauman and Griinari, 2001). Several cis and trans-18:1 isomers and CLA
isomers have been tested in post-ruminal infusion studies to identify the specific RBH
intermediates causing MFD. Among these, trans-10, cis-12 CLA has been identified as a
potent inhibitor of milk fat synthesis (Baumgard et al., 2000; Baumgard et al., 2001; Loor
and Herbein, 2003; Perfield et al., 2004; de Veth et al., 2004; Perfield et al., 2006).
Furthermore, several studies have found strong correlations between diet-induced MFD
and levels of trans-10 18:1 in milk (Griinari et al., 1998; Piperova et al., 2000; Loor et
al., 2005a; Kadegowda et al., 2008). Griinari and Bauman (1999) proposed a putative
RBH pathway wherein frans-10, cis-12 CLA is formed from the initial isomerization of
LA and is subsequently reduced to #rans-10 18:1 prior to full hydrogenation to SA. High-
grain/low-forage diets are known to result in a shift toward the microbial populations in
the rumen that use this alternate RBH pathway resulting in the formation of #rans-10, cis-
12 CLA and trans-10 18:1 at the expense of RA and VA respectively (Bauman and
Griinari, 2001; Loor et al., 2005a; Shingfield and Griinari, 2007).

Several additional RBH intermediates besides those already mentioned may be
involved in the etiology of diet induced MFD, based on the negative correlation between
their levels in milk fat and milk fat yield. Some of these include trans-6, trans-7, and
trans-8 18:1 (Bradford and Allen, 2004; Kadegowda et al., 2008), trans 9-, and trans-11
18:1 (Bradford and Allen, 2004), trans-9, cis-11 CLA (Roy et al., 2006; Shingfield et al.,
2005; Shingfield et al., 2006) trans-7, cis-9 CLA (Piperova et al., 2002; Kadegowda et
al., 2008), cis-9, trans-13 18:2, cis-9, trans-12 18:2, trans-11, cis-13 CLA, trans-11, cis-

15 18:2 (Loor et al., 2005a). However, among these isomers, only cis-10 trans-12 CLA
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(Saebo et al., 2005) and trans-9, cis-11 CLA (Perfield et al., 2007) have been tested in
post-ruminal infusion studies. Collectively these results suggest of the likelihood that
there must be other RBH intermediates besides trans-10, cis-12 CLA and trans-10 18:1
that are involved in diet induced MFD. There is also a possibility that synergism may

exist among isomers to induce MFD (Lock et al., 2007).

1.5 Molecular Mechanisms Involved in Milk Fat Depression

A number of studies have reported that reductions in milk fat synthesis in cows
fed milk fat depressing diets (Ahnadi et al., 2002; Piperova et al., 2000; Peterson et al.,
2003; Loor et al., 2005d) or infused with trans-10, cis-12 CLA (Baumgard et al., 2000;
Baumgard et al., 2002) were accompanied with decreased gene expression of mammary
lipogenic enzymes, particularly ACACA, FASN and SCD. Similar results were reported
in rats (Ringesis et al., 2004) and mice (Lin et al., 2004) fed trans-10, cis-12 CLA, or
when the bovine mammary cell line MAC-T was incubated with this CLA isomer
(Peterson et al., 2004). More recently, research on the etiology of MFD has focused on
describing the molecular mechanism(s) by which RBH intermediates regulate lipogenic
gene expression in bovine mammary gland. The mammary lipogenic genes are likely
regulated through a common pathway, which is mainly mediated by sterol response
element binding proteinl (SREBPI; also called sterol response element binding factorl,
SREBF1) (Figure 1.5; Peterson et al., 2003; Peterson et al., 2004; Harvatine and Bauman,
2006). Peterson et al. (2004) reported trans-10, cis-12 CLA decreased abundance of the
active form of SREBP1 in MAC-T cells, which coincided with decreased mRNA levels
for ACACA, FASN and SCD. Harvatine and Bauman (2006) measured the mammary

gene expression of cows fed a milk fat depressing diet or infused intravenously with
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trans-10, cis-12 CLA. Both treatments decreased abundance of SREBP1 mRNA,
consistent with decreased expression of mammary lipogenic genes indicating that
SREBP1 is a central regulator of milk fat synthesis in lactating dairy cows.

Sterol response element binding proteins are a family of transcription factors that
are considered master regulators of lipid synthesis (Eberle et al., 2004) and exist in three
isoforms: SREBP1a, SREBP1c, and SREBP2. Both SREBP1a and c are encoded by the
same gene, but differ in their first exons due to different transcription start sites (Osborne,
2000). A different gene encodes for SREBP2. Both SREBP1a and SREBPI1c¢ stimulate
the transcription of lipogenic genes primarily, whereas SREBP2 is mainly involved in the
transcriptional activation of genes coding for cholesterogenic enzymes (Espenshade and
Hughes, 2007). While SREBP1a and SREBP2 are expressed ubiquitously at low levels in
all tissues, SREBPIc¢ is predominantly expressed in lipogenic tissues (Shimomura et al.,
1997).

This family of DNA-binding proteins is inactive as synthesized and is activated
after forming a complex with SREBP cleavage activating protein (SCAP; also called
SREBP chaperone). The SREBP-SCAP complex is retained in the endoplasmic reticulum
(ER) membrane by binding to a third protein called insulin-induced gene (INSIG; Eberle
et al., 2004; Goldstein et al., 2006). Activation of SREBP is initiated by the cleavage of
INSIG from the SREBP-SCAP complex. The complex is transported to the Golgi
apparatus via COPII vesicles. In the Golgi the SREBP nuclear fragment (nSREBP), also
called mature SREBP, is released from the complex by the sequential action of Site-1

(S1P) and Site-2 (S2P) proteases. The nSREBP can enter the nucleus, where it activates
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the transcription of target genes by binding to sterol-regulatory elements (SRE) in gene
promoters (Eberle et al., 2004; Goldstein et al., 2006).

Polyunsaturated fatty acids are known to inhibit SREBP-1 activity through several
mechanisms (Jump, 2002). Lee et al. (2008) showed that PUFA promote the retention of
immature SREBP1 in the ER membrane by inhibiting the degradation of INSIGI.
Polyunsaturated fatty acids can also reduce the mRNA abundance of SREBP1 by both
transcriptional and post-transcriptional mechanisms. Xu et al. (2001) reported increased
decay of SREBP1 mRNA, a post-transcriptional mechanism, in rat hepatocytes (the main
site of lipogenesis in rats) treated with 20:4 n-6 or 20:5 n-3. Transcriptional inhibition of
SREBP1 by PUFA is mediated mainly by another transcription factor known as liver X-
activated receptor (LXR). Polyunsaturated fatty acids are known to inhibit LXR
activation, resulting in reduced transcription of the SREBP1 gene (Horton et al., 2002).

Recently, an important role has been proposed for peroxisome proliferator
activated receptor-y (PPARY) in the transcriptional regulation of genes involved in milk
fat synthesis in lactating dairy cows (Bionaz and Loor, 2008). Peroxisome proliferator
activated receptors are members of the nuclear hormone receptor family which are
ligand-modulated transcription factors. Activating ligands of PPARs include non-
esterified PUFA and related metabolites such as eicosanoids (Desvergne and Wahli,
1999; Berger and Moller, 2002). Besides PPARY, there are two other isoforms of PPAR
(a and B/6) which are encoded by separate genes. PPARa is predominantly expressed in
tissues with high FA oxidation activity (e.g. liver, muscle, heart). Ligand binding of
PPARa stimulates the transcription of genes involved in FA oxidation. The function of

PPAR /6 is similar to that of PPARa; however, in contrast to PPARa, it is expressed
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ubiquitously in all tissues. PPARY levels are highest in lipogenic tissues such as adipose
and lactating mammary gland. In contrast to PPARa, PPARY is involved in adipocyte
differentiation and lipid synthesis/accumulation. Bionaz and Loor (2008) reported an up-
regulation of PPARy mRNA by more than 3-fold with the onset of lactation in dairy
cows, which paralleled a rise in genes expressed in milk fat synthesis. Supporting
evidence of the role of PPARY in regulating bovine milk fat synthesis includes the work
of Kadegowda et al. (2009) which showed that treatment of MAC-T cells with
rosiglitazone (a PPARYy agonist), resulted in the mRNA up-regulation of ACACA, FASN,
SREBP1 and INSIG1. The role of PPARY in diet induced MFD has not been established.
The mammary expression of PPARY gene was not altered by trans-10, cis-12 CLA- or
diet-induced MFD (Harvatine et al., 2009), or when MAC-T cells were treated with
trans-10, cis-12 CLA (Kadegowda et al., 2009).

Additional transcription factors and other regulatory proteins may be involved in
the regulation of milk fat synthesis. A role has been suggested for thyroid hormone
responsive spot 14 (THRSP) in the regulation of mammary lipogenesis (Harvatine and
Bauman, 2006). Although its exact biochemical function is unclear, THRSP is a nuclear
protein assumed to act as a transcriptional co-activator in the regulation of lipogenesis in
mammary and adipose tissue. Knockdown of this gene in mice resulted in a significant
reduction in de novo FA synthesis in the lactating mammary gland (Zhu et al., 2005).
Recently, Harvatine and Bauman (2006) reported a reduction in the expression of THRSP
in the mammary gland of cows fed milk fat depressing diets or infused intravenously with
trans-10, cis-12 CLA, supporting a potential role for THRSP in the molecular

mechanisms behind MFD.

18



1.6 Dairy System Impacts on Milk Fat Composition Related to Human
Health

Due to differences in feeding management, the FA composition of milk fat varies
among dairy production systems which range from total confinement, in which a TMR is
fed, to those that are pasture-based. The predominant system of confined feeding has
developed rapidly over the last few decades without concern for the impact of this change
on the nutritional value of milk beyond its fat content. A closer look at how the feeding

management system affects the healthfulness of milk is needed.

1.6.1 Dairy Farm Management Systems

Over the last 60 years, the source of forage in dairy systems in temperate North
America has shifted from that of grazed pasture to silage. One main driver of this shift
has been the favorable milk price to feed cost ratio, particularly between 1940 and 1980
when the focus of the dairy industry switched from production per unit of land to
production per cow (Bargo et al., 2003). Pasture-based systems remain important in some
countries including Australia, New Zealand and Argentina as well as in Western Europe
where longer growing seasons prevail. Emergence of confinement systems has been
paralleled by the development of specialized management strategies, particularly higher
feeding rate of grain, needed to support the higher milk yield potential of cows which has
increased significantly in the US for example, from 3,191 kg/y in 1960 to 8,263 kg/y in
2000 (Bargo et al., 2003). This change has occurred without evaluation by the industry on
the effects of the switch in diet of lactating cows on the healthfulness of milk.

Interest in the pasture-based dairy system in temperate regions relates to the

increasing feed cost as well as concerns over environmental and animal-welfare issues
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associated with confinement of cows (Dillon, 2006). Although higher milk production is
achieved by confining cows, the higher profitability and lower environmental impact of
pasture-based systems result from reduced use of purchased inputs including grain, as
well as less constructed infrastructure (Fontaneli et al., 2005). Rotationally grazed forage
also provides the cheapest source of energy for dairy cows. A review of data from several
countries (U.S., Denmark, Germany, The Netherlands, UK, France, Ireland, Australia and
New Zealand) showed that on average with every 10% increase in the amount of grazed
forage in the diet, the cost of milk production declined by 2.5 cents per liter (Dillon,
2006). These data also show that the cost of milk production in Australia and New
Zealand in systems where pasture accounts for about 85-90 % of the dairy ration is about
one third of the production cost of confinement systems in the U.S. A review of pasture
systems in the U.S. showed that milk production increased linearly when cows are fed up
to 10 kg concentrate per day, with an average production response of 1 kg milk per kg of
concentrate (Bargo et al., 2003). However, high fossil energy prices renew interest of
milk producers in reducing concentrate use through grazing. Research of pasture systems
in temperate regions has focused on increasing milk production of grazing cows
profitably by using rotational grazing and limiting the use of feed supplements. Type of
forage and amount of energy supplement in a dairy ration have been related previously to
differences in the healthfulness of milk fat (Dewhurst et al., 2006; Chilliard et al., 2007),

an opportunity that remains to be exploited, much less understood by the dairy industry.

1.6.2 Dairy Systems and Milk FA Composition
As well as having environmental, cost and welfare benefits, milk from pasture

systems has a more healthful FA composition than that of confinement systems in terms
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of both the SFA:UFA ratio as well as the nature of these FA (Table 1.2). Several studies
have shown that compared to cows fed conserved forages in confinement, grazing cows
and cows fed fresh forage produce milk with lower content of 12:0-16:0, and higher
content of beneficial UFA (e.g. OA, VA, RA and ALA). This observation is mainly
attributed to higher content of PUFA, primarily ALA, in fresh forage (50-75% of total
FA; Dewhurst, 2010).

Oxidation of PUFA during the preservation of forage (Dewhurst et al., 2006;
Lubary et al., 2011) results in about 10 times less FA after drying as hay or fermenting as
silage than that of fresh forage (Table 1.3). As well, corn silage and grain based
concentrate, two main components of TMR, have lipid fractions that are relatively low in
FA with predominant FA being OA and LA (Table 1.3). Lipids that are typically
supplemented to lactating cows include commercial products fed to boost milk and fat
production, which are comprised mainly of industrially-saturated plant lipids rich in SA
and PA, and oilseeds, which are fed as an energy source, to improve reproductive
performance, alter milk FA composition, and suppress enteric methanogenesis. These are
typically high in content of OA and LA with the exception of flaxseed, which is rich in
ALA (Table 1.3).

The differences in milk FA composition between pasture and confinement
production have been attributed mainly to the higher intake of ALA in pasture systems
and its ruminal metabolism which results in increased ruminal outflow of ALA and RBH
products, particularly VA and SA (Figure 1.6). Since conversion of VA to SA is the last
step of RBH and is rate limiting, these FA comprise the main substrates for mammary A-

9 desaturase. Therefore, increased uptake of VA and SA by the mammary gland elevates
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the milk concentrations of RA and OA respectively, as well as VA and SA (Figure 1.6).
Furthermore, the increased mammary uptake of circulating PUFA (e.g. ALA) and their
RBH intermediates reduce milk content of de novo synthesized FA, in particular 12:0-
16:0, through the inhibition of mammary enzymes involved in de novo FA synthesis
(Chilliard et al., 2007).

Besides the high intake of ALA in pasture systems, the elevated digestibility of
structural carbohydrate in high quality pasture reduces ruminal retention time (Schroeder
et al., 2004) and contributes to the differences in milk FA composition compared with
that of confined cows. Grazing cows are also typically fed an energy supplement
consisting of non-structural carbohydrates in discrete meals which in consort with low
intake of effective fiber results in the potential for an episodic reduction in ruminal pH in
grazing cows compared to confined cows consuming TMR. These conditions (low
ruminal pH and ruminal retention time) can limit both lipolysis (the prerequisite for
RBH) as well as RBH of dietary UFA (Figure 1.6). As a result, more dietary UFA (e.g.
intact ALA) and RBH intermediates (e.g. VA) exit the rumen before their complete
hydrogenation to SFA (Figure 1.6). Furthermore, some metabolites in fresh forages (e.g.
saponins, polyphenols and catecholamines) can have inhibitory effects on ruminal
lipolysis and biohydrogenation (Kala¢ and Samkova, 2010) resulting in increased ruminal
outflow of native UFA and their RBH intermediates in grazing cows (Dewhurst et al.,

2006).

1.7 The Effects of Feeding Marine QOils on Dairy Cow Response
The following sections regard the impact of feeding marine oils on ruminal and

mammary responses in dairy cows. The comprehensive list of responses includes ruminal
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lipid metabolism, dry matter intake (DMI), milk production, milk composition (fat,
protein and lactose), and milk FA composition focusing on OA, trans 18:1, CLA, EPA

and DHA.

1.7.1 Ruminal Lipid Metabolism

Polyunsaturated fatty acids, particularly long chain ones (e.g. EPA and DHA), are
known to have detrimental effects on rumen microorganisms. Addition of PUFA to
rumen bacterial cultures (AbuGhazaleh and Jenkins, 2004b; Maia et al., 2007; Potu et al.,
2011) or supplementation of cow diets with marine or plant oils (Kim et al., 2008; 966,
Huws et al., 2010) were observed to induce shifts in rumen bacterial communities with
ensuing effects on intake, and rate of formation and amount of fermentation products.
Maia et al. (2007) showed that addition of any PUFA (LA, ALA, EPA and DHA) at 50
pg/ml to pure cultures inhibited the growth of two cellulolytic Ruminococcus species (R.
flavefaciens and R. albus ), as well as some butyrate-producing bacteria including
Clostridium proteoclasticum, Butyrivibrio hungatei and Eubacterium ruminantium. The
latter three species are known to be involved in the last step of RBH, in which trans 18:1
isomers are converted to SA. Maia et al. (2007) ranked PUFA regarding their toxicity to
rumen bacteria as: EPA > DHA> ALA> LA. Likewise, Wasowska et al. (2006) reported
that the addition of EPA and DHA at 50 pg/ml to the culture medium of Butyrivibrio
fibrisolvens a major organism involved in RBH, inhibited its growth and isomerase
activity. Kim et al. (2008) investigated the effect of level of dietary fish oil (0, 1, or 3% of
DM) on the composition of ruminal bacterial community and duodenal FA composition
in steers fitted with ruminal and duodenal cannula. Their results showed that duodenal

flow of SA decreased significantly with increasing dietary level of fish oil (152.7, 115.1
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and 58.9 g/d for 0, 1, or 3% fish oil, respectively), while that of trans 18:1 increased with
level of fish oil (42.5, 73.2 and 83.4 g/d for 0, 1, or 3% fish oil, respectively). Major
changes in the rumen bacterial community were observed in steers fed the 3% fish oil
diet including Butyrivibrio spp. Quantification of ruminal bacterial DNA by real-time
PCR showed that the abundance (pg/ng of total DNA) of Butyrivibrio bacteria that
produce SA declined 19% by feeding 1% (DM basis) fish oil to lactating ewes
(Belenguer et al., 2010).

Several studies have shown that feeding fish oil or marine algae inhibits the
complete RBH of dietary C18 PUFA, resulting in a reduced rumen concentration of SA,
and increased concentrations of trans 18:1 and CLA isomers, particularly VA, trans-10
cis-12 CLA, trans-10 18:1 and RA (Loor et al., 2005¢c; Wasowska et al., 2006; Boeckaert
et al., 2008b; Kim et al., 2008; Or-Rashid et al., 2008). It has been proposed that EPA and
DHA may inhibit the reductase activity of ruminal bacteria resulting in the accumulation
of RBH intermediates, particularly ¢rans 18:1 fatty acids in the rumen (AbuGhazaleh and

Jenkins, 2004a).

1.7.2 Dry Matter Intake

Feeding marine oils has been reported to have either no impact on DMI or to
reduce it. A reduction in DMI was observed in cows fed diets containing fish oil at 1-2%
of dietary DM (Cant et al., 1997; Donovan et al., 2000; Whitlock et al., 2002;
AbuGhazaleh et al., 2002) or DHA-rich microalgae (Schizochytrium sp.) at 1%
(Boeckaert et al. 2008a ) or 4% (Franklin et al., 1999) of dietary DM. Ruminal infusion
of fish oil (Castaneda-Gutierrez et al., 2007) or marine microalgae (Boeckaert et al.

2008a) also caused a reduction in DMI. The negative effect of marine oils on DMI has
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been attributed to the depressive effect of PUFA on fiber digestion in the rumen as well
as to low acceptability of diets containing these lipid supplements (Cant et al., 1997;
Donovan et al., 2000). Lipid supplements, particularly unsaturated ones, can have an
inhibitory effect on ruminal fiber digestibility. Two main theories have been suggested:
1) inhibitory effects on rumen microbial growth and metabolism, and 2) physical coating
of the feed particles in the rumen, making them less available for microbial fermentation
(Palmquist and Jenkins, 1980; Jenkins, 1987).

Conversely, some studies did not show any effect on DMI after feeding
unprotected fish oil at 2.5% (Loor et al., 2005b) or 3.7% (Ahnadi et al., 2002) of dietary
DM. Discrepancies among studies may be explained by differences in the nature (e.g.
content of long chain PUFA) of fish oils fed among studies. Ruminal protection of fish
oil can diminish the negative effect on DMI. For example, calcium salts of fish oil fed at
levels up to 2.3% of dietary DM (Allred et al., 2006; Moussavi et al., 2007; Castaneda-
Gutierrez et al., 2007) did not affect DMI, likely due to a reduction in the release rate of

PUFA in the rumen (Castaneda-Gutierrez et al., 2007).

1.7.3 Milk Yield, Milk Protein and Lactose

Milk production was decreased in cows fed fish oil at 2% (Whitlock et al., 2002)
or 3% (Donovan et al., 2000) of dietary DM, or microalgae (Boeckaert, et al., 2008a) at
1% of dietary DM. However, other studies showed no changes in milk production after
feeding 1% (Donovan et al., 2000) or 2% (Cant et al., 1997; AbuGhazaleh et al., 2002)
fish oil, or 4% microalgae (Franklin et al., 1999). Other differences in feeds and feeding

management cannot be ruled out in explaining discrepancies among studies. Similar
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inconsistencies were found in the effects of marine lipid supplements on milk protein

level, although milk lactose level is consistently not affected by oil supplementation.

1.7.4 Milk Fat

Feeding PUFA to dairy cows can reduce milk fat content and yield. The extent of
reduction in milk fat content is dependent on the amount of oil supplement fed. Milk fat
content was decreased linearly (2.99, 2.79, 2.37, and 2.30%) when fish oil was
supplemented at 0, 1, 2, and 3% of dietary DM (Donovan et al. 2000). In a study by Cant
et al. (1997) the addition of fish oil to the diet of dairy cows at 2% of dietary DM reduced
milk fat percentage by 29.8% compared to cows fed a control diet without lipid
supplement. In another study, when fish oil was included at 2% of dietary DM, milk fat
content fell by 17.4 and 9.4 % compared to cows fed a control diet (without lipid
supplement) or a control diet with 2% added lipid from extruded soybeans, respectively
(Whitlock et al., 2002). Similarly, supplementation of microalgae at 1% of DMI reduced
milk fat content by 53% (Boeckaert, et al., 2008a). Feeding fish oil in the form of a
calcium salt had less effect on milk fat compared to unprotected fish oil. Castaneda-
Gutierrez et al. (2007) found that milk fat content was higher (3.61% vs. 2.76%) in cows
infused ruminally with calcium salts of fish oil compared to those infused with
unprotected fish oil provided similar amount of PUFA. Consistent with this result, milk
fat was unaffected in cows fed diets containing (DM basis) 2.7% Ca salts of palm and
fish oils (Allred et al., 2006) or 2.3% Ca salts of fish oil (Moussavi et al., 2007).
However, other methods used to protect PUFA against RBH, including coating the

microalgae with xylose (Franklin et al., 1999) and encapsulation of fish oil in a
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glutaraldehyde-treated protein (Lacasse et al., 2002) did not diminish the milk fat
reducing effect of fish oil.

Several mechanisms have been proposed to explain the depressive effect of
marine oils on milk fat content and yield in dairy cows. Early studies related the
phenomenon to reduced ruminal production of acetate, the main substrate for de novo FA
synthesis, due to depressed fiber digestion (Storry et al., 1974; Palmquist and Jenkins,
1980). However, no decreases in the ruminal acetate concentration or acetate to
propionate ratio have been reported when cod liver oil was fed (Beitz and Davis, 1964) or
infused into the rumen (Pennington and Davis, 1975) despite significant reductions in
milk fat content. Furthermore, feeding fish oil at < 1% of dietary DM did not affect
ruminal concentration of acetate or the acetate: propionate ratio (Doreau and Chilliard,
1997; Shingfield et al., 2012).

Another suggested mechanism is that feeding marine oils leads to increased
ruminal outflow of specific RBH intermediates which subsequently can act as inhibitors
of mammary lipogenesis resulting in MFD. Some of these intermediates such as frans-10
18:1, trans-9 cis-11 CLA and trans-10, cis-12 CLA have been identified as having anti-
lipogenic properties (Shingfield et al., 2010). Ahnadi et al. (2002) reported that mammary
mRNA abundance of lipogenic enzymes such as ACACA, FASN, SCD was decreased in
cows fed 3.7% (DM basis) unprotected fish oil or 3% glutaraldehyde-protected
(microcapsules) of fish oil. This effect was similar to that seen during trans-10, cis-12
CLA -induced milk fat depression (Harvatine and Bauman, 2006). Ahnadi et al. (2002)
suggested that the inhibitory effect of fish oil on mammary lipogenic gene expression is

mainly caused by trans 18:1 or CLA isomers arising from the rumen.
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The long chain PUFA, particularly EPA and DHA, may also contribute directly to
MEFD in cows fed marine oils. The anti-lipogenic effects of these FA have been
confirmed in numerous studies using rodent models and cell cultures (Jump et al., 2008).
Few studies tested intravascular (Storry et al., 1969) or post-ruminal (Pennington and
Davis, 1975; Chilliard and Doreau, 1997) infusions of fish oil to assess the direct post-
ruminal effect of PUFA on milk fat in dairy cows. Storry et al. (1969) reported that
intravenous infusion of cod liver oil at the daily rate of 400 g reduced milk fat content by
17 %. Pennington and Davis (1975) found that abomasal infusions of cod liver oil (225
g/d) decreased the content of milk fat by 9.6% while ruminal infusion of a similar amount
of oil reduced milk fat percentage by 16 %. Chilliard and Doreau (1997) compared
ruminal and duodenal infusions of fish oil (300 ml/d) and observed that ruminal infusion
caused a 20% higher reduction in milk fat content compared to duodenal infusion (3.54,
3.22 and 2.51% milk fat for control, duodenal and ruminal infusions, respectively).
Similarly, Loor et al. (2005¢) found that milk fat content was lowest with ruminal
infusion of 300 mL/d fish oil (2.5%) compared with duodenal infusion (3.2%) or the
control (3.5%). It is apparent from these studies that inhibition of milk fat synthesis is
greater with ruminal infusion of fish oil, suggesting that the inhibitory effect of marine
oils on mammary lipogenesis is mainly indirect through their effect on RBH (i.e.
increased production of trans-18:1 and CLA isomers). Furthermore, it has been shown
that EPA and DHA are extensively biohydrogenated in the rumen (Doreau and Chilliard,
1997; AbuGhazaleh and Jenkins, 2004a), which reduces the possibility of a direct role of

these FA in MFD.
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Another mechanism suggested for MFD when feeding marine oils to dairy cows
is the reduced supply of SA to mammary for synthesis of OA via A-9 desaturase (Loor et
al, 2005e; Shingfield and Griinari, 2007). The n-3 LC-PUFA in fish oil and algae are
known to inhibit complete RBH of C18 PUFA resulting in a decreased outflow of SA
from the rumen (Doreau and Chilliard, 1997; Shingfield et al., 2003; Loor et al., 2004;
Loor et al., 2005¢c). Reduced supply of SA for the endogenous production of OA in the
mammary could be a factor limiting milk fat synthesis in dairy cows (Loor and Herbein,

2003).

1.7.5 Milk FA Composition

Bovine milk fat is complex containing more than 400 FA (Jensen, 2002) due to
the extensive transformation of dietary FA in the rumen. Feeding marine oils to dairy
cows is associated with a number of changes in the profile of milk FA, particularly FA
with > 18 carbons. However, milk fat concentrations of de novo synthesized FA (6:0-
14:0) and 16:0 (~50% of which is synthesized de novo) are unchanged or slightly reduced
by feeding fish oil or microalgae (Donovan et al., 2000; AbuGhazaleh et al., 2002;
Lacasse et al., 2002; Allred et al., 2006; Chilliard et al., 2007; Boeckaert, et al., 2008a).
In contrast, the concentration of these FA in milk decreased significantly when cows
were fed plant oils (e.g. sunflower, rapeseed or linseed) (Loor et al., 2005b; Rego et al.,
2009). Several studies have reported a sharp decline in the percentage and yield of both
SA and OA in milk when cows were fed fish oil or microalgae. Donovan et al. (2000)
reported that milk fat percentages of SA and OA decreased linearly with increasing level
of fish oil (% of dietary DM): 9.38 and 16.47 (0% oil), 6.98 and 14.52 (1% oil), 4.43 and

11.37 (2% oil), 4.03 and 10.89 (3% oil). Feeding just 1% microalgae decreased milk fat
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content of SA and OA by 65% and 20% respectively (Boeckaert et al., 2008a). The
marked reduction in percentages and yields of SA and OA in milk with fish oil or
microalgae is mainly due to the reduction in RBH of #rans-18:1 to SA which results in
the reduced availability of SA for desaturation to OA and for its intact secretion into the
milk fat (Loor et al., 2005¢e; Loor et al., 2005b; Chilliard et al., 2007). Feeding marine
oils may also lower abundance and/or activity of mammary LPL, thereby decreasing
mammary uptake of FA, including SA and OA from blood (Storry et al., 1974; Loor et
al., 2005e).

The potential health benefits postulated for VA and RA (Shingfield et al., 2008)
have resulted in attempts to increase the concentrations of these FA in milk by feeding
marine or plant oils. However, when fed in equal amounts (by weight), marine oils are
more effective in increasing milk concentrations of these FA (Chilliard et al., 2007). The
incremental inclusion of fish oil in dairy rations (0, 1 and 2 % of dietary DM) increased
linearly the concentrations of milk RA (0.60, 1.58 and 2.23 % of total FA, respectively)
and VA (1.21%, 3.07% and 6.08% of total FA, respectively); however, no further
increase in the concentrations of RA and VA was observed when the level of fish oil was
increased to 3% of dietary DM (Donovan et al., 2000). Shingfield et al. (2003) reported
that a fish oil supplement of 250 g/d resulted in a 5.2-fold increase in the content of VA
(1-80 vs. 9:39 %) and a 4.2-fold increase in the content of RA (0.39 vs. 1.66 %) in milk
fat when compared with the control diet. Similarly, ruminal infusion of 300 ml/d fish oil
increased the yields of milk VA and RA by 6.2-fold (7.69 vs. 47.8 g/d) and 4.1-fold (3.97
vs. 16.41 g/d), respectively, compared with the cows fed a control diet (Loor et al.,

2005¢). Boeckaert, et al., 2008a found that the content of VA (3.55 vs. 1.17 %) and RA
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(1.00 vs. 0.48 %) in milk fat from cows supplemented with microalgae at 1% of dietary
DM was higher than that of cows receiving none (control diet). Although in comparison
to plant oils, marine oils are lower in C18 PUFA, the substrates for VA and RA
production in the rumen, marine oils stimulate the production of VA and RA from C18
PUFA provided by other feed ingredients (e.g. oil seeds, forages and grains). The EPA
and DHA in marine oils interfere with the completeness of RBH, which results in
increased concentration of RBH intermediates, particularly VA, at the expense of SA
(AbuGhazaleh and Jenkins, 2004a; Chilliard et al., 2007). The increased production rate
of VA increases its circulating level and stimulates the endogenous synthesis of RA in the
mammary gland. The majority (70-95%) of RA in milk fat is synthesized via the action
of mammary A-9 desaturase on VA (Griinari et al., 2000; Corl et al., 2001).

Beside their major effects on VA and RA levels in milk, feeding plant or marine
oils to dairy cows differentially modifies the profile of other trans 18:1 and 18:2 isomers
(Chilliard et al., 2007). Feeding marine oils has been associated with increased levels of
milk trans-18:1 isomers including trans-6 to trans-14 18:1, and trans 18:2 isomers
including trans-11 cis-15 18:2 and trans-9, cis-11 CLA (Shingfield et al., 2003; Chilliard
et al., 2007; Boeckaert, et al. 2008a). Some of these isomers, such as trans-10 18:1 and
trans-9, cis-11 CLA, have been implicated in MFD in dairy cows (Shingfield et al, 2010).
Furthermore, trans FA, excepting VA and RA, have been generally associated with
negative health effects such as CVD (Mozaffarian et al., 2006; Shingfield et al., 2008).
Therefore, developing lipid supplements that increase the milk content of VA and RA
without substantial increases in other trans FA should be an important objective for the

dairy industry.
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Concentrations of EPA and DHA in milk and dairy products produced without
feeding marine oils to cows are extremely low (<0.1% of total FA) (Lock and Bauman,
2004). Fish oil and more recently microalgae have been fed to dairy cows to increase the
concentrations of EPA and DHA in milk; however, the extent of RBH has been reported
to be in the range of 78-100 % for EPA and 74-98% for DHA (Lock and Bauman, 2004)
resulting in transfer efficiencies from diet to milk of 2.6% for EPA and 4.1% for DHA
(Chilliard et al., 2001). Consequently, with supplementation of marine oils, level of
EPA+DHA rarely exceeds 0.5% of total milk FA (Chilliard et al., 2007). Transfer
efficiencies of EPA and DHA were increased to 18-33% and 16-25% respectively, when
fish oil was infused post-ruminally (Chilliard et al., 2001).

Several studies reported improved transfer efficiency of EPA and DHA by using
various technologies to protect these FA against RBH. Kitessa et al. (2004) reported
transfer efficiencies as high as 32% and 18% for EPA and DHA respectively when dairy
cows were fed formaldehyde-protected tuna oil. Similarly, supplementation of a high
DHA microalgae coated with xylose resulted in a higher transfer efficiency of DHA
(16.7%) into milk compared to the unprotected microalgae (8.4%) (Franklin et al., 1999).
However, Castaneda-Gutierrez et al. (2007) observed no improvement in the transfer
efficiencies of EPA and DHA into the milk of cows infused ruminally with calcium salts
of fish oil compared to those infused with unprotected fish oil. The authors concluded
that although calcium salts of fish oil prevent the adverse effects of fish oil on DMI and
milk fat yield, they do not protect DHA and EPA against RBH. Similarly, encapsulation
of fish oil in a glutaraldehyde-treated protein did not improve the transfer efficiency of

EPA and DHA into milk (Lacasse et al., 2002). Discrepancies in the improvement of
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transfer efficiency are likely due to differences in the efficacy of the protection methods.
Another reason suggested for the low transfer efficiencies of dietary EPA and DHA into
milk is that these FA are preferentially packaged into plasma cholesterol ester and

phospholipid fractions which are less efficiently taken up by the mammary compared to

the FA in TAG and NEFA (AbuGhazaleh et al., 2003; Lock and Bauman, 2004).
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Table 1.1 Dietary approaches used to modify milk FA composition in dairy cows'

Fresh linoleate-rich oils (e.g. a-linolenate rich Marine oils
forage/pasture sunflower, soybean) oils (e.g. (fish or algae)
Fatty acid? flaxseed)
12:0-16:0 - - - 0/—
c9 18:1 ++ + + _
9,111 CLA ++ ++ ++ +++
18:3 n-3 + 0 + 0
EPA+DHA 0 0 0 +

'Adapted from Chilliard et al., 2007; —, +, 0 = decrease, increase and no change respectively.
2¢ = cis, t = trans; CLA = conjugated linoleic acid; EPA = eicosapentaenoic acid (20:5 n-3), DHA
= docosahexaenoic acid (22:6 n-3).
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Table 1.2 The content of selected fatty acids (g/100 g total FA) and SFA:UFA ratio in milk from
cows grazing or fed fresh forage vs. cows fed conserved forages in confinement!

Fatty acid Pasture/fresh forages® Conserved forages®
Palmitic 25.7+1.6 31.2+3.4
Oleic 22.443.6 18.6+2.6
Vaccenic 3.5+£0.6 1.3£0.4
a-linolenic 0.9+0.2 0.7£0.2
Rumenic 1.4+0.2 0.5+0.2
SFA:UFA? 1.8+0.3 2.7+0.5

"Mean and standard deviation of 10 studies using fresh forages or pasture and 12 studies using
silages and hay (calculated from the review by Kalac and Samkova, 2010).
ZRatio of saturated to unsaturated fatty acids.

35



Table 1.3 Total ether extractable (EE) lipid, and concentrations of total and selected fatty
acids (FA) of fresh and conserved forages, grains, oilseeds and commercial lipid
supplements used in dairy rations

EE FA FA composition (g/100 g total FA)

(%DM}) (%DM) Palmitic Stearic Oleic Linoleic ALA?

Fresh forage

Perennial ryegrass® 3.6 1.8 12.9 3.0 32 14.6 65
Meadow fescue? 3.2 1.6 17.7 1.5 4.4 15.9 434
Tall fescue* - 2.2-3.9 11-22 1.4-4.9 2-4, 9.1-11.8 55-72
Cocksfoot? 3.6 1.9 11.2 2.6 - 76.5 -
Timothy* - 2.0-2.1 19.5 4.3-5.1 5-6 15 50
Red clover? 5.1 2.3 14.2 3.7 - 5.6 72
White clover? 5.0 2.2 6.5 0.5 6.6 18.5 61
Alfalfa’ 5.3 2.5 2.7 <0.5 <0.5 1.7 95
Perennial sward® 3.6-4.3 - 11.0 1.4 2.0 14.5 46.5
Hay
Cocksfoot* - 0.2 24 2.8-4.5 34 16-17 27-35
Perennial ryegrass* - 0.3 15.8 1.8 2.0 14.0 55.9
Alfalfa* - 0.1 30.0 6.0 8.0 24.4 23.2
Perennial sward® 2.4 - 16.9 2.5 4.8 13.3 26.1
Silage
Corn* - 0.1-0.4 16-17 2.4-2.9 19-24 49 3-11
Perennial ryegrass* - 0.4 21.2 2.0 2.8 13.4 52
Perennial sward® 3.7 - 13.1 1.3 4.1 21.2 29.8
Grains
Corn® 3.6-5.0 3.2 16.3 2.6 30.9 47.8 2.3
Barley? 1.7-2.9 1.6 27.6 1.5 20.5 433 4.3
Oilseeds
Sunflower? 38-45 34.7 5.5 3.6 21.7 68.5 <0.5
Soybeans? 16-25 19 10.7 3.9 22.8 50.8 6.8
Flaxseeds® 36 - 5.1-7.1 2.8-4.0 16-22 15-18 50-59

Commercial lipid supplements’
Alifet-High

energy® 99 - 223 31.7 11.5 0.19 0.16
Energy Booster® 100 - 41.9 44.5 5.5 1.7 0.72
Megalac® 85 - 46.0 4.48 353 8.2 0.30

'Dry matter;? o-linolenic acid; 3 Schroeder et al., 2004; # Kalac and Samkova, 2010; > Vahmani et al.,
unpublished data; ® Woods et al., 2009; 7 Carriquiry et al., 2008.
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Figure 1.1 Major pathways for the biohydrogenation of linoleic and a-linolenic acids in
the rumen (Adopted from Harfoot and Hazlewood, 1988).
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Figure 1.2 The ruminal biohydrogenation pathways of linoleic and a-linolenic acids
(Adapted from Shingfield et al., 2010). t = trans, ¢ = cis; Solid arrows represent the major
established pathways; dashed arrows describe the minor putative pathways suspected by
the occurrence of the minor RBH intermediates during the ruminal metabolism studies.
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Figure 1.3 Putative biohydrogenation pathways of oleic acid in the rumen (Adapted from
Shingfield et al., 2010). Solid arrow represents the major pathway; dashed arrows

describe the minor pathways.
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