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FOREWORD

The Graham Centre Monograph series provides an in depth analysis of issues of importance
to mixed farming systems. The aim is to make the information readily accessible to a broad
audience including producers, students, researchers and funding organisations.

As the consumption of animal products increases globally, the demand for red meat will
continue to grow. Along with this increased demand, the quality and health benefits of meat,
for example, the possible role of omega-3 fatty acids in disease prevention, will be of greater
importance to consumers.

This latest Monograph outlines the possible benefits of omega-3 fatty acids from beef and
lamb, and the ability to maximise these levels by feeding forage diets. In particular, the role of
forage conservation and the inclusion of conserved forage in production feeding rations to
achieve this goal is examined.

This is the first Monograph focusing on animal nutrition and production. It provides an up-to-

date summary of current research, and identifies gaps for future regional, national and
international research opportunities.

Professor Deirdre Lemerle Toni Nugent and Catriona Nicholls

Director, Graham Centre for Editors
Agricultural Innovation
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EXECUTIVE SUMMARY

There is continued interest from researchers, health professionals and the general public in the
potential health benefits of omega-3 fatty acids. Several theories link the consumption of
long-chain omega-3 polyunsaturated fatty acids (LCn-3PUFA) to reducing the incidence of
disease conditions including cardiovascular disease, inflammatory diseases, such as arthritis,
and mental health disorders. Research efforts have focussed on the impact of two LCn-
3PUFA found in oily fish: eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA).
While EPA and DHA are only found in relatively low concentrations in red meat (including
beef and lamb) compared with oily fish, the total LCn-3PUFA concentration in meat
including docosapentaenoic acid (DPAn-3) is significant. The impact of different production
systems on the LCn-3PUFA content of meat has gained significant attention during the past
10—15 years.

The current review summarises several possible health benefits of LCn-3PUFA in ruminants
and humans and outlines the effects of different production systems on the content of
beneficial fatty acids in meat. The LCn-3PUFA status of meat is significantly improved by
incorporating fresh or conserved forage, compared with grain and concentrates, into the diet
of ruminants. The ability of forages to maximise the amount of LCn-3PUFA in meat is
dependent on the nature of forage, including the amount and type of lipid present and, is
greater when animals consume fresh forage compared with hay or silage. Several research
programs have examined the manipulation of lipid and fatty acid content of forages in order to
maximise the amount of omega-3 available. There is scope to increase the amount of omega-3
available in silage by ensuring that it is produced under optimal conditions, including limiting
wilting where possible and maximising the efficiency of fermentation.

The current Monograph also reviews the observed and recommended intakes of LCn-3PUFA
in the Australian population and the contribution of red meat intake (beef and lamb) to this
intake. Red meat contributes approximately 40% of the average daily intake of LCn-3PUFA
for adult men and women in Australia and there is the potential to significantly increase the
consumption of LCn-3PUFA from meat by manipulating the diet of ruminants by
incorporating forage or feeding forages with improved omega-3 availability.

Several opportunities for future research programs are identified following the review of
previous research, including the need for a survey of the amount of omega-3 available in
pastures and forages grown in Australia and examination of the impact of ensiling forage on
omega-3 concentrations under Australian conditions. There is a great need to determine
measureable improvements in the health of those consuming meat enriched with LCn-3PUFA
following the incorporation of forage into production diets. If the consumption of meat with
enhanced LCn-3PUFA can decrease the incidence of disease, this would provide an incentive
for producers to deliver this meat into the market.

KEYWORDS

Ruminant nutrition, omega-3 polyunsaturated fatty acids, health benefits, animal production.

Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4 5



TABLE OF CONTENTS

FOREWORD ...ttt ettt ettt et ete et e st e st e e e ss e e s e eseestenseeseensenseeseenseseeneensenses 3
ACKNOWLEDGEMENTS ...ttt ettt ettt et sttt e te et et e s teeseeee e st eneesneeneeeenees 4
EXECUTIVE SUMMARY ..ottt sttt a ettt st et sttt et bt et e b satenaesbeeneenees 5
TABLE OF CONTENTS ...ttt ettt ettt et e et e e st e s e st e eseeseeseensenseeneensenees 6
TABLE OF FIGURES ... oottt ettt ettt e st e st e eesaeenteeeeneeeenees 8
TABLE OF TABLES ...ttt ettt et sttt sb et bt st e e ebeeeenees 9
LIST OF ABBREVIATIONS ...ttt ettt sttt sae e esessaensessessaensassasssansesssensenns 10
Lo INEEOAUCTION ..ttt ettt ettt e bt e s bt e sat e sateeateeabeebe e beenbeenaeas 11
2. Background and Importance of Omega-3 Fatty ACIdS ......cccevverierierciieiieieeieereesee e 12
2.1  Polyunsaturated fatty aCidsS ........ccceerierieiiiiiieie ettt e 12
2.2 Long-Chain Omega-3 Polyunsaturated Fatty AcidS........c.cccevveeriieriiieiiiierieeciee e 13
2.2.1  Mechanisms of action of LCn-3PUFA .........ccooiiiiiiiieee e 15
2.2.2  Ratio of omega-6:0mega-3 PUFA .........cccooiiiiiieieceeeecee e 17
2.3 Structure of lipids important in ruminant NUATItION . ........cceereerierierieeie e 17
2.4  Fatty acid metaboliSm in TUMINANTS.........ceeecveevieerieriereeeesieeseeeneeaeereeseeseesseesseesenessnes 18
2.4.1 Lipolysis and release of free fatty acids........ccoeeveveveeciieciienieicieee e 19
2.4.2 Biohydrogenation of fatty acids in the rumen .............ccooceevvveiienienieniecieeeeee, 19
3. Methodological Considerations with Lipid and Fatty Acid AnalysiS.........ccccevvvveeviienieencreeennnnn. 21
3.1  Lipid extraction and fatty acid analysis of feed...........cccevieviiriieniiiiiiiee e, 21
3.1.1  Total lipid @XIraCtion........cevveeriieriieniieeieeie ettt ettt et e et ebe e e esaeeseeas 21
3.1.2  Isolation of lipid fraCtiONS.......cccueiieuiiiiiieeiie ettt eee e eree e e e e e eseveeearee s 23
3.1.3  Methylation of fatty aCidS......cceevieriiieiieiieiieieeeeeree e 25
3.1.4  Analysis Of fatty aCIAS .....ccccvevieriierieiieeie ettt 25
3.2 Lipid extraction and fatty acid analysis of meat...........ccceceeiierieiienienieniece e 26
R TN B 05103 16 o). 45 2167 5 (o) s WO PP S 26
3.2.2 Interpretation of fatty acid analysis ........cccecceevierierierieiienie e 26
3.3 Lipid conversion factors (LCF) and recovery of fatty acids..........ccccceeveeneeneenieninneenee. 28
3.3.1  Lipid cONVErsion FACLOTS ......c.eeeruvierrieiiieeiiieeieeeireesteeereeesireesreeseeeeseseessraeeneneas 28
3.3.2 Calculating the recovery of fatty acids ........ccccvververciiriiniieiiee e, 30
3.4  Calculation of the ratio of Omega-6:0Omega-3 fatty acids........cccccvrvvvereeriereenienierreene. 32
4. MEAL QUALILY ..vieiiiieiiieeieeeite ettt e e et e e eeebe e e abe e s bt e ebbeesabaeebaeeebeeerbaeesbeeenraeentsaeenreeennes 33
4.1  Omega-3 and mMeat QUALTLY .......cceeccieriiiiciieiieteeeeste e ere et e e saesbesbeereesreesreessnenes 33
4.2 Influence of breed on fatness and 0MEZa-3 ..........ccoeevieviierienierieeieee e 33
4.3  Changes in fatty acid concentrations in meat following cooking............ccccceveeirirriinennne. 34
5.  Altering LCn-3PUFA in Meat through Dietary Manipulation ............cccceeeeveerciieniieenieenieesieeans 35
5.1  Manipulating LCn-3PUFA in meat by feeding LCn-3PUFA Sources..........ccccceceverueenne 35
L N R 27T PRSPPI 35
L 0 - 1o USROS 37
513 POTK ittt st sttt 38
5.2 Manipulating LCn-3PUFA in meat by feeding linseed .............coceeeririenininieninceenene 41
R0 R O 171 LTSRS 41
5.3 Manipulating omega-3 in beef by changing feed type or forage sources.............cccevvennenne 43
5.3.1  Surveys of feeding SYSLEMS ......cccecveriiiiriiiiieeie ettt esee e sre s eeeeneeens 43
5.3.2 Forage versus grain feeding..........cccovieriiriiriiiiiiiieie ettt 43
5.3.3 Feeding different types of fOrages ......ccceevvveeeiiieriieiiiiecieeciee et 49
5.3.4 Concentration of LCn-3PUFA in meat in the National Nutrition Database.......... 49
5.4  Manipulating omega-3 in lamb by changing feed type or forage sources.............cccceennenn. 54
6.  Potential Health Effects of LCn-3PUFA in RUMINAnts............cocoeerieniiniiiiiiiieeeeeeeneeenee e 56
6.1 INFlAMIMATION. ...c.tiiiiiieieie ettt ettt et et e bt ese e be et et e saeeneeneeeneeeas 56
6.2  Reproduction and DEhaVIOUT...........ccevierieriierienieeieeie e eees 57
6.3 Sex 1atio O [AMDS ....oocuiiiiiiiii e 58
7.  Manipulating the Concentration of LCn-3PUFA in Animal Feed ..........cccooevvviviiinciieecieeieee. 59
7.1  Concentrations of a-linolenic acid and linoleic acid in feedstuffs...........cccccocenirienincne. 59
7.1.1 Differences in fatty acid composition between forages and grains ...................... 59
7.1.2  Effect of stage of growth on fatty acid composition...........c.cceeevuveerirerveeeereeennnnn. 60
6 Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4



7.1.3  Differences in fatty acid composition between forage species.........ccceeerveernnennns 60

7.1.4 Change in fatty acid composition by conserving forage as silage............ccocuvune... 61

7.1.5 Potential future reSearch ...........cooceeiiiiriiriiieieee e 65

7.2 Factors affecting loss of fatty acids in the TUmMen ............cceevvveeeiieeciie e, 65
7.2.1  Lipolysis and release of free fatty acids.........cccevvereiiiiinciiiiiieieeeeeeeeseesve e, 65

7.2.2 Biohydrogenation of fatty acids from different forages ........c..ccccovereeveninenanne 66

7.2.3  Relationship between rumen pH and biohydrogenation of fatty acids.................. 66

8. Meat Production Systems in AUSLIAlIA ........c.ccccviieciieiiiecie et e et e e sve e sreesaaeesevee e 68
9. Recommended and Reported Intakes of LCn-3PUFA in Humans..........cccoceevveveeneenienvenneenn. 70
9.1  Recommended INtAKES..........ccceeriiriiiiiiieiieiieceeese ettt st 70

9.1.1  Food sources of LCn-3PUFA ......ccooiiiiiiiiiieeeetete et 71

9.2  Reported intakes of LCn-3PUFA in AUStralia.........cccovvevverierieiinenieeieeieesreesieesnesne e 72

9.3  Reported intake of meat and fish and contribution to LCn-3PUFA intake ....................... 75

9.3.1 Reported intake of meat and fish in Australia ..........ccocceveiiriieiieiiinieiieeeeee, 75

9.3.2  Contribution of meat to LCn-3PUFA intake ..........ceccevieieiinieiereeeeeceeee 78

9.4  Biological markers of LCn-3PUFA intake ..........ccecveeiiriiieniinieiiecie e 79

10. Altering Consumer Intake of LCn-3PUFA by Enhancing Animal Products...........c.cceccevenennnene. 80
10.1 Increasing LCn-3PUFA intake by the consumption of meat other than fish..................... 82

11. Summary and ReCOMMENAALIONS ........cccveiviiiieriieriieiiesiesie e ettt esteeseeseaesaessaeesseesseesseesssesenes 83
| NS (53 (=) 1 1oL OO 84
APPENDIX I - Nomenclature and common names for fatty acids .........ccccceeveveeiiieniienciee e, 98

Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4 7



TABLE OF FIGURES

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.
Figure 11.

Figure 12.
Figure 13.
Figure 14.

Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.

Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.

Figure 26.
Figure 27.

The structure of omega-3 and omega-6 fatty acids.........cccceeeviieriieeiieeriiecee e 12
Structure of linoleic acid (C18:2n-6) and CLA. .........ccccccveeviieviieieeeeeeeeree e 13
Summary of the metabolism of omega-3 and omega-6 fatty acids..........cccccevereeveneneenne. 14
Summary of the metabolism of fatty acids to eicosanoids including prostaglandin........... 15
Structure of phosphatidyl choling lipid.........ccccccveiiiiieiieriieieieiere e 18
Structure of triglyceride lPid........cccverieriiriiiiieieeeereesee ettt eseae e enneens 18
Summary of the biohydrogenation of unsaturated to saturated fatty acids...........ccccceenen. 20
Total lipid concentration in Lolium perenne determined using an ether extract (EE)

or an acid-hydrolysis ether extract method (AH-EE).. ....cccoocoiiiiiniiiinieeeeceee 22
Total non-esterified fatty acid concentration of Lolium perenne in silage compared

WIth fTESh TOTAZE.. .o.eviiiiiicie ettt e e s e e eeaeesebeeearee s 23
Correlation between the concentration of fatty acids in red blood cells analysed

using two methods of lipid @XIIraCtion..........ccvevierierieriieeie ettt sre e ereebeesae e ees 27
Relationship between the proportion of total fatty acid in phospholipid and the

analysis of fatty acids in red blood CelIS. ........ccvevviirieriiiiieiice e 27
Increasing concentrations of omega-3 following supplementation with fish oil. ............... 37
Relationship between intake and concentrations of omega-3 in meat. ...........ccceeveevueenenee. 38
Increasing concentrations of DHA in Longissimus dorsi of pigs fed increasing

doses of DHA as fish Meal. .......ccoooiiiiiiiiiiee e 39
Relationship between intramuscular fat concentration and concentration of DHA............ 40
Change in concentrations of omega-3 following supplementation with linseed. ............... 41
The ratio of n-6:n-3PUFA in meat with increasing length of time of grain feeding. ......... 48
Concentration of omega-3 in meat following the consumption of forage or silage............ 53
Correlation between the concentration of ALA in silage and the concentration of

omega-3 in the plasma Of SHEEP........ceeeviiiiiiiiii e 54
Change in plasma PGF,, metabolite following an oxtyocin challenge in ewes fed

OMEEA-3 OF OIMEZA-0. ....eeeeivieeiiieiiieeieeerieeeiteestaeessteeseteessseesseeessseessaeessseesnsessssseesseesnsees 57
Proportion of female lambs in X-Bred or Merino ewes fed silage high in omega-3

or oats/cottonseed meal high in 0Mega-6...........cccevvieiiiiiiniiiiie e 58
Effect of rumen pH on biohydrogenation of omega-3 and omega-6 fatty acids................. 67
Number of feedlot cattle on-feed in Australia Per YEar. ........cccoecveveveeeieerieereereereeseenenenens 68
Percentage of Australian lot-fed cattle for increasing days on feed. ...........cccoceeveeniennnnnne. 69
Mean estimated intake of LCn-3PUFA by children and adolescents or adults in

Australia compared with recommended intakes. ...........ccoeeveeviieviinieniienie e 75
Apparent consumption of meat in AUStralia. ........ccceeveeeiiieiieiierieree e 78
Change in fatty acids after consuming diets fortified with omega-3...........cccccovveeveennen. 81

8 Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4



TABLE OF TABLES

Table 1.
Table 2.
Table 3.

Table 4.
Table 5.

Table 6.
Table 7.
Table 8.
Table 9.

Table 10.
Table 11.
Table 12.
Table 13.
Table 14.

Table 15.
Table 16.

Table 17.
Table 18.
Table 19.
Table 20.
Table 21.
Table 22.
Table 23.

Table 24.
Table 25.

Table 26.
Table 27.

Table 28.
Table 29.
Table 30.
Table 31.
Table 32.
Table 33.
Table 34.

Table 35.
Table 36.
Table 37.
Table 38.
Table 39.

Table 40.

Eicosanoids derived from LCn-3PUFA or LCn-6PUFA. .......cccoiiiiiiiiieeeeee, 16
Published methods used for the analysis of lipid concentration in plant material. ............. 24
Examples of the range of gas chromatographs and capillary columns used in the

analysis of fatty acids in forage and meat. ...........ccccueeeciieriieiiiie e 25
Derivation of a Lipid Conversion Factor (LCF) for beef. ........cccooovvviiniiiviiieeeeee, 28
Derivation of a Lipid Conversion Factor (LCF) for beef taking into account an in

depth analysis of the phospholipid proportions. ...........ccecceerierirriiieiieeiiereere e 29
Lipid moieties and calculation of lipid conversion factor for wheat flour.......................... 30
Fatty acid recovery calculated for fresh forages, silages or concentrates. ............ccccoeeneee 31
Calculation of the omega-6:0mega-3 ratio N MEAL..........ccceerviereerierierieeie e eieeeeeeees 32
Omega-3 concentrations in beef following supplementation with LCn-3PUFA................ 36
Omega-3 concentrations in beef following supplementation with a-linolenic acid. .......... 42
Fatty acid concentrations in beef from surveys of different feeding systems..................... 44
Fatty acid concentrations in beef from cattle fed forage or grain-based diets. ................... 46
Fatty acid concentrations in beef from cattle fed different forage types.........cccevvvevvvernnnnee. 50
Omega-3 concentrations for beef in Australia used to construct the National

Nutrition Database NUTTAB. .....cccooiiiiiiieieee ettt 52
Fatty acid concentrations in meat from sheep fed different diets. .........ccceeevvveevieniennnnnn. 55
Concentrations of fatty acids in maize silage and grain concentrates compared with

fresh grass and perennial ryegrass-white clover forages. ..........ccoccvevienieniienienienieeieeenn 59
Concentration of fatty acids in forage cut at different stages of development.................... 60
Concentration of fatty acids in different forages at similar stages of development............ 61
Concentration of fatty acids in silages produced from ryegrass or clover...........c.cceceee.e. 61
Change in fatty acid composition of perennial ryegrass following ensiling....................... 62
Concentration of C18:3n-3 in perennial ryegrass. ........ccveevveeerveerreeeieeesieesieeeeeeesveesneens 62
Change in fatty acid composition of fresh compared with ensiled lucerne. ....................... 63
Effect of wilting prior to conserving forage as hay or silage on the concentration of

Y1 163 [ L PP PRIPI 63
Fatty acid concentration in silage ensiled without wilting compared with wilting............. 64
Concentration of fatty acids in fresh conventional or 'stay-green' perennial ryegrass

and silage produced from these forages. ........ccoovvviviiiiciiicciiecie e 64
Lipid classes in fresh oat/pea forage compared with silage. .........cccoecveveveecreecriecriesieenieennen. 65
Proportion of fatty acids in the phospholipid, free fatty acid (NEFA) and total fatty

acid classes prior to and following ensiling. ..........cccceveeriiriiiriiiiiiei e 66
Australian guidelines for recommended daily intakes of LCn-3PUFA. ...........cccoeeeveenee. 70
International guidelines for recommended daily intakes of LCn-3PUFA. .........ccccoeeene 71
Mean concentration of LCn-3PUFA in different meat sources in Australia. ..................... 72
Mean reported daily intakes of omega-3 for different age groups in Australia. ................. 73
Reported concentrations of LCn-3PUFA in beef..........ccooeviieiiiciiinieniecie e 73
Reported concentrations of DPAn-3 in different meat types.........cccovevvvveeevieereeneeneenenennn, 73
Mean reported daily intakes of LCn-3PUFA in a population of children and

adolescents in Australia using a Food Frequency Questionnaire. ...........cccceeeveeeveeveeveannen. 74
Reported intakes of meat and fish for Australian adults. ..........ccoccevveiiininiininniineee 76
Reported intakes of meat and fish for Australian children and adolescents. ...................... 77
Contribution of meat to the intake of LCn-3PUFA in Australia.........cccccoeoeeiiiiinicnnnnnen. 79
Intake of LCn-3PUFA prior to and following the consumption of a range of food

products enriched with LCn-3PUFA. ......cociiiiiiiitee e 82
Red blood cell membrane LCn-3PUFA prior to and following the consumption of a

range of food products enriched with LCn-3PUFA.......c..ccccooiiviiiviiniecie e 82
Reported intake of meat in Australia and estimated intake of LCn-3PUFA from

meat if animals are fed predominantly grain or forage diets. ..........ccocevvveirveenienieencennnne, 82

Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4 9



LIST OF COMMON ABBREVIATIONS USED IN THE MONOGRAPH

Abbreviation  Description

CLA Conjugated linoleic acid

CVD Cardiovascular disease

DHA Docosahexaenoic acid

DPAn-3 Docosapentaenoic acid — omega-3 configuration
DPAn-6 Docosapentaenoic acid — omega-6 configuration
EPA Eicosapentaenoic acid

FAME' Fatty acid methyl esters

LCn-3PUFA Long-chain omega-3 polyunsaturated fatty acid

LCn-6PUFA Long-chain omega-6 polyunsaturated fatty acid

LCF Lipid conversion factor

LT Leukotriene

LWt Liveweight of animal

MUFA Monounsaturated fatty acids
n-3 Omega-3 fatty acid

n-6 Omega-6 fatty acid

NEFA Non-esterified fatty acid
NHMRC National Health and Medical Research Council
NRV Nutrient Reference Value

PG Prostaglandin

PGF,, Prostaglandin F,,

PGI Prostacyclin

RBC Red blood cells

SFA Saturated fatty acids

TG Triclygeride (or Triacylglycerol)
TX Thromboxane

'For a full list of abbreviations of fatty acids of interest in human and animal nutrition, see Appendix 1.
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1. Introduction

There is continued interest from researchers, health professionals and the general public in the
health benefits of omega-3 fatty acids. Several theories link the consumption of omega-3 fatty
acids to reducing the incidence of conditions such as cardiovascular disease (CVD, Kris-
Etherton et al., 2003), inflammatory diseases such as arthritis (Simopoulos, 1999) and mental
health disorders (Parker et al., 2006; Clayton et al., 2007).

Research efforts have focussed on the impact of two main long-chain n-3 polyunsaturated
fatty acids (LCn-3PUFA) found in oily fish: eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Another LCn-3PUFA found in red meat, docosapentaenoic
acid (DPA), may also have similar health benefits (Murphy et al., 2007). Red meat may,
therefore contribute significantly to the overall intake of LCn-3PUFA in the Australian
population and, hence, the impact of different production systems on the omega-3 content of
meat has gained significant attention during recent years.

The concentration of LCn-3PUFA in meat is affected by a number of factors including breed,
overall fatness and the type of feed consumed by the animal. In general, the amount of LCn-
3PUFA available in meat is higher when animals consume fresh forage compared with grain
and concentrates (Raes et al., 2004; McGee, 2005; Scollan et al., 2006; Scollan et al., 2014).
The amount of omega-3 available in forage is also affected by a number of factors, including
plant species and total lipid content, growing conditions and method of conservation (Khan et
al., 2012; Glasser et al., 2013) as well as the extent of breakdown and loss in the rumen prior
to absorption and metabolism (Van Ranst et al., 2009; Buccioni et al., 2012).

The ability to alter the concentration of LCn-3PUFA in meat through the incorporation of
forage into Australian production systems has not been extensively studied. Likewise, the
impact of increasing the amount of LCn-3PUFA in beef and lamb on the intake of these
potentially healthy fatty acids by the Australian population and, the impact this change may
have on measurable risk factors for disease, has not previously been examined.

The current review outlines the effects of different animal production systems on the content
of potentially beneficial omega-3 fatty acids in meat products. The effects of maximising the
omega-3 concentration in forage and increasing forage consumption by ruminants, in
particular, on systemic LCn-3PUFA status, metabolism and incorporation of these fatty acids
into animal products, is reviewed. While the focus of the current Monograph is on
manipulating omega-3 in order to increase the amount of LCn-3PUFA for human
consumption, the effects of altering systemic omega-3 status on animal health and production
is also briefly assessed.
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2. Background and Importance of Omega-3 Fatty Acids

Prior to examining the effects of forage feeding systems on the omega-3 status of ruminants
and meat quality, it is important to review fatty acid nomenclature and some basic
information on fatty acid metabolism. Fatty acids of importance in nutrition are categorised
into three main classes: saturated fatty acids (SFA), which have no double bonds in their
structure, monounsaturated fatty acids (MUFA), which have one double bond in their
structure and polyunsaturated fatty acids (PUFA), which have more than one double bond.
Saturated fatty acids in general are considered to be “unhealthy’ fats, while MUFA and PUFA
are generally considered healthier. The following sections will review the structure and
function of PUFA, with a focus on the fatty acids found in meat that have potential health
benefits for humans.

2.1 Polyunsaturated fatty acids

Polyunsaturated fatty acids refer to fatty acids that contain two or more double-bonds in their
structure. Meat contains several beneficial PUFA including omega-3 PUFA (n-3 PUFA) and
conjugated linoleic acids (CLA). The first double bond in omega-3 fatty acids occurs 3 bonds
from the methyl end of the fatty acid chain, whereas the first double bond in omega-6 fatty
acids occurs 6 double bonds from the methyl end (Figure 1). It is important to note the
international convention for the naming of fatty acids commences from the carboxyl end of
the chain, however, the convention for naming omega fatty acids commences from the
opposite, or methyl, end. A summary of scientific and common names of saturated and
unsaturated fatty acids of importance in animal and human nutrition is shown in Appendix I.

CH; : COOH

Eicosapentaenoic acid (EPA) - C20:5n-3

CH, 3
N2 COOH

Docosahexaenoic acid (DHA) - C22:6n-3

6 COOH

Arachidonic acid (AA) - C20:41n-6

Figure 1.  The structure of EPA, DHA LCn-3 PUFA and AA LCn-6PUFA showing the position of
the first double bond either 3 or 6 bonds from the methyl end, respectively.

Conjugated linoleic acids are a group of isomeric trans fatty acids of the omega-6 fatty acid
linoleic acid (Figure 2). The two main forms of CLA in meat and milk are cis-9-trans-11-
CLA (rumenic acid) and trans-10-cis-12-CLA (Figure 2). A number of CLA may have health
benefits for humans including reducing the incidence of cancer in a rat model (Ip et al., 1999)
and reduced body fat accumulation (for review, see Eriksson and Pickova, 2007). The effects
of CLA haven generally only been reported in animal models and human health benefits still
remain to be confirmed.
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8 COOH

Linoleic acid (LA) - C18:2n-6
cis-9,cig-12-octadecadionoic acid

CH; 1A 4 6 R COOH
J
{ 3 5 \
cis-9,trans-11-conjugated linoleic acid (CLA) - ¢9-t11-C18:2n-7
{(Rumenic acid)
fi
1 3 5
2 4
CH, 7z COOH

trans-10-cis-12-conjugated linoleic acid (CLA) - t10-¢12-C18:2n-6

Figure 2.  Structure of linoleic acid (C18:2n-6) and two conjugated linoleic acids (CLA) showing
the position of the first double bond either 6 or 7 bonds from the methyl end. Note:
naming convention commences from the carboxyl end.

2.2 Long-chain omega-3 polyunsaturated fatty acids

Fatty acids are named with reference to the number of carbons in their structure. Short chain
fatty acids (or volatile fatty acids) are generally accepted as containing between 1 and 7
carbons in their structure, while medium chain fatty acids have between 8 and 18 carbons.
The main medium chain omega-3 of importance is a-linolenic acid (C18:3n-3;
octadecatrienoic acid; ALA), while the main medium chain omega-6 PUFA is linoleic acid
(C18:2n-6, octadecadienoic acid, LA). Most interest in human health is in long-chain omega-
3 PUFA (LCn-3PUFA) that have 20 or 22 carbons in their chain. The main LCn-3PUFA
considered beneficial are: EPA (C20:5n-3), DPAn-3 (C22:5n-3) and DHA (C22:6n-3).

The shorter chain PUFA, ALA and LA, are important in ruminant and human nutrition
because they are converted in the body to long-chain PUFA. The shorter chain ALA (found
predominantly in fresh forages and plants such as linseed and canola) is converted to EPA,
DPA and DHA, while LA (from grain or maize, for example) is converted to arachidonic acid
(C20:4n-6, ARA Figure 3). LA and ALA are termed ‘essential’ fatty acids; that is they cannot
be synthesised in the body and must be consumed in the diet (Lands, 1992). The long-chain
fatty acids are essential components of cell membranes and eicosanoids and the current
review will focus predominantly on LCn-3PUFA.

Human nutritionists are increasingly focussing on the importance of LCn-3PUFA, in terms of
both absolute intake and the ratio of omega-6:omega-3 in human food sources. The major
health benefits associated with meat intake are likely to be associated with an increase in the
concentration of LCn-3PUFA or a reduction in LCn-6PUFA.
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Figure 3. Summary of the metabolism of 18 carbon to 22 carbon omega-3 and omega-6 fatty acids.
Adapted from: Moore et al. (1991); Wang and Anderson (1993); Parker et al. (2006);
Clayton et al. (2007).
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2.2.1  Mechanisms of action of LCn-3PUFA

LCn-3PUFA may have a number of beneficial effects in humans, including lowering fasting
blood triglyceride and reducing platelet activation and clotting tendency facilitating a
reduction in the risk of atherosclerosis and CVD (for review, see Howe et al., 2007). LC-
PUFA are important for two main reasons: firstly, they are metabolised to prostaglandins that
are either pro-inflammatory or anti-inflammatory and, secondly, they are integral components
of cell membranes and cell function.

The long-chain PUFA EPA and ARA are the precursors for eicosanoids including
prostaglandins (PG), prostacyclins (PGI), thromboxanes (TX) and leukotrienes (LT, Smith et
al., 1991; Abayasekara and Wathes, 1999). The LC-PUFA are oxygenated and metabolised to
eicosanoids by one of two pathways. The first pathway involves prostaglandin H synthase
(PGHS, also called cyclooxygenase, COX) oxidation, which removes two double bonds,
leading to the thromboxane (TX), prostaglandin (PG) and prostacyclin (PGI) series, while the
second pathway involves lipoxygenase oxidation, which removes no double bonds and leads
to the LT. The removal of two double bonds from ARA (20:4n-6) by prostaglandin H
synthase leaves two double bonds and leads to the formation of series-2 eicosanoids, while
the removal of two double bonds from EPA (20:5n-3) leads to the formation of series-3
eicosanoids (Figure 4).

‘ Cell membrane Diacylglycerol or Phospholipid ‘
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Figure 4. Summary of the metabolism of fatty acids to series 1, 2 or 3 eicosanoids including

prostaglandin. PGHS = prostaglandin H synthase, PGF = prostaglandin F series, PGI =
prostacyclin, TXA = thromboxane A, LTA = leukotriene A, FLAP = 5-lipoxygenase
activating protein. Sources: Watanabe (2002); Cheng et al. (2005b); Murphy and Gijon
(2007); Wathes et al. (2007); Dozier et al. (2008); Fortier et al. (2008).
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LCn-3PUFA and inflammation

The eicosanoids are signalling molecules associated with a number of functions in the body
including inflammation (Peet and Stokes, 2005). The series-1 and series-3 PG are less
inflammatory, while the series-2 PG are more inflammatory (Table 1, Lands, 1992; Horrobin
and Bennett, 1999). LCn-3PUFA and LCn-6PUFA, therefore, have opposing biological
effects (Stoll et al., 1999) and, in general, the LCn-6PUFA ARA is proinflammatory and
associated with up-regulation of inflammation, while the LCn-3PUFA EPA and DHA are
anti-inflammatory (Horrobin and Bennett, 1999). The PG, in particular, series-2 PG including
PGF,,, play an important role in several aspects of reproduction, including ovulation, oestrus,
embryo survival and parturition (for review, see Abayasekara and Wathes, 1999), roles that
are reviewed later.

Table 1. Eicosanoids derived from LCn-3PUFA or LCn-6PUFA.

Fatty Acid Eicosanoid Product Series Inflammation
TX, PG or PGI LT

Arachidonic acid (C20:4n-6) series-2 series-4 More inflammatory

Eicosapentaenoic acid (C20:5n-3) series-3 series-5 Less inflammatory

TX = thromboxane, PG = prostaglandin, PGI = prostacyclin, LT = leukotriene.
Adapted from: Lands (1992).

LCn-3PUFA and cell membranes

The LCn-3PUFA DHA is a major structural component of cell membranes throughout the
body, particularly in brain neurones (Horrobin et al., 1991). DHA 1is predominantly found in
phospholipids, while EPA is found primarily in cholesterol esters, triglycerides and
phospholipds. DHA is the most abundant unsaturated fatty acid found in the brain (Sastry,
1985), particularly in the cerebral cortex, accounting for approximately 14% of total fatty
acids (McNamara and Carlson, 2006). DHA is also found in large concentrations in the retina,
testes and sperm (Simopoulos, 1991). Normal brain growth and development in infants and
children requires dietary intake of LCn-3PUFA as the major structural components of neural
cell membranes (Farquharson et al., 1992; Innis, 2003) and DHA, in particular, appears to be
involved in the development of cognition in infants (for review, see Willatts and Forsyth,
2000).

Membrane function is determined by its structure and, in particular, by the concentration of
DHA in membrane phospholipids. LCn-3PUFA deficiencies may be involved in the aetiology
of a number of psychiatric illnesses and symptoms of these illnesses may be ameliorated by
an increase in the consumption of LCn-3PUFA (for review, see Clayton et al., 2007). LCn-
3PUFA supplementation is associated with increased membrane fluidity in patients with
bipolar disorder (Hirashima et al., 2004), which leads to a general dampening of signal
transduction pathways (Tappia et al., 1997). Increased EPA and DHA concentrations in cell
membranes also inhibit the activity of rat protein kinase C second messenger systems
(Mirnikjoo et al., 2001; Seung Kim et al., 2001), again modulating signal transduction.

In summary, the LCn-3PUFA are associated with several possible health benefits and there is
epidemiological evidence linking reduced LCn-3PUFA intake with several illnesses including
asthma, CVD and several mental health disorders including depression and bipolar disorder
(Clayton et al., 2009a). There is increasing awareness in both the actual intake of LCn-
3PUFA and the ratio of n-6:n-3 PUFA in human diets.
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2.2.2  Ratio of omega-6:0mega-3 PUFA

The human diet in hunter-gatherer times is thought to have contained an omega-6:0omega-3
(n-6:n-3) ratio of approximately 1:1 (Sinclair and O'Dea, 1993; Simopoulos, 1999; Cordain et
al., 2002a; Cordain et al., 2002b) as reviewed previously (Vaneslow, 2007). Modern western
European diets are largely deficient in LCn-3PUFA (Leaf and Weber, 1987) with the ratio of
n-6:n-3 approximately 10:1 or 15:1 (Meyer et al., 2003; Howe et al., 2006). The change in the
ratio of n-6:n-3 is largely attributable to two main factors (for reviews, see Mann, 2007;
Ulijaszek et al., 2012). Firstly, during the 1960s and 1970s there was a large public health
push to reduce the intake of SFAs and increase the intake of unsaturated fatty acids, as the
incidence of CVD was seen to be linked to the consumption of SFA. These dietary
recommendations lead to a decrease in the intake of meat and animal products and an increase
in the intake of vegetable oils and spreads, which are extremely high in the omega-6 fatty acid
LA. Secondly, food manufacturers have increased their reliance on cheap sources of vegetable
oils in processed foods also high in LA.

Research in the area of LCn-3PUFA to date has predominantly concentrated on actual intakes
of LCn-3PUFA (mg/day), with many guidelines for intakes now recommended (see Section
9). Future research will examine not only the total daily intake of LCn-3PUFA, but also the
ratio of n-6:n-3 in the diet, as the ratio of these fatty acids determines the balance of pro and
anti-inflammatory eicosanoids and the potential health effects of these fatty acids.

2.3 Structure of lipids important in ruminant nutrition

Fatty acids are contained in the lipid fraction of feed and meat. Lipid is not comprised entirely
of fatty acids and different classes of lipids contain different non-lipid structural groups.
Several different classes of lipids are found in feed and animal tissue and the way in which
fatty acids are contained in these lipid classes influences their metabolism and availability to
animals.

Total lipid in meat is comprised of several lipid classes that are broadly classified into neutral
or polar lipids (Christie, 1982). The neutral lipid fraction contains several lipid classes,
including: triacylglycerol (triglyceride, majority of lipid), cholesteryl esters, monoglycerides
and diglycerides, free fatty acids and cholesterol. The polar lipid fraction of meat contains
phospholipids, including glycerophospholipids and sphingolipids. Glycerophospholipids, in
turn, contain several classes of lipids, including: phosphatidyl choline, lyso-phosphatidyl
ethanolamine, phosphatidyl ethanolamine, phosphatidyl inositol, phosphatidyl serine,
diphosphatidyl glycerol and lyso-phospahtidyl choline. Plant material contains phospholipid,
triglyceride and free fatty acid lipid classes, but not cholesteryl esters (Boufaied et al., 2003a).
Most of the fatty acids contained in leaf tissue are found in the glycolipid and phospholipid
fractions, which are often localised in leaf chloroplasts (Harfoot and Hazlewood, 1997).

Different lipid classes contain different concentrations of fatty acids as a proportion of total
lipid. Phospholipids contain two fatty acid groups in conjunction with glycerol, phosphate and
choline (for example, phosphatidyl choline, Figure 5) whereas triglycerides contain three fatty
acid groups for each glycerol group (Figure 6). Polar lipids are of particular interest in omega-
3 research as LCn-3PUFA are contained largely in phospholipids, while neutral lipids, in
general, do not contain high concentrations of LCn-3PUFA (Scollan et al.,, 2001).
Phospholipids represent approximately 68—78 % of polar lipids and approximately 12-25% of
total lipid (Marmer et al., 1984; Duckett et al., 1993), however, this proportion is dependent
on the muscle type (red muscle fibres have a higher phospholipid content), diet and fatness of
the animal (Marmer et al., 1984).

Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4 17



‘ o ‘ |
! o |
' Shis ¢ T OT CH i Choline
:_ _________________________________________________________ __Jd | i Bl -:7-7-71 7777777777777777 —:
Fatty Acids : b ? b CI;I-|3 |
: CHQ*:O%P+O:*CH2*CH2*NLCH3:
L_____=Z Looag ! : | !
b0 CH,
[ [ SO S a
TPhosphate
Il
Hydrophobic Tail Polar Head Group

Figure 5. The interaction between two molecules of EPA with glycerol, phosphate and choline
making up one phosphatidyl choline lipid molecule.
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Figure 6. The interaction between three molecules of EPA with one molecule of glycerol making
up one triglyceride lipid molecule.

24 Fatty acid metabolism in ruminants

Prior to being able to review the effects of different feed sources on the fatty acid status of
ruminants and, subsequent availability of omega-3 for humans, it is necessary to review some
basic concepts in fatty acid metabolism. The following section describes the metabolism and
potential loss of n-3 and n-6 PUFA in ruminants, thereby providing background information
relevant to manipulation of these factors.

Fatty acids from plant material are metabolised, to a large extent, in the rumen prior to
absorption and incorporation into meat and milk. The class of lipid in which the fatty acid is
contained affects the amount of metabolism and loss that will occur in the rumen. The
majority of lipid in plant material is contained in leaf chloroplasts as phospholipid and there is
little fatty acid in the form of non-esterified fatty acid (NEFA), also referred to as free fatty
acid (Buccioni et al., 2012). To be metabolised and hydrogenated in the rumen, lipid must
first undergo lipolysis to release NEFA and these NEFA are then biohydrogenated to less
unsaturated fatty acids and eventually to saturated fatty acids.
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2.4.1  Lipolysis and release of free fatty acids

The process of lipolysis of plant lipids occurs under the action of either plant or microbial
lipases (Dewhurst et al., 2003c) and has been extensively reviewed previously (for example,
see Lee et al., 2004; Buccioni et al., 2012). Plant lipases predominate in fresh plants following
cutting (Dewhurst et al., 2003c), as this is a protective mechanism to provide energy to
survive. Plant lipases are also active in the rumen (for review, see Lee et al., 2004) along with
microbial lipases from rumen bacteria, which leads to the release of NEFA. The action of
lipase enzymes will be greater for mono or diacylglycerols compared with triglycerides or
phospholipids (Christie, 1982). During the process of complete metabolism of PUFA from
lipid to SFA, lipolysis is the rate-limiting step (Chow et al., 2004).

2.4.2  Biohydrogenation of fatty acids in the rumen

Once fatty acids are released from lipids as NEFA following the action of lipase enzymes,
unsaturated fatty acids can be hydrogenated to either MUFA or SFA by rumen
microorganisms in a process termed biohydrogenation (Demeyer and Doreau, 1999;
Dewhurst et al., 2003c). The biohydrogenation of ALA and LA involves several steps and the
formation of several intermediate fatty acids also of importance in nutrition, including CLA.
These fatty acids can also be completely hydrogenated to stearic acid (C18:0, Figure 7).

The biohydrogenation of PUFA is affected by several factors including:

The type and amount of fatty acid (Noble et al., 1974)

Dietary nitrogen content (Gerson et al., 1983)

Forage to concentrate ratio (Gerson et al., 1985)

The concentration of LA compared with ALA (Harfoot et al., 1973)
pH of rumen fluid (van Nevel, 1996)

These factors are described in more detail, together with factors that affect the
biohydrogenation of fatty acids found in plant material, in Section 7.
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Figure 7. Summary of the biohydrogenation of ALA (C18:3n-3) and LA (C18:2n-6) in the rumen
to stearic acid (C18:0). Data adapted from: Boufaied et al. (2003b); Buccioni et al.
(2012). Broken lines indicate pathways that are less well defined.

20 Omega-3 in ruminant nutrition - EH Clayton

Graham Centre Monograph No. 4



3. Methodological Considerations with Lipid and Fatty Acid Analysis

To gain a greater understanding of studies examining the concentration of fatty acids in
forages and the manipulation of fatty acids in ruminants, it is necessary to be able to review
the methods used in published studies in detail. There are several different methods used in
the analysis of fatty acids and many ways to present and interpret data, for example,
presenting the total concentration or relative proportion of fatty acids. The following section
reviews several aspects of fatty acid analysis and data reporting that is important for the
interpretation of data presented in subsequent sections.

3.1 Lipid extraction and fatty acid analysis of feed

There are several different international conventions for lipid extraction and fatty acid
analysis for forages and meat. The convention in Australia is to extract total lipid using a
solvent such as ether, hence, the process is termed ‘ether extract’ (EE). Different methods of
analysis are used across many countries (Table 2) and, even within Australia, many methods
are employed for the analysis of lipid via EE, for example using diethyl-ether or petroleum
ether. There are also several methods available for the analysis of fatty acids in feeds which
are briefly reviewed in Section 3.1.4.

3.1.1 Total lipid extraction

The research group from the Institute of Biological Environmental and Rural Sciences
(IBERS, Aberystwyth University, Wales, UK) report separate methods for extracting lipid
from silage compared with concentrates (Choi et al., 2000; Scollan et al., 2001; Scollan et al.,
2003). The total lipid concentration in silage was analysed using an EE method with diethyl
ether (Bauchart et al., 1984), while total lipid in concentrates was analysed using acid
hydrolysis diethyl ether extraction (Choi et al., 2000).

Further publications from the same group in Aberystwyth report different references for the
acid hydrolysis method for lipid extraction and do not make a distinction between the analysis
of lipid in forage, silage or concentrates (Thomas et al., 1988; Dewhurst et al., 2000;
Dewhurst et al., 2003a; Dewhurst et al., 2003b). The same group at IBERS also report direct
extraction and hydrolysis of fatty acids using an acid-hydrolysis EE procedure including
methylation using potassium hydroxide in methanol and then sulphuric acid (Lee et al., 2003).

The research group in the Department of Plant Sciences at Wageningen University (the
Netherlands) estimated ‘crude fat’ (CF) using a number of methods (Elgersma et al., 2003).
Firstly, CF was extracted using two EE methods: petroleum ether (PE) at 40-60°C or
extraction with PE preceded by HCI (3 mol/L) (AH-EE ISO, 1999). Secondly, total fat
content was estimated from the sum of total fatty acids determined using a one-step extraction
and methylation of fatty acids using ethanol and sodium sulphate (see Section 3.1.3 below).

There are a number of methodological issues surrounding lipid and fatty acid analysis
highlighted in the analysis of perennial ryegrass (Elgersma et al., 2003), including the
estimation of total lipid using the sum of fatty acids. The total lipid of plant material is only
approximately 72.9% fatty acids (as described below), as there are a number of other
components of lipids apart from fatty acids. Secondly, the total lipid concentration was
significantly higher when total lipid was extracted from fresh forages using the AH-EE
compared with the EE method (Figure 8). When the total lipid content of silage was analysed,
however, the two methods did not differ significantly. The extraction of lipid from fresh
forage using AH-EE may have resulted in the hydrolysis of non-lipid cell wall components,
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thereby resulting in a higher concentration compared with EE alone (Elgersma et al., 2003).
The ensiling process may also have led to a similar hydrolysis of cell wall components, which
may account for the significantly higher total lipid fraction estimated from silage compared
with fresh forage using the EE method.

——

Lipid Concentration (g/100 g DM)

EE AH-EE EE AH-EE

Fresh Grass Silage
Forage Type

Figure 8. Total lipid concentration in fresh samples of six cultivars of Lolium perenne determined
using an ether extract (EE, unshaded bars) or an acid-hydrolysis ether extract (AH-EE,
shaded bars) method. Data adapted from: Elgersma et al. (2003).

Total fatty acid concentration estimated from the one-step extraction and methylation
procedure using ethanol and sodium sulphate was significantly lower when fatty acids were
extracted from silages (1949.3 £ 57.9 mg/100 g DM) compared with fresh forage (2913.0 £+
66.8 mg/100 g DM). The free fatty acid proportion of fresh forage was approximately 2%,
while the free fatty acid proportion of silage was approximately 27-73% (Figure 9). The
lower fat concentration may be due to oxidation of lipid (Elgersma et al., 2003) or may be due
to the loss of volatile free fatty acids during the analysis.

The Teagasc research group at the Grange Research Centre, Co. Meath, Ireland (Noci et al.,
2005; Moloney, 2007; Noci et al., 2007) report the analysis of lipid in concentrates and do not
report using a separate method for the analysis of lipid in silage. Researchers at the
Department of Animal and Poultry Science, University of Guelph, Ontario, Canada report the
analysis of feed for CF using method 920.39 in the Association of Official Analytical
Chemists (AOAC, 1990) which uses a Soxhlet extraction procedure (Whiting et al., 2004).

22 Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4



3000

—

2500

2000

=

1500

1000 A

500

Fatty Acid Concentration (mg/100 g DM)

0 -

- T
Forage Silage Forage Silage Forage Silage
Esterified Non-Esterified Total

Fatty Acid Form

Figure 9. Total non-esterified fatty acid concentration of six cultivars of Lolium perenne in fresh
forage (unshaded bars) and silage (shaded bars). Standard errors could only be calculated
from data presented for total fatty acid concentrations. Data adapted from: Elgersma et al.
(2003).

The acid hydrolysis method for baked goods and pet food is reported to be AOAC Official
Method 954.02. A further AOAC method (No. 945.16, Oil in Cereal Adjuncts; Petroleum
Ether) is also available. The Department of Food Science at the Swedish University of
Agricultural Science report a modified EE method of Folch et al. (1957) for the extraction of
feed lipid (Eriksson and Pickova, 2007). Researchers at the Research Institute for Biology of
Farm Animals in Dummerstorf, Germany report using HCIl hydrolysis CF determination
according to the method of Kuhla (1983) (referred to by, Nuernberg et al., 2002;
Dannenberger et al., 2004; Nuernberg et al., 2005; Dannenberger et al., 2006). The original
reference quoted is in German, so it is difficult to determine the details of the analysis.

In Australia the recommended method for analysing CF is by EE without acid hydrolysis
(AFIA, 2006). This method recommends using diethyl ether as the solvent in the analysis,
however, most laboratories use petroleum ether and, recently, have also altered the method to
use hexane.

3.1.2  Isolation of lipid fractions
Commonly, the isolation of lipid fractions is undertaken using thin layer chromatography
(TLC, Sukhija and Palmquist, 1988). Lipid classes are also separated using solid phase

extraction (SPE) with Strata aminopropyl (NH,) sorbent cartridges according to the methods
of Kaluzny et al. (1985) with the modification of Kim and Salem (1990).
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3.1.3  Methylation of fatty acids

There are several methods available for methylation of fatty acids prior to analysis using gas
chromatography (GC). The method used for methylation is determined by the type of lipid
extracted and the fatty acids analysed. Acid-catalysed methylation is used to identify a
number of common fatty acids in feed and meat, whereas base-catalysed methylation or a
combination of acid and base methylation is used to identify a broader range of fatty acids, in
particular, isomers of C18:1 and CLA (Christie, 2003).

3.1.4  Analysis of fatty acids

Fatty acid analysis is generally carried out by GC using a flame ionisation detector (FID).
Several different columns and methods are reported (Table 3). The column used is determined
by the type of fatty acids being analysed and the precision required. The BPX70 column
provides good separation for a range of fatty acids commonly found in blood and meat
(Gulliver et al., 2013a), while the CP Sil 88 column is commonly used where an in-depth
analysis of trans fatty acids and CLA is required (Choi et al., 2000).

Table 3.  Examples of the range of gas chromatographs and capillary columns used in the analysis
of fatty acids in forage and meat.

Gas Chromatograph Column' (Length) Carrier Gas Reference

NI CP Sil 88 (x 50 m) Helium (Choi et al., 2000)

NI CP Sil 88 (x 100 m) NI (Enser et al., 1998; Lee et al.,
2003)

Varian CP Sil Select CB (x 100 m )  Helium (Dewhurst et al., 2003b)

Varian 3800 J&W DB-23 (x 30 m) NI (Whiting et al., 2004)

NI HP Innowax (x 60 m) NI (Ponnampalam et al., 2010)

Varian 3500 Supelcowax-10 (x 60 m) Helium (French et al., 2000)

Thermo Trace GC Ultra™ SP-2560 (x 100 m) Hydrogen (Khan et al., 2012)

NI ZB-Wax (x 30 m) Nitrogen (Dewhurst et al., 2003b)

Agilent 6890 SGE BPX70 (x 30 m) Helium (Gulliver et al., 2013a)

'CP = Chromopack UK Ltd (London, UK), J&W = Agilent (Santa Clara, CA, USA), HP = Agilent (Santa Clara,
CA, USA), (ZB = Phenomenex (Macclesfield, UK), SP = Supelco (Bellefonte, PA, USA), SGE = SGE Ltd
(Ringwood, Vic, Australia).

NI = Not indicated.
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3.2 Lipid extraction and fatty acid analysis of meat
3.2.1  Lipid extraction

Several procedures are available to extract the total lipid in meat and many of these are
similar to those reported for forage. Ether extract following acid hydrolysis is often used to
analyse the total lipid content of beef (AOAC, 2006; Mach et al., 2006). Lipids are also
extracted for the analysis of fatty acids (Scollan et al., 2001) using the Folch method (Folch et
al., 1957) with chloroform:methanol (2:1 v/v) or a modified chloroform:methanol procedure
(Bligh and Dyer, 1959).

The method of extraction of lipid and the solvents used can significantly affect the results
obtained (Clayton et al., 2012a). For example, the efficiency of extraction of saturated fatty
acids from red blood cells (RBC) was improved when fatty acids were extracted using
methanol:toluene (Lepage and Roy, 1986) compared with chloroform:methanol (Folch et al.,
1957).

The differential recovery of fatty acid methyl esters (FAME) from RBC (Figure 10) is due to
the different polarity of solvents used for extraction and the recovery of fatty acids from
different lipid fractions. The extraction of fatty acids from non-polar lipids, such as
cholesterol and triglycerides, is greater when a lower polarity solvent mixture is used, such as
that used in the Folch extraction (chloroform:methanol (2:1 v/v), dielectric constant = 14.2),
compared with a higher polarity solvent mixture used in the Lepage and Roy extraction
(methanol:toluene (4:1 v/v), dielectric constant = 26.9, Christie, 2003). Conversely, extraction
of fatty acids from polar lipids, such as phospholipid, is expected to be greater when a higher
polarity solvent is used. The improved extraction of FAME with methanol:toluene compared
with chloroform:methanol was significantly positively correlated (* = 0.65, p < 0.01) with the
estimated proportion of each fatty acid contained in phospholipid (Figure 11). An
understanding of the likely lipid components in the samples being analysed is, therefore,
required in order to obtain accurate results.

3.2.2 Interpretation of fatty acid analysis

A number of other factors must also be considered when interpreting the results from fatty
acid analysis. As shown previously, fatty acid data may be presented as a proportion of total
fatty acids or as a concentration. When examining concentration, it is also important to
consider whether the results are presented on a wet or dry matter basis. Concentration is
usually presented as mg/100 g of meat wet weight. Data is often presented on a dry matter
basis and care should be taken to accurately convert results to a wet-weight basis by using the
correct dry matter content of meat (for example, Longissimus dorsi contains approximately
72% water).

The standard serving size of food is also important when interpreting results for fatty acid
analyses. Although data for the concentration of fatty acids in meat is usually presented in
mg/100 g edible portion, concentration can also be presented in mg/serve. A standard serving
size varies for different food types and the standard serving size for beef and lamb is 135 g
(Smith et al., 1998; NHMRC and Health, 2006) and knowledge of these is critical when
assessing the actual concentration of fatty acid contained in food (Shrapnel and Baghurst,
2007).
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Figure 10. Correlation between the concentration of A) C18:0, B) C18:2n-6, C) C18:3n-3 (ug/mL)
and D) the ratio of omega-6:0mega-3 polyunsaturated fatty acids (n-6:n-3 ratio) in the red
blood cells (RBC) of sheep following analysis of fatty acids using a one-step extraction
and methylation procedure (Lepage and Roy, 1986) or a two-step procedure including a
Folch extraction (Folch et al., 1957). Adapted from: Clayton et al. (2012a).
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Figure 11. Relationship between the proportion of total fatty acid in phospholipid and the percentage
increase in fatty acid methyl ester (FAME) concentration using a one-step extraction and
methylation procedure (Lepage and Roy, 1986) compared with extraction of lipid using
the Folch procedure (Folch et al., 1957). Adapted from: Clayton et al. (2012a).
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33 Lipid conversion factors (LCF) and recovery of fatty acids
3.3.1 Lipid conversion factors

Measuring the likely impact of research programs examining more efficient production of
beef, increasing production or increasing the content of fatty acids such as LCn-3PUFA
requires knowledge of the concentration of LCn-3PUFA in meat. Nutritional guidelines for
the intake of LCn-3PUFA also recommend daily intakes in mg/day (NHMRC and Health,
2006). In order to calculate the likely consumption of fatty acids by consumers from
individual meat sources, the concentration of fatty acids in mg/100 g edible portion must,
therefore, be known.

Data for LCn-3PUFA in meat is often presented as the proportion of total fatty acid and
conversion to concentrations in mg/100 g edible portion is required to calculate total intake.
As described in Section 2.3, total lipid is comprised of several components including fatty
acids, glycerol and phosphate and the fatty acid concentration in total lipid is dependent on
the type of lipid and type of fatty acid present. The percentage of fatty acid moieties in the
total lipid fraction forms the basis for the lipid conversion factor (LCF). The concentration of
fatty acids in meat can, therefore, be estimated from the concentration of total lipid, a LCF
and the amount of each fatty acid as a proportion of total fatty acid.

The following example shows the calculation for the concentration of lipid as a proportion of
total triglyceride for EPA (C20:5n-3, Cy; H34 05).

One mole of EPA FAME =31749 g.
Total weight of 1 mole of triglyceride of EPA =948.42 g (2 x EPA + 1 x glycerol)
Proportion of EPA in triglyceride =317.49/948.42

=0.956 g fatty acid/g lipid.

A LCF for beef can be calculated from the proportion of each lipid class in beef total lipid
multiplied by the concentration of fatty acid in each lipid class. The weighted fatty acid
proportion is then summed to give the LCF (g fatty acid/g total lipid). The original calculation
of a LCF for beef (Anderson et al., 1975) was based on the criteria that beef lipid is
approximately 87% triglyceride, 12% phospholipid and 1% cholesterol and cholesterol does
not contain any fatty acids (Table 4). A LCF was also derived for pork using similar criteria
(Anderson, 1976).

Table 4.  Derivation of a lipid conversion factor (LCF) for beef from the proportion of lipid classes
and the concentration of fatty acid in each lipid class (g fatty acid/g total lipid).

Fatty Acid Total
Proportion of Concentration (g fatty acid/g
Lipid Component' Total lipid (g fatty acid/g lipid) total lipid)
Triglyceride 0.87 0.956 0.831
Phospholipid 0.12 0.707 0.085
Cholesterol 0.01 0.000 0.000
Total 1.00 0.916

'Calculation based on the assumption that beef lipid contains approximately 12% phospholipid and 1%
cholesterol and that cholesterol does not contain any fatty acids.
Adapted from: Anderson et al. (1975).
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The calculation of the LCF for beef was modified by taking into account a more in depth
analysis of the proportions of different classes of phospholipid in total lipid, each with
varying concentrations of fatty acids per mole of lipid (Table 5, Weihrauch et al., 1977).
There are a number of limitations to these estimations, however, as the calculations do not
take into account free fatty acids and assume that total lipid is only comprised of phospholipid
and triglyceride.

Table 5.  Derivation of a lipid conversion factor (LCF) for beef from the proportion of lipid classes
and the concentration of fatty acid in each lipid class (g fatty acid/g total lipid) taking into
account an in depth analysis of the phospholipid proportions in beef.

Fatty Acid Total
Proportion of Concentration (g fatty acid/g

Lipid Component' Total lipid (g fatty acid/g lipid) total lipid)
Triglyceride 0.870 0.956 0.832
Phosphatidyl ethanolamine 0.038 0.750 0.029
Phosphatidyl choline 0.071 0.719 0.051
Phosphatidy] serine 0.006 0.718 0.004
Sphingomyelin 0.005 0.717 0.004
Cholesterol 0.010 0.000 0.000
Total 0.990 0.919

'Calculation based on the assumption beef lipid contains approximately 12% phospholipid and 1% cholesterol
and that cholesterol does not contain any fatty acids (Anderson et al., 1975).
Adapted from: Weihrauch et al. (1977).

When fatty acid data in original publications are presented as percentage of total fatty acids,
the concentration of fatty acid (mg/100 g edible portion) can be estimated in order to calculate
the total intake of fatty acid from each food source. The concentration of fatty acid is
calculated from total lipid content using a LCF according to the following formula (Meyer et
al., 1999):

Concentration of fatty acid = Total lipid content (g/100 g) x LCF x (% fatty acid / 100) x 1000
(mg/100 g edible portion)

For example, the concentration of DPAn-3 (C22:5n-3) in beef can be calculated from the total
fat content and proportion of DPA as a percentage of total fatty acid (Sinclair et al., 1982)
using a LCF for beef of 0.919 (Weihrauch et al., 1977):

Total lipid content =248 g/100 g
DPAn-3 content = 1.0 % of total fatty acid
Concentration of DPAn-3 =2.48x0.919x (1.0/100) x 1000

=22.79 mg/100 g edible portion
A LCF can also be determined for plant material if the proportion of each lipid class is

known. A detailed analysis of the fatty acid concentration in different lipid fractions of wheat
flour provides a good database of lipid classes (Table 6).
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Table 6.  Lipid moieties and calculation of lipid conversion factor for wheat flour.

Lipid Fraction % of Total Number of g fatty acid/g g fatty acid/g
Lipid Fatty Acids  lipid class total lipid
Non-polar lipids
Cholesteryl esters 7.5 1 0.397 0.030
Triglyceride 20.8 3 0.956 0.199
Monoglyceride 1.3 1 0.788 0.010
Diglyceride 12.2 2 0.908 0.111
Free sterol 2.1 0 0.000 0.000
Free fatty acid 7.0 1 1.000 0.070
Glycolipids
6-0 Acyl-MGDG 3.6 3 0.804 0.029
6-0 Acyl steryl glucoside 1.6 1 0.320 0.005
MGDG 4.9 2 0.719 0.035
Steryl glucoside 1.8 0 0.000 0.000
MGMG 0.4 1 0.505 0.002
DGDG 13.5 2 0.593 0.080
Cerimade diglycoside 0.03 0 0.000 0.000
DGMG 0.6 1 0.410 0.002
Phospholipids
N-acyl phosphatidyl ethanolamine 4.9 3 0.839 0.041
N-acyl L phosphatidyl ethanolamine 2.9 3 0.756 0.022
Phosphatidyl ethanolamine 0.8 2 0.754 0.006
Phosphatidyl choline 5.8 2 0.712 0.041
L phosphatidyl ethanolamine 0.9 1 0.580 0.005
L phosphatidyl choline 7.1 1 0.530 0.038
Phosphatidyl inositol 0.1 2 0.649 0.001
Phosphatidyl serine 0.2 2 0.712 0.001
Total Lipid Conversion Factor 0.729

M = mono; G = galactosyl; D = di; G = glyceride; L = Lyso
Data adapted from: Morrison et al. (1975); Weihrauch et al. (1977).

3.3.2  Calculating the recovery of fatty acids

Using published values for total fatty acid (mg/100 g) and total lipid concentration (g/100 g),
it is possible to estimate the recovery of fatty acids from total lipid. The presented total fatty
acid concentrations vary from approximately 50% of total lipid to nearly 90% of total lipid
(Table 7).
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Table 7.  Fatty acid recovery calculated for fresh forages, silages or concentrates.
Total Total FA Estimated
Lipid (mg/100 g  Fatty Acid
Study Major species Details (g/100 g) DM) Recovery
Fresh Forage
(Whiting et al., 2004) Medicago sativa - 1.80 1399 0.777
(Elgersma et al., 2003) Lolium perenne Agri 441 2975 0.675
cut after 25 days AberGold 4.30 2862 0.665
re-growth Respect 4.69 2758 0.588
Herbie 3.78 2722 0.719
Barezane 4.17 3154 0.756
Barnhem 4.21 3007 0.714
(Dewhurst et al., 2002) Lolium perenne Normal 1.74 930 0.534
Stay-green 1.48 850 0.574
Silage
(Noci et al., 2007) Lolium perenne Unwilted 4.05 2630 0.649
32 hr wilt 3.26 2412 0.740
(Whiting et al., 2004) Medicago sativa Wilted 1.70 1299 0.764
(Al-Mabruk et al,, 2004) ~ olium perenne + L. ; 4.62 1390 0.301
multiflorum
(Dewhurst et al., 2003a) Trifolium pratense - 4.32 1400 0.324
(Lee et al., 2003) Lolium perenne - 3.25 1820 0.560
Trifolium pratense - 242 2200 0.909
Trifolium repense - 2.89 2410 0.834
(Elgersma et al., 2003) Lolium perenne Agri 5.32 1964 0.453
cut after 25 days AberGold 5.08 1808 0.554
re-growth Respect 5.55 2098 0.589
Herbie 522 1757 0.440
Barezane 5.25 2093 0.516
Barnhem 5.29 1976 0.475
(Scollan et al., 2003) Lolium perenne - 3.70 1270 0.343
(Choi et al., 2000) Lolium perenne 24 hr wilt 3.51 1880 0.536
Concentrates
1
(Noci et al., 2007) OBfl‘ﬂey * SBP" + soyabean ; 131 1140 0.870
(Scollan et al., 2003) Barley + SBP + Megalac® - 10.8 7150 0.662
(Choi et al., 2000) Barley + SBP + Megalac - 7.32 5980 0.817
'SBP = Sugarbeet pulp.
*Megalac = High palmitic acid (C16:0) supplement.
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3.4 Calculation of the ratio of omega-6:0mega-3 fatty acids

One of the main focuses of LCn-3PUFA research in recent times has been the ratio of n-6:n-3
PUFA. There are some differences in the calculation of the ratio of n-6:n-3 depending mainly
on the type of LCn-6PUFA measured in meat samples (Table 8). The ratio of n-6:n-3 is
altered by incorporating different fatty acids into the ratio, however, this change is usually
minor compared with differences observed following dietary treatment.

Table 8.  Calculation of the omega-6:0mega-3 ratio in meat is affected by the fatty acid groups
included in the calculations.

Reference n-6 Fatty Acids n-3 Fatty Acids

(Choi et al., 2000) C18:2, C20:3, C20:4 C18:3, C20:4, C20:5, C22:5, C22:6
(Scollan et al., 2001) C18:2, C20:3, C20:4 C18:3, C20:4, C20:5, C22:5, C22:6
(Scollan et al., 2003) C18:2, C20:3, C20:4, C22:6 C18:3, C20:4, C20:5, C22:5, C22:6
(Noci et al., 2007) C18:2, C18:3, C20:2, C20:3, C20:4, C22:6  C18:3, C20:3, C20:5, C22:5, C22:6
(Mach et al., 2006) C18:2, C18:3, C20:2, C20:3, C20:4, C22:6  C18:3, C20:3, C20:5, C22:5

The concentration of C18:4n-3 (stearidonic acid, SDA) in meat is often not reported, which
may be due to the lack of suitable standards worldwide for this fatty acid. Stearidonic acid is
an important intermediate in the conversion of ALA to LCn-3PUFA (Figure 3) and its
quantification is required in order to gain a greater understanding of omega-3 metabolism.
The concentration of SDA in plasma, RBC and meat can be significantly increased if animals
are fed oil from Echium plantagenium (Patterson’s curse, Kitessa and Young, 2009), fish oil
or algae (Clayton et al., 2014).
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4. Meat Quality

There are a number of factors that determine meat quality, including consumer satisfaction
(tenderness, taste, juiciness), storage and shelf-life and health attributes (SFA and LCn-
3PUFA content). Many of these attributes are strongly influenced by the fat content of meat
(total fat percentage) and the composition of lipid, such as the concentrations of individual
fatty acids. The current section of the Monograph focuses on the relationship between diet
and meat concentrations of LCn-3PUFA as well as the ratio of n-6:n-3 fatty acids, outlining,
in particular, opportunities for research and development in the area of utilising forages and
silages to improve the health status of beef for human consumption.

4.1 Omega-3 and meat quality

The potential to alter the quality of meat through manipulation of fatty acid concentrations has
been extensively reviewed (Doreau and Chilliard, 1997; Wood and Enser, 1997; Demeyer and
Doreau, 1999; Scollan et al., 2006). The current section of the Monograph focuses on the
potential to manipulate LCn-3PUFA content of meat through the use of conserved forages
and highlights recent advances in the field of omega-3 nutrition.

There are a number of important points to note when interpreting research results examining
the concentration of LCn-3PUFA in meat. Of particular importance is the potential for
negative effects of increased LCn-3PUFA in meat, including the risk of increased lipid
peroxidation, especially in pigs (Nilzen et al., 2001) and lamb (Hopkins et al., 2014).
Although this peroxidation can be minimised by feeding Vitamin E, it is an important
consideration for overall meat quality. In addition, the overall body structure and animal
weight is important when examining the fatty acid composition of meat. When comparing
forage versus grain feeding for example, different energy intakes need to be considered, as
cattle fed concentrates are usually heavier and fatter than those fed grass or silage (Muir et al.,
1998; McGee, 2005). Alternatively, animals fed concentrates may be younger than animals
fed forage if grown to a specific bodyweight (French et al., 2000). The impact of these factors
is discussed further in sections examining the manipulation of LCn-3PUFA in meat.

4.2 Influence of breed on fatness and omega-3

As animals mature and the total lipid content of meat increases, the concentration of SFA and
MUFA in meat increase, but the concentration of PUFA does not increase in relative terms
(for review, see De Smet et al., 2004). As a result, the proportions of fatty acids change and,
as the total lipid content of meat increases, the amount of PUFA as a proportion of total fatty
acid decreases (Knight et al., 2003). Breeds that are fatter, therefore, tend to have higher
proportions of SFA and lower proportions of PUFA in their meat.

Changing concentrations of PUFA in meat with changing fatness also highlights the
importance of comparing similar units of measures of fatty acids in meat. The standard
convention is to report the measurement of fatty acids in mg/100 g edible tissue instead of %
total fatty acid. In this way, the total ‘dose’ of LCn-3PUFA can be calculated from the
consumption of a specified weight of meat. While the amount of LCn-3PUFA as a proportion
of total fatty acid in meat decreases as total lipid content of meat increases, the total amount
of LCn-3PUFA (mg/100 g edible tissue) may increase. The total intake of SFA and the ratio
of PUFA:SFA should also be examined when considering the potential influences of meat
consumption on risk factors for diseases including CVD.
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The majority of PUFA (including LCn-3PUFA) are contained in the phospholipid fraction of
meat (approximately 90% of total PUFA) while only 8% is contained in triglycerides. The
lipid fraction analysed needs to be considered, therefore, when interpreting fatty acid
concentrations. The concentration of fatty acids in the phospholipid fraction is commonly
reported, as phospholipids have a significant impact on the sensory properties of meat through
lipid oxidation (Buckley et al., 1989; Ponnampalam et al., 2002a), however, the lipid
composition of the total lipid of meat may be different.

4.3 Changes in fatty acid concentrations in meat following cooking

There are often concerns as to whether the concentrations of fatty acids, particularly LCn-
3PUFA, are altered following the preparation and cooking of meat compared with fresh meat.
During the cooking process there is usually only a loss of water from meat, with little loss of
lipid (Kronberg et al., 2006), however, a decrease in the concentration of EPA and DHA (as a
proportion of fresh weight) was observed following grilling of Longissimus lumborum (rump
steak, Sinclair et al., 1994). The loss of water associated with cooking is approximately 32%
of wet weight (Varela et al., 2004) and the total dose of LCn-3PUFA per serve of meat
usually remains unchanged, although the amount of fatty acid as a proportion of cooked meat
may increase if the loss of water is taken into account.
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5. Altering LCn-3PUFA in Meat through Dietary Manipulation

The concentration of LCn-3PUFA in meat can be altered by manipulating the diet of animals
in a variety of ways. Animals can be fed diets containing LCn-3PUFA supplements (high in
EPA and DHA, for example algae or fish meal), concentrated sources of ALA (such as
linseed) or forages high in ALA compared with grains that are higher in LA. The current
section of the Monograph outlines methods of manipulating LCn-3PUFA in beef and lamb
primarily by altering forage intake, however, a brief review of other omega-3 supplements,
including LCn-3PUFA and linseed, is included.

5.1 Manipulating LCn-3PUFA in meat by feeding LCn-3PUFA sources

The most common LCn-3PUFA sources for animal diets are fish meals which are naturally
high in EPA and DHA. Marine algae is also high in EPA and DHA (Woods et al., 2005) and
may also be a better source of LCn-3PUFA in animal feeds, as the feeding of animal products
including fish meal to ruminants is banned in many countries including Australia. The
following sections will outline the changes in meat LCn-3PUFA possible following the
feeding of fish oil and fish meals.

5.1.1 Beef

The concentration of EPA and DHA in the Longissimus thoracis (ribeye muscle) of Holstein-
Friesian or Welsh Black steers was significantly higher when cattle were fed fish oil from
South American herring containing approximately 11.5% EPA and 5.7% DHA in addition to
perennial ryegrass silage for 90 days compared with cattle receiving a SFA supplement (Table
9, Choi et al., 2000). The increase in all LCn-3PUFA, including EPA, DPA and DHA, was
greater for Welsh Black compared with Holstein-Friesian steers (Choi et al., 2000). The
mature body weight of Welsh Black steers is lower than Holstein-Friesian steers, therefore, if
steers were slaughtered at the same carcase weight instead of at the same point in time, the
Welsh Black steers would have been fatter and would likely have had a lower proportion of
LCn-3PUFA in meat compared with Holstein-Friesian steers.

The concentration of EPA and DHA in the L. thoracis of Charolais steers was also higher
when steers were fed fish oil in addition to a basal diet of silage, barley and sugarbeet pulp for
120 days compared with steers fed the basal diet with a high palmitic acid (C16:0)
supplement, Megalac (Scollan et al., 2001). Although fish oil was included in the diet at
approximately 59 g/kg DM, there are no details provided for the source or the concentrations
of EPA and DHA in the fish oil, therefore, the actual intake of LCn-3PUFA cannot be
determined for comparison with concentrations reported in meat.

The concentration of EPA and DHA in the L. dorsi of Friesian steers was also significantly
higher when cattle were fed fish oil from mackerel and herring containing approximately
6.95% EPA and 11.76% DHA in addition to a basal diet of ryegrass silage, barley and
sugarbeet pulp for 108 days compared with cattle receiving the basal diet alone (Table 9, Noci
et al., 2007). The concentration of EPA and DHA in meat increased with increasing doses of
fish oil received by the steers (Figure 12).
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Figure 12. Increasing concentrations of EPA (#) and DHA (<) in Longissimus dorsi of Friesian
steers fed increasing doses of EPA and DHA as fish oil. Values are least squares means +
pooled sem. Data adapted from: Noci et al. (2007).

5.1.2 Lamb

A series of studies examining fish meal and fish oil supplementation of lambs was conducted
by the Victoria Department of Primary Industries between 2000 and 2002 (Ponnampalam et
al., 2001a; Ponnampalam et al., 2001b; Ponnampalam et al., 2002a; Ponnampalam et al.,
2002b). The concentration of EPA and DHA in the L. thoracis of Merino x Border Leicester x
Poll Dorset or Dorset Horn x Merino wether lambs was significantly higher when lambs were
fed Australian produced fish meal or fish oil in addition to a basal diet of oaten:lucerne chaff
(30:70) compared with lambs fed the basal diet alone (Ponnampalam et al., 2001b).

The increase in EPA and DHA concentration in meat was related to the total dose of LCn-
3PUFA consumed in the diet (mg/kg liveweight, Figure 13). The proportionate increase in
total LCn-3PUFA was greater following the consumption of fish meal compared with fish oil,
however, the greatest increase in LCn-3PUFA was when lambs received a higher total dose of
LCn-3PUFA from fish oil. The rate of accumulation of EPA and DHA in meat declined as the
intake of LCn-3PUFA increased, indicating a reduced efficiency of absorption or metabolism
of LCn-3PUFA from the diet to meat (Figure 13).
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Figure 13. Relationship between intake and concentrations of EPA (#), DHA () and total LCn-
3PUFA (M) in Longissimus thoracis of lambs fed increasing doses of EPA and DHA as
fish meal or fish oil from two experiments. Values are least squares means of
phospholipid + triglyceride meat concentrations with pooled sem. Data adapted from:
Ponnampalam et al. (2001b); Ponnampalam et al. (2002b).

5.1.3 Pork

Fish meal and fish oil can also be added to pig diets to increase the concentration of EPA and
DHA in muscle, highlighting important aspects of metabolism of fatty acids. The
concentration of DHA in L. dorsi of Hampshire x Swedish Landrace x Swedish Yorkshire
pigs was significantly higher when pigs were fed increased amounts of fish meal containing
1.53% DHA in addition to a basal diet of barley, wheat and soybean meal (Hertzman et al.,
1988). The increase in concentration of DHA in meat was approximately linear with
increasing doses of DHA in the diet (Figure 14). Within the treatment group receiving the
highest amount of DHA (29.05 mg/kg DM) the proportion of DHA in intramuscular fat
decreased (r* = 0.71) over time of feeding as total intramuscular fat increased (Figure 15A).
The total concentration of DHA in muscle (mg/100 g) was, however, not significantly related
to intramuscular fat content (Figure 15B) indicating the total intake of DHA from consuming
muscle from these animals would not have been altered with an increased length of time of
feeding and higher intramuscular fat.
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Figure 14. Concentration of DHA in Longissimus dorsi of pigs fed increasing doses of DHA as fish
meal (DHA concentration in L. dorsi = 0.499 x intake + 3.669, r* = 0.97, p < 0.01). Fatty
acid intake estimated from concentration of DHA in fish meal, estimated intake per day
and average body weight. DHA concentration (mg/100 g) estimated from lipid
concentration in L. dorsi (g/100 g) and % DHA in total lipid using a LCF of 0.918. Data
adapted from: Hertzman et al. (1988).

A research group based at the University of Sydney fed a trademarked brand of stabilised tuna
fish meal ‘PorcOmega’™" to pigs (breed unspecified) for 4 or 6 weeks prior to slaughter
(Howe et al., 2002). Pigs were fed PorcOmega™ at 15% of the diet for 42 days or at 20% of
the diet for 28 days prior to slaughter. The concentrations of EPA, DPAn-3 and DHA were
higher following supplementation with PorcOmega™ at 15% of the diet compared with the
basal diet. There are several limitations in the publication, however, that make interpretation
of the results difficult. Firstly, the concentrations of EPA and DHA in the proprietary
formulation are not presented and, therefore, the intake of EPA and DHA cannot be
determined. Secondly, only the proportion of fatty acids in forequarter chops and not in loin
or leg chops are presented, whereas the authors state that the leg chops were more likely to be
considered ‘healthy’ due to a lower total fat content. Concentrations of all fatty acids in
mg/100 g or mg/serve of meat are required to indicate possible health benefits of consumption
of meat. Finally, even though data showing an increase in the proportion of EPA and DHA in
forequarter chops is presented (Figure 5 in the publication), interpretation of this data is
difficult due to the lack of presentation of error bars and statistical significances.
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Figure 15. Relationship between intramuscular fat concentration (g/100 g) and Longissimus dorsi
concentration of DHA estimated as either A) % of total fatty acids (r* = 0.84) or B)
mg/100 g (r* = 0.143) in pigs fed approximately 17.2 mg/kg liveweight DHA as fish

40

meal. DHA concentration (mg/100 g) estimated from total lipid concentration in L. dorsi

(g/100 g) and % DHA in total lipid using a LCF of 0.918. Data adapted from: Hertzman

et al. (1988).
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5.2 Manipulating LCn-3PUFA in meat by feeding linseed
521 Cattle

The effect of incorporating linseed into beef production diets has been reviewed previously
(Raes et al., 2004) and is summarised in Table 10. A number of studies highlight important
aspects of metabolism of ALA from linseed oil. The concentration of ALA, but not EPA or
DHA, in L. thoracis of Holstein-Friesian and Welsh Black steers was higher when animals
were fed a basal diet of perennial ryegrass silage, barley and sugarbeet pulp with added
linseed oil (51.4% ALA) for 90 days compared with animals fed the basal diet with the
addition of Megalac (Choi et al., 2000). The increase in ALA in muscle was similar for both
breeds, however, the concentration of EPA was not higher following supplementation with
linseed highlighting the conversion of ALA to LCn-3PUFA is limited in some animals
(Figure 16).

The concentration of EPA (15.0 vs 10.0 mg/100 g) in the L. thoracis of Charolais steers was
higher, however, when steers were fed linseed in addition to a basal diet of silage, barley and
sugarbeet pulp for 120 days compared with animals fed the basal diet with the addition of
Megalac (Scollan et al., 2001). The increased response in EPA could be attributed to the

longer time of feeding the supplement, or that the concentration of ALA in the diet was higher
than previous studies (Choi et al., 2000).

60 7
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20

10 7

Fatty acid concentration m Longissimus thoracis (mg/100 g)

100 150 200 250 300 350 400

Intake of ALA (mg'kg LWt)

Figure 16. Change in concentrations of ALA or EPA in Longissimus dorsi of either Holstein-
Friesian (ALA = %, EPA = M) or Welsh Black (ALA = <, EPA =) steers fed increasing
doses of ALA from linseed oil. Fatty acid intake estimated from published intake of ALA
per day with average body weight. Data adapted from: Choi et al. (2000).
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5.3 Manipulating omega-3 in beef by changing feed type or forage sources

Meat from animals fed grain is generally higher in total lipid concentration than animals fed
forage and can be labelled as being more desirable to consumers from a flavour perspective in
some markets. Individual preference for forage versus grain-fed beef is influenced by a
number of factors, however, including the health attributes of the meat.

The concentrations of LCn-3PUFA in beef, lamb and pork (mg/100g edible or lean tissue) are
generally higher when animals are fed forage diets compared with concentrate diets (for
example, see Raes et al., 2004; McGee, 2005; Scollan et al., 2006). A number of factors
contribute to these higher concentrations of LCn-3PUFA in meat, including:

e Forage-based diets are higher in ALA, which is the precursor for metabolism to LCn-
3PUFA, while grain-based diets are higher in LA.

e Animals fed grain have a greater rate of de novo fatty acid synthesis and are fatter and,
hence, have lower proportions of LCn-3PUFA to SFA.

e Ruminants fed grain have lower rumen pH. The biohydrogenation of the omega-3 fatty
acid ALA may be higher than the omega-6 fatty acid LA, therefore, leaving less omega-3
available for metabolism to LCn-3PUFA in meat.

The following sections examine the influence of feed and forage types on LCn-3PUFA
concentrations of meat and consider factors including feed type (grain versus forage), forage
type or breed of animal. Most research in the area of feed type has been conducted with beef
production. Information on the effects of feed type and forage type on LCn-3PUFA
concentrations in beef has come from three main sources, including surveys of different
feeding systems, experiments examining forage versus grain feeding and experiments
examining feeding of different forage types. These studies have been reviewed in detail
previously (for example, see Wood and Enser, 1997; Wood et al., 1999), so the main
influences of feed and forage type are outlined here, with specific reference to forage type and
silage. Different muscle types are also briefly reviewed, along with published data used in the
National Nutrition Database (NUTTAB, FSANZ, 2006).

5.3.1  Surveys of feeding systems

The concentration of LCn-3PUFA is lower and the ratio of n-6:n-3 is higher in meat from
cattle in feedlot production systems compared with pasture-based (forage) production systems
(Table 11). Individual differences between studies are largely dependent on the total fat
concentration in the meat examined. Few studies have surveyed LCn-3PUFA concentrations
in beef from cattle in Australia.

5.3.2  Forage versus grain feeding

Many studies examining the effects of diet on LCn-3PUFA and LCn-6PUFA are confounded
by differences in carcase weight and/or fatness at the time of slaughter (French et al., 2000).
For example, the concentration (mg/100 g) of LCn-3PUFA in the Semitendinosus muscle (eye
round) of Brangus x Hereford x Angus steers was not significantly different when animals
were fed grain compared with forage (Table 12, Williams et al., 1983; Marmer et al., 1984),
however, those animals finished on grain were fed the experimental diets for a shorter time
and were heavier (482 vs 442 kg) and fatter (4.76% vs 3.08% total lipid) than animals fed
fresh forage. In general, the concentration of LCn-3PUFA in meat is lower when animals are
finished on grain or concentrate diets compared with forage (Table 12).
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The concentration of LCn-3PUFA decreases and the ratio of n-6:n-3 fatty acids increases with
an increasing length of time of grain feeding (May et al., 1992; Duckett et al., 1993), until
reaching a plateau (Figure 17A). The amount of polar lipid as a proportion of total lipid in
muscle also decreases with an increased length of time of grain feeding (Figure 17B, Duckett
et al., 1993). As most LCn-3PUFA is found in the polar lipid fraction of total lipid (mostly in
phospholipid), as animals get fatter with an increased length of time of grain feeding, there is
a larger increase in the concentration of other fatty acids, particularly, C18:0 and C18:1n-9 in
total muscle lipid compared with LCn-3PUFA.
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Figure 17. The ratio of n-6:n-3 PUFA (A) and the proportion of polar (#) or neutral () lipid in total
lipid (B) in Longissimus muscle of Angus x Hereford steers increases with increasing
length of time of grain feeding. Data adapted from: Duckett et al. (1993).
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5.3.3  Feeding different types of forages

The concentration of ALA and LA in feedstuffs is influenced by the type of feed (including
forage versus concentrates or grains), the type of forage (for example, perennial ryegrass
versus red clover) and other factors including whether forage is consumed as fresh material
compared with hay or silage. The concentration of LCn-3PUFA is lower and, the ratio of n-
6:n-3 is higher, when animals consume grain, concentrates or maize compared with pasture or
forage diets (Table 13). A summary of studies manipulating the concentration of fatty acids in
different types of forage is summarised further in Section 7.

Similar to studies with linseed oil described in Section 5.2, the concentration of ALA, EPA
and DPAn-3 in the L. thoracis of bulls was higher when animals were fed triticale or
perennial ryegrass silage compared with maize silage when animals were slaughtered at the
same carcase weight (Raes et al., 2003b). The concentration of DHA was not, however,
altered by dietary manipulation, providing evidence that the conversion of ALA to LCn-
3PUFA can be limited in some feeding situations. The concentration of ALA, EPA and DPA
was related to the amount of ALA included in the ration of bulls (Figure 18).

5.3.4 Concentration of LCn-3PUFA in meat in the National Nutrition Database
(NUTTAB)

A summary of the nutrient composition of food sources in Australia, including the
concentration of LCn-3PUFA in beef and lamb, is published by Food Standards Australia and
New Zealand (FSANZ) in the National Nutrition Database (NUTTAB, FSANZ, 2006). This
database contains a compilation of information from a variety of surveys and research studies
in Australia and values are expressed as either proportion of total fatty acids or g/100 g edible
portion. The concentrations of fatty acids reported in the database are generally average
values and do not take into account variation in the diet of animals prior to the collection and
assessment of meat (Table 14).
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same fatty acid differ significantly (p < 0.05). Data adapted from: Raes et al. (2003b).
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5.4 Manipulating omega-3 in lamb by changing feed type or forage sources

There is little published data available comparing LCn-3PUFA concentrations in the meat of
lambs fed pasture versus concentrates in Australia. Most research examining LCn-3PUFA
concentrations in lamb involves supplementation with linseed, canola, fish oil or algae (for
example, see Ponnampalam et al., 2001b; Ponnampalam et al., 2002b). In a study conducted
in France (Table 15) the concentration of LCn-3PUFA in the L. thoracis was lower when
lambs were fed a diet based on barley, wheat and sugarbeet pulp compared with grass
(Aurousseau et al., 2004; Aurousseau et al., 2007).

The data for concentrations of LCn-3PUFA in lamb from Australia is difficult to interpret. In
one study, the authors do not present data for EPA and DHA individually (EPA + DHA are
combined) and the concentration of DPAn-3 is not reported (for example, see Ponnampalam
et al.,, 2001b). In addition, the sum of fatty acids is often greater than the total reported
concentration of lipid. The authors appear to have used the sum of fatty acids to estimate total
muscle lipid in some instances and, as indicated previously, lipid is not comprised entirely of
fatty acids and this method of estimating total fat may lead to large errors. There is also an
assumption the annual pasture fed was annual ryegrass, although this was not specified in the
materials and methods (Ponnampalam et al., 2001b).

The concentration of LCn-3PUFA in the tissue of sheep is largely dependent on the
concentration of ALA in feed. The concentration of ALA and EPA was significantly

positively related to the concentration of ALA in silage in a series of studies conducted at the
Wagga Wagga Agricultural Institute (EH Clayton, unpublished observations, Figure 19).
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Figure 19. Correlation between the concentration of ALA in silage and the concentration of C18:3n-
3 (w) or C20:5n-3 (x») in the plasma of Border Leicester x Merino ewes or Merino ewes
six weeks after the commencement of feeding experimental rations. Data from EH
Clayton, unpublished observations.
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6. Potential Health Effects of LCn-3PUFA in Ruminants

Most studies examining the alteration of fatty acid content of animal feeds have focussed on
increasing the concentration of LCn-3PUFA in meat or milk specifically for human
consumption. The effect of these diets on the health of the animal has not been studied in as
much detail. Most studies examining the effects of omega-3 on aspects of animal production,
other than meat or milk quality, have determined the effect of altering the fatty acid
composition of feed on inflammation and reproduction. A brief summary of the reported
effects of omega-3 is presented in the following section.

6.1 Inflammation

As reviewed in Section 2.2, LCn-3PUFA are precursors for the production of eicosanoids.
The eicosanoids are signalling molecules associated with a number of functions in the body
including inflammation (Peet and Stokes, 2005). The series-1 and series-3 PG are less
inflammatory, while the series-2 PG are more inflammatory (Lands, 1992; Horrobin and
Bennett, 1999). The PG, in particular, series-2 PG including PGF,,, play an important role in
several aspects of reproduction, including ovulation, oestrus, embryo survival and parturition
(for review, see Abayasekara and Wathes, 1999).

The main focus of research examining the effects of LCn-3PUFA and eicosanoids concerns
the inhibition of PGF,, by EPA and DHA. Although the exact mechanism by which LCn-
3PUFA supplementation inhibits PGF,, production is not fully understood (MacLaren et al.,
2006), a number of pathways may be involved. The actions of LCn-3PUFA include
competitive inhibition of the action of delta-6 (A-6) desaturase during the synthesis of ARA,
competitive exclusion of ARA incorporation into phospholipid membranes to reduce the
availability for further metabolism and competitive inhibition of the action of prostaglandin H
synthase (PGHS) in the metabolism of ARA to prostaglandin H; (for review, see Cheng et al.,
2001; Cheng et al., 2005a; Caldari-Torres et al., 2006). Dietary omega-3 can also alter
expression of genes involved in PG synthesis (Coyne et al., 2008). The ratio of n-6:n-3 in
ruminant diets is particularly important in determining the relative availability of the
precursors for eicosanoid formation. The potential secretion of PGF,, by the uterine
endometrium following an oxytocin challenge was significantly increased when ewes were
fed a diet high in the omega-6 fatty acid LA compared with the omega-3 fatty acid ALA
(Figure 20, Gulliver et al., 2013a).
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Figure 20. Change in plasma PGF,, metabolite (PGFM) concentration over time following an
oxtyocin challenge in ewes fed silage high in omega-3 (#) or oats/cottonseed meal high
in omega-6 (<x). Baseline PGFM concentrations for the high omega-3 and high omega-6
diets were 637.1 and 550.2 pg/mL respectively (re-transformed means) and were included
in the statistical analysis as a co-variate. Significant difference between treatment diets, p
= 0.002. Data adapted from: Gulliver et al. (2013a).

6.2 Reproduction and behaviour

A number of reviews have examined the effect of dietary fatty acids on reproduction in
ruminants, however, these have primarily focused on the effects of total dietary fat and energy
balance (for example, see Staples et al., 1998; Funston, 2004; Hess et al., 2008; Santos et al.,
2008; Sturmey et al., 2009), rather than specific effects of omega-3. In a review examining
the effects of LCn-3PUFA on reproductive success in ruminants, little evidence directly
linked LCn-3PUFA intake with primary measurable reproduction outcomes compared with
secondary measures such as inflammation (Gulliver et al., 2012).

The length of gestation is longer when sheep receive a diet high in omega-3 compared with
omega-6 fatty acids during the last third of pregnancy (Capper et al., 2006). Prolonged
gestation length following supplementation with omega-3 may increase birthweight and,
therefore, improve neonatal survival, particularly in twin-bearing dams (Nowak and Poindron,
2006). Altered neonatal behaviour or improvement in milk composition following omega-3
supplementation may also improve lamb survival (Wathes et al., 2007), however, reduced
colostrum production associated with n-3 supplementation during late pregnancy could negate
the initial benefits of high n-3 diets (Annett et al., 2008; Annett et al., 2009).

More work is currently being undertaken by several research groups examining the
enrichment of pork meat with LCn-3PUFA supplements. There may also be several health
benefits to pigs following supplementing with LCn-3PUFA, including: healthy meat products,
increased fertility and improved behaviour of offspring from females fed LCn-3PUFA during
pregnancy and lactation (Wilkinson et al., 2014).
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6.3 Sex ratio of lambs

Sheep operations would benefit from the ability to skew the sex ratio of offspring towards
their preferred gender. For example, male prime lambs grow approximately 20% faster than
females and have increased muscle accumulation, thereby reaching a higher market weight
over a set time period. First-cross enterprises, however, prefer breeding females, which may
achieve a higher sale price at weaning.

Maternal nutrition, including a number of specific nutritional factors, such as glucose (Kimura
et al., 2005), total fat (Rosenfeld et al., 2003) and PUFA (Green et al., 2008) content of the
diet, have been implicated in altering the sex ratio of offspring. The proportion of female
offspring in mice was significantly higher when dams were fed a diet high in omega-6 fatty
acids during pregnancy (Fountain et al., 2008). Similarly, the proportion of female lambs was
higher when Border Leicester x Merino (Gulliver et al., 2013b) or Merino ewes (Figure 21)
were fed a diet high in omega-6 compared with omega-3 fatty acids for 6 weeks prior to and,
17 days following, joining.
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Figure 21. Proportion of female lambs in X-Bred or Merino ewes fed silage high in omega-3 (shaded
bars) or oats/cottonseed meal high in omega-6 (unshaded bars) for approximately 6 weeks
prior to joining and 17 days following joining. Data adapted from: Clayton et al. (2012b).

The ability to alter the concentration of omega-3 and omega-6 in animal feeds may, therefore,
enable producers to feed specific diets at joining in order to target individual production
systems. The effect of a diet high in n-6 fatty acids on the sex ratio of lambs when ewes are
fed in an on-farm situation or in unsynchronised ewes is, however, currently unknown.
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7. Manipulating the Concentration of LCn-3PUFA in Animal Feed

As reviewed previously, the type of feed, particularly grain compared with forage, can
significantly alter the concentrations of LCn-3PUFA in meat. The concentration of LCn-
3PUFA and LCn-6PUFA in meat are determined primarily by the amount of fatty acid
precursors (ALA, C18:3n-3 and LA, C18:2n-6) available. In turn, the amount of precursors
available for metabolism is dependent on a number of factors, including their concentrations
in feed (Khan et al., 2012; Glasser et al., 2013) and the rate and extent of breakdown through
lipolysis and biohydrogenation in the rumen prior to absorption and metabolism (Van Ranst et
al., 2009; Buccioni et al., 2012). The following section outlines the primary factors affecting
the concentrations of fatty acid precursors in feed and their metabolism prior to incorporation
into LCn-3PUFA.

7.1 Concentrations of a-linolenic acid and linoleic acid in feedstuffs

The concentration of ALA and LA in feedstuffs is influenced by the type of feed (forage
versus concentrate or grain), the type of forage (for example, perennial ryegrass versus red
clover) and the nature of forage (such as fresh grass versus hay or silage). The following
section reviews differences in fatty acid composition between forages and grains and
examines the factors that may affect concentrations of fatty acids in different forages and
relate these differences to possible alterations in LCn-3PUFA in meat.

7.1.1  Differences in fatty acid composition between forages and grains

As indicated in Section 5.3, the concentration of LCn-3PUFA in meat is lower when animals
are fed grain or concentrate diets compared with fresh pasture or forage diets. There are a
number of factors that influence this relationship, however, the predominant factor is the low
concentration of the LCn-3PUFA precursor ALA and the high concentration of the LCn-
6PUFA precursor LA found in grain (Table 16 and for review, see Dewhurst et al., 2006).

Table 16. Concentration of a-linolenic acid and the ratio of n-6:n-3 in maize silage and grain
concentrates compared with fresh grass and perennial ryegrass-white clover forages.

Total Fat Fatty Acid Concentration (g/kg DM)' n-6:n-3

Reference Feed Type (g/100 g) C16:0 C18:3n-3  Cl18:2n-6 Ratio
(Eriksson & Pickova, 2007)*  Fresh grass® 2.58 3.02 9.71 2.66 0.27
(French et al., 2000)* Fresh grass’ 2.90 4.65 10.98 3.13 0.28
(Nuernberg et al., 2005) Fresh grass’ 4.44 6.65 22.00 3.85 0.17
(Nuernberg et al., 2005) Maize silage 3.18 4.42 1.14 12.84 11.27
(Noci et al., 2007) Barley + SBP’ 1.31 13.2 2.02 48.93 24.22
(Eriksson & Pickova, 2007)°  Wheat grain 2.75 4.12 0.99 15.09 15.23
(Eriksson & Pickova, 2007)°  Qats grain 3.82 591 1.09 16.46 15.05

'C16:0 = palmitic acid, C18:3n-3 = o-linolenic acid, C18:2n-6 = linoleic acid.

*Fatty acid concentration calculated from total fat content (g/100 g) using a lipid conversion factor (LCF) of
0.770 for forage and silage and 0.860 for concentrates and grains (Weihrauch et al., 1977).

3Grass = mixture of Lolium perenne, Trifoloium repens.

*No details of grass species given.

°SBP = sugarbeet pulp (high in starch) - mixed ration containing 34.5% barley, 36% SBP and 14% soyabean
meal.
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Fatty acid concentrations also vary between forage types and within forage type between
processing methods, however, these changes are usually small compared with differences
between forages and concentrates. Relatively minor alterations in fatty acid concentrations in
feed can significantly affect levels in milk, however, there is less evidence of the impact of
these alterations in meat.

7.1.2  Effect of stage of growth on fatty acid composition

One of the major factors influencing fatty acid composition is the stage of growth of the plant.
The concentration of total lipid and most major fatty acids including ALA and LA is lower
when forages are cut at a later stage of development (for review, see Khan et al., 2012;
Glasser et al., 2013). For example, the concentration of ALA and LA was lower and the ratio
of LA(n-6):ALA(n-3) was higher when Timothy grass (Phleum pratense) was cut at later
stages of development (Table 17, Boufaied et al., 2003a). The lower fatty acid concentration
with later stages of development is the result of a lower leaf to stem ratio with increasing
plant maturity, as leaf contains higher concentrations of fatty acids, in particular, ALA,
compared with stem (Dewhurst et al., 2006). When comparing differences in fatty acid
composition between forages, it is important, therefore, to compare cultivars or species at
similar stages of development.

Table 17. Concentration of fatty acids in Phleum pratense cut at different stages of development.

Stage of Fatty Acid Concentration (g/kg DM)'

Growth Total C16:0 C18:3n-3 C18:2n-6 n-6:n-3
Stem elongation 18.01 3.27 8.71 3.97 0.46
Early head 15.09 2.96 6.86 3.51 0.51
Late head 14.42 2.82 6.37 3.39 0.53
Early flowering 13.72 2.70 5.96 3.19 0.54
Sem’ 0.447 0.076 0.255 0.093 NI

'C16:0 = palmitic acid, C18:3n-3 = o-linolenic acid and C18:2n-6 = linoleic acid.
*Sem = pooled standard error of the mean across stage of development. NI = not indicated.
Data adapted from: Boufaied et al. (2003a).

7.1.3  Differences in fatty acid composition between forage species

The concentration of ALA was lower in annual ryegrass (Lolium rigidum) compared with
other annual grasses (Table 18, Boufaied et al., 2003a), however, annual ryegrass was cut
earlier (vegetative stage) than other perennial grasses (early head stage), so a direct
comparison cannot easily be made. The concentration of ALA was higher and the ratio of n-
6:n-3 was lower in white clover (Trifolium repens) compared with red clover (T. pratense)
and lucerne (Medicago sativa) when fresh forage samples were collected from plants at the
10% bloom stage (Table 18).

The concentration of ALA and LA was higher in silage produced from red and white clover
compared with ryegrass (Dewhurst et al., 2003b; Lee et al., 2003), however, the ratio of n-
6:n-3 was lower in a mixed ryegrass pasture compared with clover (Table 19). The
concentration of ALA in forage is also higher following the application of nitrogen fertiliser
(Boufaied et al., 2003a; Witkowska et al., 2008), primarily due to a higher leaf to stem ratio
following fertilisation (Dewhurst et al., 2006).
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Table 18. Concentration of fatty acids in different forages grown to similar stages of development.

Stage of Fatty Acid Concentration (g/kg DM)' n-6:n-3

Species (cultivar) Growth Total C16:0 C18:3n-3 C18:2n-6  Ratio
Annual ryegrass (Maris Ledger) Vegetative 31.77 4.79 20.56 3.97 0.19
Tall fescue (Kokanee) Early head 20.77 4.03 11.82 2.77 0.23
Timothy (Champ) Early head 17.01 3.45 7.87 3.72 0.47
White clover (California) 10% bloom  29.76 5.22 16.52 4.62 0.28
Red clover (AC Charlie) 10% bloom  22.00 4.16 9.54 5.11 0.54
Lucerne (Arrow) 10% bloom  17.59 4.10 6.90 4.05 0.59
LSD’ 2.00 0.40 1.20 031 NI

'C16:0 = palmitic acid, C18:3n-3 = a-linolenic acid and C18:2n-6 = linoleic acid.

’LSD = Estimated least significant difference (p < 0.05) reported within species to allow a general comparison
between species. NI = Not indicated.

Data adapted from: Boufaied et al. (2003a).

Table 19. Concentration of fatty acids in silages produced from ryegrass or clover.

Total Fat Fatty Acid Concentration (g/kg DM)' n-6:n-3

Source Species (g/100 g)  Total Cl16:0 Cl18:3n-3 Cl18:2n-6 Ratio*
(Lee et al., 2003) Perennial ryegrass 3.25 1820  4.61° 8.59 2.56° 0.30
Red clover 2.42 22.00° 528" 9.65% 3.96 0.41
White clover 2.89 24.10° 539" 10.80° 4.48" 0.41
(Dewhurst et al., Ryegrass’ - 14.40 3.16 7.75 2.40 0.31
2003b)* Red clover - 21.00 3.99 10.92 4.20 0.38
White clover - 25.34 4.57 13.92 4.68 0.34

'C16:0 = palmitic acid, C18:3n-3 = a-linolenic acid and C18:2n-6 = linoleic acid.

*Fatty acid concentration converted to g/kg oven dry matter from g/kg freeze-dried dry matter.

*Mixture of perennial ryegrass (Lolium perenne) and Italian ryegrass (L. multiflorum).

*Ratio of n-6:n-3 calculated from concentrations of C18:2n-6:C18:3n-3. Significant differences between silages
not indicated in original papers.

Values in the same column with different superscripts for the study by Lee et al. (2003) differ significantly (p <
0.05). Significant differences between fatty acid concentrations not indicated for the study by Dewhurst et al.
(2003b).

7.1.4  Change in fatty acid composition by conserving forage as silage

There is little agreement between studies examining the change in fatty acid concentration in
forages prior to and following ensiling. Several authors report decreased concentrations of
ALA and LA following silage production while others report either no change or increased
fatty acid concentrations. The following sections summarise results of studies where
concentrations decreased, increased or were unaltered following ensiling.

Decreased concentration of ALA following ensiling

The concentration of ALA was lower in silage and hay compared with fresh forage when
Lolium perenne was wilted for 32 hr prior to forage conservation (Moloney, 2007). This
lower concentration of ALA was associated with a lower concentration of LCn-3PUFA in
meat when cattle consumed silage compared with fresh perennial ryegrass (Moloney, 2007).
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The concentration of ALA was higher when ryegrass forage mixtures were ensiled using an in
vitro system compared with fresh forage, however, the ratio of n-6:n-3 fatty acids was not
altered (Table 20, Eriksson and Pickova, 2007). The concentration of EPA and DPAn-3 was
not significantly lower in meat produced from animals fed diets supplemented with this silage
compared with fresh forage (data not shown). Cattle fed the silage-based diets were younger
and heavier at slaughter as all animals were slaughtered at the same time, which makes
interpretation of differences in fatty acid composition difficult. The loss of fatty acids during
lipolysis and ensiling may be reduced by the action of polyphenol oxidase (PPO, van Ranst,
2009). Some species of ‘stay green’ red clover have altered concentrations of PPO.

Table 20. Change in fatty acid composition of perennial ryegrass cultivars prior to and, following,
ensiling using an in vitro system.

Total Lipid Fatty Acid Concentration (g/kg DM)' n-6:n-3
Forage Type (g/100 g DM) C16:0 C18:3n-3 C18:2n-6 Ratio
Grass® 2.58 3.02 9.71 2.66 0.274
Silage’ 2.08 2.58 7.96 2.18 0.274

'C16:0 = palmitic acid, C18:3n-3 = a-linolenic acid, C18:2n-6 = linoleic acid. Fatty acid concentration
calculated from total fat content (g/100 g) using a lipid conversion factor (LCF) of 0.770 (Weihrauch et al.,
1977). Significant differences between forage types were not reported.

*Grass = Lolium perenne, Trifoloium repens

*Silage = Lolium perenne, Phleum pretense, T. repens, T. pretense

Data adapted from: Eriksson and Pickova (2007).

The concentration of ALA and LA was significantly lower following the in vitro ensiling of
several cultivars of Lolium perenne compared with fresh forage prior to ensiling (Table 21,
Elgersma et al., 2003). The ratio of n-6:n-3, however, was not altered in several species and
the difference in the n-6:n-3 ratio between all species was small.

Table 21.  Concentration of a-linolenic acid and the ratio of n-6:n-3 ratio in perennial ryegrass
cultivars prior to and, following, ensiling.

Lipid Fatty Acids (mg/kg DM) Ratio
(g/100 g DM) Total C18:3n-2 C18:2n-6 n-6:n-3

Cultivar Fresh Silage Fresh  Silage Fresh Silage Fresh  Silage Fresh  Silage
Agri 441 5.32 29.75  19.64 20.29  12.83 3.13 2.31 0.15 0.18
AberGold 4.30 5.08 28.62  18.08 19.96  11.58 2.85 2.09 0.14 0.18
Respect 4.69 5.55 27.58  20.98 19.11  13.66 2.84 241 0.15 0.18
Herbie 3.78 5.22 2722 17.57 18.56  11.33 3.19 2.08 0.17 0.18
Barezane 4.17 5.25 31.54  20.93 21.35  13.61 3.45 2.50 0.16 0.18
Barnhem 421 5.29 30.07 19.76 20.16  12.67 3.07 2.45 0.15 0.19
p-value' NI <0.001 <0.001 <0.001 NI

'p-value for the main effect of silage versus fresh. NI = not indicated.
Data adapted from: Elgersma et al. (2003).

The concentration of ALA was significantly lower and the concentration of LA significantly
higher in ensiled lucerne compared with fresh lucerne (Table 22, Whiting et al., 2004).
Lucerne was wilted for three days prior to ensiling, which may have resulted in a significant
loss of fatty acids, particularly ALA, through lipolysis. The reported intake of ALA (94.42
versus 81.71 g/day; p <0 001) and concentration of ALA in milk (45.99 versus 34.20 mg/100
g milk; p-value not indicated) was higher when dairy cattle were offered fresh lucerne
compared with lucerne silage (Whiting et al., 2004), which was in agreement with the higher
reported concentrations of ALA in fresh forage.
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Table 22. Change in fatty acid composition of fresh compared with ensiled lucerne.
Forage Type

Analysis Fresh Silage’ p-value

(% DM)

Total Fat 1.80 1.70 0.29

Fatty acid' (g/kg DM)

Total 13.99 12.99 0.004

Cl16:0 2.97 2.88 0.180

C18:3n-3 5.38 4.53 0.001

C18:2n-6 2.46 2.78 0.004

C20:5n-3 0.030 0.026 0.240

C22:5n-3 0.023 0.018 0.130

C22:6n-3 0.012 0.020 0.200

n-6:n-3 Ratio’ 0.46 0.61 NI

'C16:0 = palmitic acid, C18:3n-3 = a-linolenic acid, C18:2n-6 = linoleic acid, C20:5n-3 = eicosapentaenoic acid
(EPA), C22:5n-3 = docosapentaenoic acid (DPA) and C22:6n-3 = docosahexaenoic acid (DHA).

*Significant differences between forage types for the ratio of n-6:n-3 not indicated in the paper.

’Silage was wilted for 3 days prior to ensiling and was ensiled by storing in an upright silo for 3 weeks.

Data adapted from: Whiting et al. (2004).

Unaltered or increased concentration of ALA following ensiling

The concentration of ALA and LA in Phleum pratense (Timothy grass) was significantly
higher following ensiling using an in vitro system compared with fresh forage (Table 23
Boufaied et al., 2003a), however, the ratio of n-6:n-3 was not altered by ensiling. The
concentration of ALA and LA in a mixture of Phelum pratense and Festuca pratensis
(meadow fescue) was lower following ensiling compared with fresh forage when the forage
was wilted for 6 hr with no inoculant prior to ensiling (Table 23, Shingfield et al., 2005). The
concentration of ALA and LA was higher, however, when silage was produced following the
addition of formic acid during the wilting process (Table 23). The treatment of forage with
formic acid may have stabilised leaf tissue and inhibited some lipolysis during the storage
process, however, this effect has not been investigated in details and the authors did not report
significant differences between treatment groups (Shingfield et al., 2005).

Table 23.  Effect of wilting prior to conserving forage as hay or silage in vitro on the concentration
of fatty acids in Phleum pratense L. cv. ‘Champ’.
Fatty acid concentration (g/kg DM)' n-6:n-3
Reference Forage type Total C16:0 Cl18:3n-3 Cl18:2n-6  Ratio
(Boufaied et al., 2003a)  Fresh 19.29°  3.42° 9.26° 4.54° 0.49
Grass hay’ 16.91° 3.14° 8.25° 3.77° 0.46
Silage® 20.70° 3.64° 10.31° 4.98° 0.48
p-value® <0.05 <0.05 <0.01 <0.01 NI
(Shingfield et al., 2005)  Fresh 1894 3.91 10.36 3.14 0.303
Silage (no inoculant) 1727 3.30 9.17 2.92 0.318
Silage (enzyme) 1795 3.34 9.52 3.06 0.321
Silage (formic acid) 2039 3.33 11.70 3.45 0.295
'C16:0 = palmitic acid, C18:3n-3 = o-linolenic acid, C18:2n-6 = linoleic acid.
*Grass hay was wilted for 3 days to obtain 850 g/kg dry matter
*Silage produced from fresh forage and forage wilted for “a few hours” to reach 400 g/kg dry matter.
*p-value = fresh versus silage. NI = not indicated.
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Effect of wilting prior to ensiling

Wilting forage prior to ensiling is associated with significant losses of lipid through lipoloysis
(see Section 7.2 below). The concentration of ALA was lower in silage produced from
perennial ryegrass when forage was wilted prior to ensiling compared with forage that was
unwilted (Table 24, Noci et al., 2007). The concentration of ALA and EPA in meat was not
significantly altered, however, when animals consumed silage from wilted compared with
unwilted silage (see Tables 9 and 24). Although the concentration of ALA and LA is
commonly lower in perennial ryegrass following wilting and ensiling compared with fresh
forage, the ratio of n-6:n-3 fatty acids may not be altered and the change in concentrations of
fatty acids in meat may also be affected by differences in rumen lipoloysis and
biohydrogenation of fatty acids (Dewhurst and King, 1998; Dewhurst et al., 2002). These
factors need to be taken into account when assessing the effect of manipulating the
concentration of ALA in feed.

Table 24. Fatty acid concentration in silage produced from perennial ryegrass ensiled without
wilting compared with wilting for 32 hr and subsequent fatty acid concentrations in meat
following consumption of silages by Friesian steers.

Fatty Acids in Silage (g/kg DM)' Fatty Acids in Meat (mg/100 g)
C18:3n-3 C18:2n-6 n-6:n-3 C18:3n-3  C20:5n-3 C22:5n-3  n-6:n-3
Ratio Ratio
Non-wilted 13.86 3.49 0.25 28.16 8.43 16.3 3.89
Wilted 11.39 3.42 0.30 31.13 7.69 16.3 3.72
Sed’ 0.394 0.131 NI 3.387 2.131 2.637 0.206

'C18:3n-3 = a-linolenic acid, C18:2n-6 = linoleic acid, C20:5n-3 = EPA, C22:5n-3 = DPAn-3.

Sed = pooled standard error of difference calculated from standard error of means for wilted versus non-wilted
silage.

Data adapted from: Noci et al. (2007).

The ability of plants to withstand the wilting process has been manipulated through breeding
in order to maximise the amount of lipid and fatty acid remaining during the ensiling process.
The concentration of ALA in perennial ryegrass remained significantly higher following
ensiling when silage was produced from a ‘stay-green’ variety of forage compared with
conventional forage (Table 25, Dewhurst et al., 2002; Dewhurst et al., 2003c). Although there
were significant decreases in C18:3n-3 concentrations in both wilted silages, the ratio of n-
6:n-3 did not change following wilting.

Table 25. Concentration of fatty acids in fresh conventional or ‘stay-green’ perennial ryegrass and
silage produced from these forages.

Perennial Fatty Acid Concentration (g/kg DM)' n-6:n-3
Ryegrass Variety = Wilting Total Cl16:0 Cl18:3n-3 Cl18:2n-6  Ratio®
Normal Fresh forage 29.4* 5.37% 17.91° 3.92% 0.219

Wilted 48 hr 21.1°  4.02° 12.72° 2.75° 0.216

Stay-green Fresh forage 28.7° 4.98° 17.92° 3.94° 0.220
Wilted 48 hr 222° 397" 13.92° 2.76° 0.198

'C16:0 = palmitic acid, C18:3n-3 = o-linolenic acid and C18:2n-6 = linoleic acid.

“Ratio of n-6:n-3 calculated as ratio of C18:2n-6:C18:3n-3. Significant differences not indicated in original
paper.

Where indicated, values in the same column with different superscripts differ significantly (p < 0.05). Data
adapted from: Dewhurst et al. (2002).
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7.1.5 Potential future research

The fatty acid profiles in forage species grown in Australia have not been reported in detail.
Several factors determine the changes in fatty acid concentrations following ensiling of
forages, including the time of wilting prior to ensiling and the method of silage production
(including whether additives are used). The effect of ensiling under Australian conditions on
the concentration of fatty acids in forage, the availability of these fatty acids for ruminants
and subsequent accumulation in meat has not been examined.

There is also a need to further examine the relationship between concentrations of ALA in
forage compared with those found in milk. The concentration of ALA is lower when forage
has been dried for hay production compared with undried forage (Shingfield et al., 2005),
however, the concentration of ALA in milk is often similar when animals consume hay
compared with fresh forage. The effect of ensiling on the biohydrogenation of fatty acids
from ensiled forage, in particular, has not been examined in Australia.

7.2 Factors affecting loss of fatty acids in the rumen

As reviewed in Section 2.4, fatty acids in feedstuffs are lost through the combined processes
of lipolysis and biohydrogenation. A number of factors affect these processes and the
subsequent loss of fatty acids in the rumen prior to absorption and metabolism to meat or
milk. The following section provides details about several factors affecting lipoloysis or
biohydrogenation of lipids and fatty acids in forage.

7.2.1  Lipolysis and release of free fatty acids

The concentration of fatty acid in phospholipid and triglyceride lipid is important for
metabolism and conservation for meat or milk. If fatty acids are released from phospholipid
and triglyceride during lipolysis to the free fatty acid form (NEFA), these fatty acids may be
more easily hydrogenated to C18:0 in the rumen and, therefore, not available for conversion
to LCn-3PUFA in meat.

There is considerable hydrolysis and loss of structural lipids, including phospholipid and
diglyceride and an increase in the proportion of lipid as NEFA following ensiling (Dewhurst
et al., 2006). The change in the class of lipid in silages produced in Australia has not been
investigated in detail, however, in an unpublished experiment conducted at the Wagga Wagga
Agricultural Institute, the proportion of lipid as phospholipid was lower and the proportion as
NEFA was higher in oat/pea silage compared with fresh forage (Table 26, EH Clayton,
unpublished observations).

Table 26. Lipid classes (proportion of total lipid) in fresh oat/pea forage compared with silage.

Proportion of Total Lipid (%)  Fresh Forage Silage p-value
Neutral lipid 61.7 (£ 1.69) 59.9 (+1.76) 0.412
Phospholipid 26.2 (£1.21) 21.2 (£0.99) 0.008
NEFA 11.5 (+ 0.86) 16.9 (+0.75) <0.001

Data from EH Clayton, unpublished observations.
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The proportion of ALA in the complex lipid fraction (likely to be predominantly
phospholipid) of total lipid from a mix of grass species (predominantly Lolium perenne) was
lower following ensiling compared with fresh forage (Table 27, Lough and Anderson, 1973).
In one silage sample, there was no ALA in the PL fraction of lipid (Table 27). This decrease
in ALA in phospholipid may lead to a subsequent increase in hydrogenation of non-esterified
ALA compared with LA, thereby resulting in proportionately more LA being available for
absorption and metabolism.

Table 27. Proportion of fatty acids in the phospholipid, free fatty acid (NEFA) and total fatty acid
classes of a mixture of Lolium perenne, Phleum pratense and Festuca pratensis prior to
and following ensiling.

Fatty Acid Proportion' (% in each lipid class)

C18:3n-3 C18:2n-6 n-6:n-3 Ratio
Forage NEFA PL  Total NEFA PL  Total NEFA PL Total
Fresh grass 0.68 53.28 66.72 0.24 7.40  9.84 0.35 0.14 0.15
Silage 1 0.68 5.18 11.14 2.20 10.36  17.32 1.82 2.00 1.55
Silage 2 0.12 0.00 7.82 7.40 740 12.66 5.33 n-6> 1.62

'C18:3n-3 = o-linolenic acid, C18:2n-6 = linoleic acid, PL = phospholipid, NEFA = non-esterified fatty acid
(free fatty acid). Data are proportion of fatty acid in each lipid class.

*Phospholipid class of Silage 2 contained 100% n-6 fatty acids and 0% n-3 fatty acids.

Data adapted from: Lough and Anderson (1973).

7.2.2  Biohydrogenation of fatty acids from different forages

The concentration of ALA was higher in red clover and white clover silage than perennial
ryegrass silage (Lee et al., 2003). The conservation of ALA in cattle from mouth to duodenum
was less than 100% for red clover (93%) and white clover (95%), however, the apparent
conservation of ALA from perennial ryegrass silage was 119%. The biohydrogenation of
ALA from perennial ryegrass silage may have been lower than ALA from clover (Lee et al.,
2003), thereby allowing more ALA to be available for incorporation into meat or milk. The
effect of forage species on the biohydrogenation of fatty acids in Australian forages is
currently unknown.

7.2.3  Relationship between rumen pH and biohydrogenation of fatty acids

The activity of the enzymes responsible for the initiation of the biohydrogenation of ALA and
LA (see Section 2.4.2) is highest at a rumen pH of 7.0 and approximately half at a rumen pH
of 6.0 (Kepler and Tove, 1967). The biohydrogenation of LA, but not ALA, is reduced when
rumen pH is below 7.0 following grain feeding (Lee et al., 2006). The loss of ALA compared
with LA is higher, therefore, when rumen pH decreases towards 6.0, resulting in a relative
increase in the amount of LA being available for absorption and incorporation into meat or
milk (Figure 22, van Nevel and Demeyer, 1996). The effect of lower rumen pH on the dose of
ALA and LA available for meat, however, remains unclear under practical feeding situations.
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Figure 22. Amount (mg) of linoleic acid (C18:2n-6, #) and a-linolenic acid (C18:3n-3, <)
remaining in the rumen after biohydrogenation to C18:0 at different rumen pH. Data
adapted from: van Nevel and Demeyer (1996).
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8. Meat Production Systems in Australia

As reviewed previously, the concentration of fatty acids in meat is largely determined by the
diet consumed by sheep or cattle. Beef is produced by a number of different production
systems throughout Australia and the diet available to cattle varies depending on the system
employed. Different production and feeding systems are more common either in northern or
southern Australia (Thomason, 2007), for example;

Northern Australia

Predominantly Bos indicus (eg. Brahman)

Mainly pasture-based systems (grass-fed)

Predominantly European and British (eg. Angus, Hereford)
Mixture of pasture and grain feeding

Southern and central Australia

In southern and central Australia, there is a variety of production systems, including
pasture/grass-fed, which results in low levels of intramuscular fat (marbling); short-fed grain
(grain-finished for 40—70 days), which does not affect marbling to a great extent; and long-fed
grain (grain-fed for 100-300 days), which increases marbling specifically.

Approximately 30% (about 3 million head) of Australian cattle turned off eachr year (out of a
total of 89 million hd/year) are finished in feedlots, having been either short or long-term
grain fed. The total capacity of Australian feedlots is approximately 1.15 million head and the
number of cattle on-feed at any one time varied considerably from 1991 to 2012. The

percentage of cattle in feedlots fed grain long-term for export markets was between 60—70%
from 2001 and 2007 (Figure 23).
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Figure 23. Number of feedlot cattle on-feed (#) and percentage of feedlot cattle grown for the export
market () in Australia per year. Data adapted from: ABARE and MAF (2006); McRae
and Thomas (2013).
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The majority of cattle in feedlots in Australia are fed grain (on-feed) for between 50-100 days
(Thomason, 2007) and the percentage of cattle on-feed decreases for longer periods of feeding
(Figure 24). The concentration of total LCn-3PUFA in beef decreases substantially from
approximately 70 mg/100 g to 50 mg/100 g when cattle are fed grain for between 50-100
days compared with being fed grain for less than 50 days (Duckett et al., 1993).
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Figure 24. Percentage of Australian lot-fed cattle for increasing days on feed (bars) with the
estimated concentration of LCn-3PUFA (mg/100 g) in beef produced from cattle fed
grain for those lengths of time. Data for percentage of cattle lot-fed adapted from
(Thomason, 2007) and data for concentrations of LCn-3PUFA derived from Clayton et al.
(2009b) together with data from Duckett et al. (1993).

Most beef and lamb meat in Australia is considered relatively lean (Williams, 2007), due
primarily to animals being pasture fed for the majority of their lives (Thomason, 2007). As
presented in Section 9, many cuts of beef and lamb from Australian production systems are
considered a ‘source’ or a ‘good source’ of omega-3 fatty acids and are considered healthy
products for consumers.

The key to improving the health attributes of meat from beef or lamb produced in Australia is
to optimise the inclusion of forage into current feeding systems. There are many opportunities
to include fresh forage or silage into beef production systems, for example, even when
animals are grain-fed for varying times in the feedlot industry. The production of fresh forage
or silage of high quality that can meet market specifications for the efficient production of
high-quality beef is a high priority.
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9. Recommended and Reported Intakes of LCn-3PUFA in Humans

The primary interest in manipulating the fatty acid profile of meat, in particular, increasing
the concentration of LCn-3PUFA, is related to the possible health benefits to humans from
consuming these meat products. There are several consensus guidelines worldwide for
recommended intakes of LCn-3PUFA and biological markers indicating LCn-3PUFA status.
In addition, there are several studies reporting LCn-3PUFA intake both in Australia and
overseas by which recommended intakes can be compared. In order to understand the
contribution that altering the LCn-3PUFA status of meat through dietary manipulation may
have on total LCn-3PUFA intake on a population basis, it is necessary to review the
guidelines for recommended intakes of LCn-3PUFA and the contribution of meat to this
intake.

9.1 Recommended intakes

There are several different recommendations for intakes of LCn-3PUFA from different
organisations in Australia, as well as, internationally. The recommended intake (Adequate
Intake, AI) of LCn-3PUFA for the Australian population is 160 mg/day for men and 90
mg/day for women and lower for adolescents (Table 28). Recommended intakes for LCn-
3PUFA in Australia include EPA + DPA + DHA, whereas most international guidelines only
include EPA + DHA. A higher Suggested Dietary Targets (SDT) to prevent chronic disease is
recommended for adults, but not adolescents.

Table 28.  Australian guidelines for recommended daily intakes of LCn-3PUFA for different
populations (Nutrient Reference Values, NRVs).

Recommended Daily Intake of LCn-3PUFA (mg/day)’

Adolescents (14-18 yrs) Adults (19+ yrs)
Boys Girls Men Women
Adequate Intake (A) 125 85 160 90
Suggested Dietary Target (SDT) NI NI 610 430

'LCn-3PUFA = eicosapentaenoic acid (EPA) + docosapentaenoic acid (DPA) + docosahexaenoic acid (DHA).
NI = not indicated in NRVs.
Data adapted from: Australian Nutrient Reference Values (NHMRC and Health, 2006).

The Al for Australia is based on the 50" percentile of estimated intake in the Australian
population (median intake) based on a 24 hr dietary recall from the 1995 National Nutrition
Survey (NNS, McLennan and Podger, 1999a; McLennan and Podger, 1999b), whereas the
SDT for the prevention of chronic disease (NHMRC and Health, 2006) is based on the 90"
percentile of Australian intake (Meyer et al., 2003; Howe et al., 2006). The National Health
and Medical Research Council (NHMRC) states that the Als do not necessarily reflect
optimal intakes, but are normal values found in a population where there is no obvious sign of
deficiency. These guidelines do not take into account a change in the risk of disease that may
have been examined in any other research studies with LCn-3PUFA in Australia or overseas.

International guidelines recommend intakes of EPA+DHA between 200-650 mg/day for the
general population to 1000 mg/day for people at risk of CVD (Table 29). The American Heart
Association recommends 2 fatty fish meals per week or 400-500 mg/day EPA+DHA for the
general population (Murphy et al., 2007).
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Table 29. International guidelines for recommended daily intakes of LCn-3PUFA for different

populations.

Organisation' Recommended Intake of Population

EPA + DHA (mg/day)’
British Nutrition Foundation Task Force 500-1000 People at risk of CVD
UK Department of Health 200 General population
European Academy of Nutritional Sciences 200 General population
ISSFAL 650 General population
AHA 1000 People at risk of CVD

Oily fish (twice/week) General population

>3 g/day To reduce triglyceride levels

NIH 300 Pregnant and lactating females

'ISSFAL = International Society for the Study of Fatty Acids and Lipids, AHA = American Heart Association,
NIH = National Institute of Health.

’EPA = Eicosapentaenoic acid (C20:5n-3); DHA = Docosahexaenoic acid (C22:6n-3).

Note: International guidelines for recommended daily intakes of LCn-3PUFA only include EPA + DHA whereas
Australian guidelines (NHMRC and Health, 2006) include EPA, DPA and DHA as sources of LCn-3PUFA.
Data adapted from: Garg et al. (2006); Gebauer et al. (2006); Murphy et al. (2007).

There are currently no recommendations in Australia for an optimal balance of n-6:n-3 fatty
acids in the whole diet. However, there are several recommendations internationally
suggesting the optimal human diet should contain a ratio of n-6:n-3 of approximately 5:1 (for
example, see Simopoulos, 1991, 1999).

9.1.1 Food sources of LCn-3PUFA

Nutrition claims have been introduced by FSANZ where foods can be labelled as a ‘source’
of omega-3 if they contain at least 30 mg of EPA and/or DHA per serving and a ‘good source’
of omega-3 if they contain at least 60 mg of EPA and/or DHA per serving together with less
than 5 g saturated/trans fat (FSANZ, 2000, 2002). There appears to be little agreement,
however, about what constitutes a ‘standard serve’ of meat. A standard serve of beef, veal and
lamb is reported to be 135 g (Williams, 2007). According to information available on the
FSANZ website on standard measures, a standard serve of T-bone steak (separable lean,
grilled) is 135 g, but there are no other references to 135 g for standard serves of meat.

The average serve of cooked meat (beef, lamb, pork or chicken) according to the Australian
Guide to Healthy Eating (Smith et al., 1998) is 85 g (65—-100 g) and an average serve of fish is
100 g. Considering the cooking loss reported for L. dorsi is approximately 33% (for example,
see Wythes et al.,, 1988), these values for cooked meat translate to a serving size of
approximately 123 g (97-149 g) for raw meat. Other databases report average serving sizes of
steak, roast and mince of 205, 88 and 100 g respectively. Researchers promoting the health
benefits of meat may try to increase the serving size in order to increase the likelihood of
reaching the target of 30 or 60 mg/serve EPA + DHA to be considered a ‘source’ or ‘good
source’ of omega-3 (see Table 30)

Currently the NRVs for LCn-3PUFA intake in Australia include EPA+DPA+DHA whereas
the nutrition claims by FSANZ for ‘sources’ of omega-3 only include EPA and DHA. As
such, many cuts of meat do not currently meet the criteria to be considered a ‘good source’ of
omega-3 even though they are contributing significantly to current Als and SDTs. Currently
there is a push to include DPAn-3 in the FSANZ nutrition claims, which would make total
LCn-3PUFA in most meat produced in Australia in the high range.
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Table 30. Mean concentration (mg/100 g) of LCn-3PUFA in different meat sources in Australia and
the consideration of these as a ‘sources’ of omega-3 depending on criteria used to
calculate LCn-3PUFA.

White Oily
Fatty Acid' Beef Veal Lamb Mutton Chicken  Pork Fish Fish
Concentration per serve of 100 g
EPA 31 28 28 44 5 0 48 913
DPA 51 33 44 53 9 6 21 194
DHA 6 3 13 20 9 4 111 1118
EPA+DHA 37 317 41* 64* 14 4 159* 2031%
LCn-3PUFA 88! 64* 85* 117* 23 10 180* 2225¢
Concentration per serve of 123 g
EPA+DHA 45.5" 38.17 50.4° 78.7 17.2 4.9 196* 2498*
LCn-3PUFA 108.2 78.7" 104.6" 143.9° 28.3 12.3 221* 2737
Concentration per serve of 135 g
EPA+DHA 50.07 41.9 55.47 86.4* 18.9 5.4 215¢ 2742
LCn-3PUFA  118.8° 864 1148  158.0°  31.1' 13.5 243¢ 3004

"Considered a “source of omega-3" according to (FSANZ, 2002).

*Considered a “good source of omega-3” according to (FSANZ, 2002).

“Considered a “good source of omega-3” if DPA is included in the calculation of LCn-3PUFA content.

'EPA = eicosapentaenoic acid (C20:5n-3), DHA = docosahexaenoic acid (C22:6n-3), LCn-3PUFA =
EPA+DPA+DHA.

Data adapted from: Williams (2007).

9.2 Reported intakes of LCn-3PUFA in Australia

The average reported intake of total LCn-3PUFA in Australia for adults 19-64 years old is
298 mg/day for males and 195 mg/day for females (Table 31). The reported median intake of
total LCn-3PUFA is 160 and 90 mg/day for adult males and females, respectively, over 19
years of age and 125 and 85 mg/day for boys and girls, respectively, aged 14—18 years (Howe
et al., 2006). The previous reported median intakes of EPA, DPAn-3, DHA and total LCn-
3PUFA were 8§, 6, 15 and 29 mg/day, respectively, for adults over 19 years of age (Meyer et
al., 2003). These differences between mean and median values indicate there is a substantial
positive skew in intake data in the Australian population. The median intakes reported in 2006
correspond to the 50" percentile Als recommended in the Australian NRVs (NHMRC and
Health, 2006).
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Table 31. Mean reported daily intakes of ALA and LCn-3PUFA for different age groups in

Australia.
Reported Intake of Fatty Acids (mg/day)

Reported in 2003 Reported in 2006

Males and Females Males and Females Male Female
Fatty Acid 12-15 16-18 19-64 12-18 19-24 19-64
C18:3n-3 1220 1290 1210 1180+20 1070=+10 1280+ 10 87010
C20:5n-3 32 41 55 57 +4 77 +4 91+3 60 +2
C22:5n-3 22 20 27 63+2 81+2 90+1 52+1
C22:6n-3 63 77 106 75+7 94+ 6 117+5 83+3
LCn-3PUFA 117 138 188 195+12 253+11 208 +8 195+5

NB. Data from the National Nutrition Survey (NNS) of Australia in 1995 (McLennan and Podger, 1999a).
'Data for 2003 from: Meyer et al. (2003), data for 2006 from: Howe et al. (2006). The intake of LCn-3PUFA
was calculated using two different databases for the LCn-3PUFA content of foods.

The database (Mann et al., 1995; Mann et al., 2003) used to estimate the intake of LCn-
3PUFA (Meyer et al., 2003) from dietary information recorded in the National Nutrition
Survey (NNS, Australian Bureau of Statistics, ABS, 1998) was also marketed in the
FoodWorks program (Xyris Software, Brisbane, version 3.01 2002). Reported intakes of
LCn-3PUFA were subsequently revised using the same intake data from the NNS, but with a
revised database for the LCn-3PUFA content in food, particularly meat (Howe et al., 2006).
The significant increase in reported intakes was due largely to significant increases in reported
concentrations of DPAn-3 in red meat (Tables 32 and 33).

Table 32. Reported concentrations (mg/100 g) of LCn-3PUFA in beef used in databases to estimate
the daily intake of LCn-3PUFA in the Australian population.

Reported Concentration of Omega-3 (mg/100 g)

Reference ALA EPA DPA DHA LCn-3PUFA
(Mann et al.,, 1995; Meyer et al., 29.0 19.0 22.0 3.0 44.0
2003)

(FSANZ, 2006)" 45.0 29.5 48.0 7.0 84.5
(Howe et al., 2006) - 45.0 71.0 13.0 129.0

'Median value of fatty acids from all cuts of meat.

Table 33. Reported concentrations (mg/100 g) of DPAn-3 in different meat types used in databases
to estimate the daily intake of LCn-3PUFA in the Australian population.

Reported Concentration of Omega-3 (mg/100 g)

Reference Beef Lamb Poultry Pork
(Mann et al., 1995; Meyer et al., 22.0 36.9 14.0 11.0
2003)

(FSANZ, 2006)' 48.0 58.0 7.0 29.0
(Howe et al., 2006) 71.0 83.0 18.0 28.0

"Median value of fatty acids from all cuts of meat.

The reported mean intake of EPA (83.0 mg/day), DPAn-3 (43.8 mg/day), DHA (186.6
mg/day) and total LCn-3PUFA (313.4 mg/day) was higher in a population of men and women
aged between 2064 years in the Wollongong region of NSW compared with the general
population (Patch et al., 2005). These figures are likely to be higher than the general
population due to the participant sample (n = 94) being significantly overweight and their
total intakes of total fat and energy would have been relatively high.
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The average reported intake of total LCn-3PUFA in children and adolescents in Australia is
137.5 mg/day (Table 34, Clayton et al., 2008). These values are comparable to those reported
previously in a similar population (Meyer et al., 2003). The median reported intake for the
same population is 86.8 mg/day (Clayton et al., 2008). The mean reported intake of LCn-
3PUFA was not significantly different between children and adolescents diagnosed with
bipolar disorder compared to age and sex-matched controls after adjusting for socio-economic
status (SES) as a co-variate in the analysis (Table 34).

Table 34. Mean reported daily intakes of LCn-3PUFA in a population of children and adolescents
(mean age = 14.8 years) in Australia using a food frequency questionnaire (FFQ).

Fatty Acid intake (mg/day)’ Control Bipolar p-value’
EPA 33.6 (£4.22) 22.4 (£ 3.90) 0.087
DPA 22.2 (£3.71) 22.2 (£3.71) 0.150
DHA 58.0 (£ 7.25) 38.0 (£ 6.69) 0.079
LCn-3PUFA 121.5(£13.09)  83.4 (+12.09) 0.068

'"Values are least squares means + standard error of the least squares mean adjusted for SES as a co-variate for 15
age and sex-matched pairs; n = 5 males (mean age = 12.6 yrs) and n=10 females (mean age = 15.4 yrs).
“Differences between groups adjusted for SES as a co-variate in the analysis.

Adapted from: Clayton et al. (2008).

The reported mean intake of EPA + DHA (Table 34) is higher than those values previously
reported in children 8 years old using a food frequency questionnaire (FFQ, Oddy et al.,
2004). The reported intake of EPA + DHA was 30 mg/day when children reported their
consumption of fish as ‘never’ or ‘rarely’, whereas, the reported intake was 46 mg/day when
children reported eating fish more than twice per week (Oddy et al., 2004). The intake of
LCn-3PUFA has previously been reported to increase with increasing age of children.
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The data for reported intakes of LCn-3PUFA for different populations in Australia can be
compared with the intakes recommended in the Australian NRV (NHMRC and Health, 2006).
The reported intake of LCn-3PUFA for Australian males and females is above the Al
recommended from the Australian NRV, but not as high as the SDT (Figure 25). The reported
intake of LCn-3PUFA for children and adolescents is above the reported Al from the
NRVsand higher than a SDT estimated from the 90" percentile of reported intake from an
Australian study (Clayton et al., 2008).
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Figure 25. Mean (+ se) estimated intake of LCn-3PUFA by female (%) and male (&) children and
adolescents or adults in Australia (McLennan and Podger, 1999a; Howe et al., 2006)
compared with recommended Adequate Intakes (Al W) and Suggested Dietary Targets
(SDT, O) from the Australian Nutrient Reference Values (NRV, NHMRC and Health,
2006) or a SDT for children and adolescents estimated from the 90™ percentile of
reported intake from an Australian study (Clayton et al., 2008).

9.3 Reported intake of meat and fish and contribution to LCn-3PUFA intake
9.3.1 Reported intake of meat and fish in Australia

The intake of meat and fish is estimated using a variety of methods, including 24-hour dietary
recall, 24-hour dietary record, FFQ and Apparent Consumption. The Apparent Consumption
per capita is also calculated from the sum of local production plus imports minus exports
(ABS, 2000) and is then corrected for the dressing percentage of different cuts of meat
(Cashel and Greenfield, 1994). The reported mean intake of beef and lamb in adults in
Australia is approximately 45 and 25 g/day, respectively, (Table 35) and this intake has
remained relatively constant since 2000. The mean reported intake of meat other than fish in
Australian children and adolescents varies according to the method of data collection and the
population studied (Table 36). The reported intake of meat is higher in Australia than values
reported in the UK (Enser et al., 1996; MAFF, 2001).

Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4 75



P02 POOT PAYSIaM AeP-1 = ARP- “PI0IAL POOJ PafSTam Aep-£ = Aep-¢ [[eaar Ajalp oy 7 = [[eI21.0] 7
‘syptodxa - spodurr 4 uononpoad eao] wog parnofes ‘wondwnsuo)) jranddy =juameddy ‘aneuuonsan) Lousnbaig pooq = Oddc
(L00T “Te 12 2MO]) yeatll T ) J€-U) T JO SUONRHUIN0I Paf[siam partodar
A JDT[}25 0] XBJUT 0) 921108 J2aT 2B Jo NoNNqLYued aseuadtad pue axeyn w40 46-u)T 10] sanfes payodar wog sdnoss ase [[e 10J Paje[nofed ayejul uean,
TN 4 qUULT = qUIeT Teas + J2aq =J2ag (9861 “Te 10 [2Use))) pIa14 sseares 1o] sunsulpe uondunsuo)) yameddy wo.g pajemayes ayejuy,

TOPN 4 qUIRT = qUIRT TeaA 4+ Jaaq =J2od (886T “'Te 12 YSISUH) S)NPe UT [eIaT J21p 07 7 WOL PAje[ndJed ejep ey,

Tean + Jaaq =Jaag (986T “'T¢ 10 [2UseD ) PIaIA sseomed J0f Supsnlpe Jaie Juapeamba JysTam
A[qIpa padjood ‘ssajatioq Jo JYSTam se pajuasald st pue (£86T) SHNPY Jo Laamg Annai( renoneN a1 wogy nonduwmsuo,) yuareddy woag pajenayes eep ey,

0'8T 0P9T - - - - Aep-¢ 9661 99-6T (666T “Te 12 STO)
$'61 T'STT Lvs €8T TIT 6 12221 1] T $661 SINpY »(9007 “[& 12 amoH)
0'82 0191 - - - - 1e0a1 1 $T $661 SIpY (100Z “e 32 00D)
$HT 9971 TLe L6T LST wareddy 8661 uonendod (0007 'SIV)
98T L'ST 06T 19T ¥ wareddy 6861 uonendog (0007 ‘SIV)
81 TTHT 09T  $0T 9Lt 1231 .1 47 €861 uonerndog (V66T “PIOUL2ID) PuUE [aTsE))
L'8T LSTI 06T TO0T  T§T wareddy €861 vone[ndog ((F66T “PIRIU2ID PUE [2YsE))
ysijuey oo Anmod  dpod  quie]
Us1q JeaN [B10L PO LAz /Y Apmg

(Aep/5) adeu] ueagy

‘uonendod uerjensny oy ul synpe 1oy (peay Iod Aep/3) ysiy pue jeaw Jo soyeiul partoday  S¢€ dqelL

Graham Centre Monograph No. 4

Omega-3 in ruminant nutrition - EH Clayton

76



PO Poo] pAYSIam Kep-{ = AeP-f [PJ0d31 pOOf PayStam Aep-£ = Aep-¢ [[eI2T ATR)IIP IO 7 = [[2IL 0] 7
‘sprodxa - sprodunt 4 wonpnpoad [eaof wog pajenares ‘vondumsuo)) manddy = jwamrddy ‘ameunonsand) Louanbarg pood = 04T,
"Sa[e = JN ‘Se[emra] = g ‘STeak gT-g Usamlaq PaSk sjuadsajope pue PIId Ul ayRJuT WeaN;
‘qUIB[ 4 [BAA 4 J29q = _ Jeal pal,, 10] eled;

049 T8 =10d PUE o4f [ 6 = ARNOJ 07 #8 = QBT ‘0,1 76 =Jood ‘adA) yeaw Jo ad4y yoea sunes spuedonmed yo vonuoedoad sy Suneun)sa

pue poriad Aep { © 1940 $32.M0S JeAW [enpIATIPUL Jo uonduwnsuod a1) Woq 7 3msL] WO pajoenxa v PIodal poof pasiam Aep-f e SUISN PajeIuinsa axyeju;

0TI 856 0+ 8TI €FI L¥T Omm £00T Ars1 )
871 6'¢0T 0°9% FLT 9°¢l 69T Od4 £00T WoTI (800T “Te 12 u0lAR[D)
091 0°¢TT - - - - [Te32L.] T co61 A+ W ST-01 (TOOT "Te 32 3o0D)
- - - - s [[e32L.1] T co6l 4 81-91
- - - - 8 [[e32L.1] T co6l1 W 8T1-91
- - - - [ [[e321 1] T c661 AET-T1 .
- - - - 69 [Te331.1] T s661 W ¢T-T1 (666 T WIysed)
- L6sT 00¢ £I¢ 9¢t 3t _.m_%-w F6o1 A 9T1-+1
- L€9C 0°¢8 6Ly ¥t ¥'88 _..z._%-w ¥661 W 9T-+1
} 8'L¢ F1v 1S o 6'PE 0°Le Aep-f ro61 ACT-01 .
- Sevl 4y ¥ 0T €8T L¥e ABp-{ r661 N TT-01 1(666T T )2 SUIET)
ysijueqy o Annod  pod  quie ]  Jeag
Us1q B3N [810L PO A% BV Apmg

(Aep/5) axeul ueagy

‘uonendod uerjensny oy Ul SJUIISI[OPE pue UAIP[IYD 10J (peay 1od Aep/3) ysy pue jeaw Jo sayejul paytoday  -9¢ dqe

77

Graham Centre Monograph No. 4

Omega-3 in ruminant nutrition - EH Clayton



The Apparent Consumption of poultry increased while the consumption of red meat decreased
in Australia over the 20 years from 1980 to 2000. The reported intake of fish in Australia has
also increased steadily since 1980 (Figure 26). Apparent consumption figures have not been
published by the ABS since 2000, which covered the period from 1998-1999, however,
recent data can be estimated from production, import and export data for meat in Australia,
but are not collated here.

60

Apparent Consumption (g/day per capita)

1940 1950 1960 1970 1980 1990 2000
Year

Figure 26. Apparent Consumption (g/day per capita) of beef (#) lamb (<+), poultry (M) and fish (O)
in Australia from 1939 to 2000. Data adapted from: ABS (2000) using dressing
percentage from Cashel and Greenfield (1994).

9.3.2  Contribution of meat to LCn-3PUFA intake

Meat (other than fish) is an important contributor to LCn-3PUFA intake in the Australian
population (Howe et al., 2006). Meat contributes approximately 42% of the total intake LCn-
3PUFA in Australian adults (Howe et al., 2006) and 54.4% in children and adolescents (Table
37). The values reported for the Australian population are higher than those reported in the
I[llawarra region of NSW, where meat contributed approximately 30% (90 mg/day) of the total
intake of LCn-3PUFA per day (Ollis et al., 1999). It is clear that red meat (including beef and
lamb) contributes significantly to the total intake of LCn-3PUFA in the Australian diet,
particularly, when the intake of DPA is considered.
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Table 37. Contribution of meat (%) to total reported intake of LCn-3PUFA in adults or children and
adolescents in the Australian population.

Proportion of Total LCn-3PUFA Intake from Meat (%)

Study Beef Lamb Poultry Pork Total
(Ollis et al., 1999)' - - - 30.0
(Howe et al., 2006)° 223 5.9 10.0 3.9 42.1
(Clayton et al., 2008)° 20.2 11.4 17.4 5.5 54.4

' Adults 29-66 years of age.

2Adults 19-64 years of age.

3Children and adolescents 8-18 years of age. Intake percentage adjusted for socio-economic status (SES) as a co-
variate in the analysis.

Meat (particularly red meat) is high in DPAn-3 and the importance of DPAn-3 in relation to
human health is becoming increasingly studied. Concentrations of DPAn-3 are also high in
seal meat and oil. The Greenland Inuits, who formed the basis of epidemiological research
into fish and omega-3 intake being associated with a reduced incidence of CVD (Bang et al.,
1980), actually ate a diet high in seal and, therefore, high in DPAn-3 rather than EPA or DHA
alone (Howe et al., 2007).

9.4 Biological markers of LCn-3PUFA intake

The success of clinical studies examining the ability of different food sources to alter LCn-
3PUFA status is determined, to a large extent, by the correct selection of biological indicators
of LCn-3PUFA intake. These intake markers are compared prior to and following dietary
intervention, or are correlated with disease incidence. There are several markers for LCn-
3PUFA intake including blood and tissue measures.

The concentration of fatty acids in plasma is related to dietary fatty acid intake over a short
time period (approximately 2448 hr, Katan et al., 1991; Katan et al., 1997), while plasma
phospholipid concentration represents fatty acid intake during the past 1-2 weeks (Sztern and
Harris, 1991). Red blood cell membrane (RBC) concentration reflects intake in the previous
14—-120 days (Brown et al., 1991; Pala et al., 2001) and adipose tissue concentration is related
to intake over the previous 1-2 years (Marckmann et al., 1995; Katan et al., 1997).

Concentrations of EPA and DHA in RBC are strongly correlated with long-term fatty acid
intake. For example, reported intake of fish (Mina et al., 2007) and LCn-3PUFA (Sullivan et
al., 2005) is positively correlated with RBC percentage EPA (spearman rho = 0.47 and 0.33,
respectively) and DHA (spearman rho = 0.33 and 0.40, respectively) in Australian adults.
Reported intakes of EPA and DHA were also significantly related to RBC concentrations of
EPA (r = 0.59, p = 0.026) and DHA (r = 0.64, p = 0.013) in Australian children and
adolescents (Clayton et al., 2008). Similar relationships have been reported for adults in Japan
(Kuriki et al., 2006; Kuriki et al., 2007) and Sweden (Wirfalt et al., 2004).

The omega-3 index refers to RBC membrane EPA% + DHA% and may be an indicator of the
risk of morbidity and mortality from CVD (Harris, 2007). At present, an omega-3 index of 0—
4% 1is considered a ‘high risk’ for CVD, an index of 4-8% is considered a ‘medium risk’,
while an index >8% is considered a ‘low risk’ for CVD. Presently, DPAn-3 is not included in
this index as a risk factor for CVD. As indicated previously, several recommendations for
intake of LCn-3PUFA currently include EPA, DPA and DHA, although research linking
DPAn-3 to a reduced risk of CVD is presently lacking. There is a significant push from some
groups to include DPAn-3 in dietary guidelines, as this will mean many cuts of meat would be
considered a ‘good source’ of omega-3 in Australia.
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10. Altering Consumer Intake of LCn-3PUFA by Enhancing Animal Products

Few studies have examined the effect the consumption of animal products with differing
LCn-3PUFA concentrations has on disease incidence. The intake of LCn-3PUFA and
systemic fatty acid concentrations have been increased by manipulating the concentration of
LCn-3PUFA in food, however, these changes have not always been associated with a reduced
risk of disease.

The concentration of ALA, but not EPA and DHA, was increased in milk, pork, chicken meat
and eggs when animals were fed a basal diet of maize, wheat and barley with the addition of
linseed (dairy cows = 1000 g/day, pigs = 62 g/day, layer hens = 13 g/day and broiler chickens
= 4 g/day) compared with the basal diet alone (Weill et al., 2002). The concentration of ALA
and LCn-3PUFA was increased in serum and the concentration of ALA, EPA and DPA was
increased in RBC when participants consumed food from animals fed the omega-3 enriched
diet compared with the un-enriched diet (Figure 27). The concentration of cholesterol and
serum triglycerides was not significantly affected by dietary intake, however, indicating some
risk factors of CVD were not modified by enriching food with omega-3 from ALA.

In an Australian study, participants consumed a range of foods enriched with LCn-3PUFA
during the manufacturing process, including biscuits, bread, cheese, chocolate and other items
manufactured by Goodman Fielder, Maritex, Denmark and Pace Farm Pty Ltd (Murphy et al.,
2007). Foods were intended to contain 125 mg EPA + DHA per serve, but analyses indicated
the content was extremely variable, between 13—150 mg/serve. Dietary intake was assessed
using a combination of a diet history and a 3-day weighed food record (Patch et al., 2005).

The reported intake of EPA + DHA increased significantly when participants consumed the
LCn-3PUFA enriched compared with un-enriched foods (Table 38). The concentration of
EPA, DPAn-3 and DHA in RBC also increased significantly following the consumption of
foods enriched with LCn-3PUFA (Table 39). RBC membrane fatty acids were not correlated
to intake pre-supplementation, but were related to intake following supplementation, most
likely due to the larger range in values observed. No risk factors associated with CVD
measured during the study were altered following the intake of omega-3 enriched foods
(Murphy et al., 2007).

The proportion of DHA, but not EPA, in RBC membranes was increased when healthy men
and women consumed 1000 g/week of pork enriched with omega-3. The omega-3 content of
pork was increased by incorporating PorcOmega™ into a basal diet of barley grain (Coates et
al., 2009). The concentration of triacylglycerols (TAG) in serum decreased following the
consumption of omega-3 enriched pork for 12 weeks compared with un-enriched pork
(Coates et al., 2009) indicating one of the possible risk factors for CVD may have been
reduced. The study is very difficult to interpret, however, as the concentration of TAG was
higher (1.1 = 0.1 versus 0.79 + 0.08 mmol/L) at baseline prior to the consumption of omega-3
enriched pork, even though the authors state the difference between groups was not
statistically significant (Coates et al., 2009). The analysis only reported the change in serum
TAG from baseline (baseline = 0), whereas, a more powerful analysis would have determined
the change in actual concentrations of TAG over time using baseline values as a co-variate in
the analysis. More importantly, the authors did not present results for the total estimated
intake of fatty acids by study participants either prior to, or following, dietary intervention. It
is impossible to determine, therefore, whether the results observed were due to the dietary
treatments imposed or some other difference in dietary intake between groups.

80 Omega-3 in ruminant nutrition - EH Clayton Graham Centre Monograph No. 4



2

Serum Fatty Acids (% Total Fatty Acids)

6.0

Red Blood Cell Fatty Acids (% Total Fatty Acids)
ad

p=0.03
1
T
T
T
T 1
p= 001
1
b T p=001
I |
-
p <001
. T —
ALA EPA DPA DHA
Fatty Acid
NS
1
T
_ T
T
1
»<0.03
1
| 2= 0.01
1
=001
’+
ALA EPA DPA DHA

Fatty Acid

Figure 27. Serum (A) or RBC (B) fatty acids (% total fatty acids) for participants prior to (unshaded
bars) and following (shaded bars) the consumption of milk, pork, chicken and eggs
enriched with LCn-3PUFA containing a total of 110 or 250 mg/day LCn-3PUFA. Data
are means =+ standard error of the means adapted from: Weill et al. (2002).
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Table 38. Reported mean daily intakes of LCn-3PUFA (mg/day) prior to and following the
consumption of a range of food products enriched with LCn-3PUFA.

Reported Intake of LCn-3PUFA (mg/day)

Group Baseline 3 months 6 months
Control 150 + 40 190 + 40 110 +30
Enriched 200 + 40 1060 + 40 960 £ 110

Data adapted from: Murphy et al. (2007).

Table 39. Red blood cell (RBC) membrane LCn-3PUFA (% total fatty acids) prior to and following
the consumption of a range of food products enriched with LCn-3PUFA.

Fatty Acid Proportion (% total fatty acids)

Fatty Acid  Group Baseline 3 months 6 months
EPA Control 0.61 £0.04 0.64 +£0.03 0.63 +0.03
Enriched 0.55 +0.04 1.00t £0.05 1.20% + 0.06
DPA Control 2.0+0.11 2.2+0.07 2.2 £0.10
Enriched 2.0£0.12 2.2+0.08 2.3£0.08
DHA Control 3.8+0.23 4.1+0.13 3.9 £0.20
Enriched 3.4 +0.04 5.31+£0.05 5.9" £0.06

*Denotes significantly different from baseline using repeated measures ANOVA analysis.
Data adapted from: Murphy et al. (2007).

10.1 Increasing LCn-3PUFA intake by the consumption of meat other than fish

As seen in previous sections, it is possible to increase the intake of LCn-3PUFA by
consuming foods enriched (or fortified) with EPA and DHA. There is, however, significant
interest in being able to increase intakes of LCn-3PUFA from whole, unfortified foods, such
as meat. Meat from animals fed forage is significantly higher in LCn-3PUFA than animals fed
grain (see Section 4.3). The intake of LCn-3PUFA from meat and the contribution to
recommended intakes can, therefore, be estimated for meat from different production systems
(De Henauw et al., 2007). The estimated intake of LCn-3PUFA from meat may increase from
26 to 54 mg/day if the concentration of LCn-3PUFA in meat is maximised by the
incorporation of forages into production feeding diets (Table 40).

Table 40. Reported intake of meat in Australia and estimated intake of LCn-3PUFA from meat if
animals are fed predominantly grain or forage diets.

Intake’ LCn-3PUFA content LCn-3PUFA intake % Daily NRV*

(g/day) (mg/100 g)* (mg/day)
Meat' Grain Forage Grain Forage Grain Forage
Beef 41.1 14.0 37.8 5.75 15.54 3.60 9.71
Lamb 18.7 35.5 73.6 6.64 13.76 4.15 8.60
Pork 29.7 40.1 69.0 11.91 20.49 7.44 12.81
Poultry 37.1 4.5 10.90 1.67 4.04 1.04 2.53
Total 126.6 - - 25.97 53.84 16.23 33.65

"Beef = beef + veal, lamb = lamb + mutton. Includes mixed dishes

’Intake calculated from Apparent Consumption (ABS, 2000) adjusted for carcase yield (Cashel and Greenfield,
1994).

*LCn-3PUFA content of meat from data reviewed previously (Table 14).

*Percentage of recommended daily intake (AI) of LCn-3PUFA for adult males according to the Australian and
New Zealand Nutrient Reference Values (NRV, NHMRC and Health, 2006).
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11. Summary and Recommendations

The analysis and interpretation of the lipid and fatty acid composition of plants and animal
tissue is complicated. A sound understanding of the principles of analysis and the
interpretation of data is required in order to determine the effects of different feeding systems
on fatty acid concentrations in ruminants. A significant amount of research has examined the
effects of animal diets on LCn-3PUFA concentrations in meat and, in general, animals fed
forage diets have higher concentrations of LCn-3PUFA in meat than animals fed
concentrates.

There are a wide range of concentrations of lipid and omega-3 in different forages and the
concentration is dependent on a range of factors, in particular, stage of growth. Little
information is available, however, on the omega-3 concentration of forages grown in
Australia and the factors that alter these concentrations. A survey of pasture and feeding
systems in Australia would allow producers to select forages or production systems that may
maximise the amount of LCn-3PUFA available in meat.

In Australia, the effects of different forage conservation practices on both the concentrations
of LCn-3PUFA precursors in forage and the availability and metabolism of these precursors
in ruminants for the production of LCn-3PUFA in meat is largely unknown. An understanding
of these factors may allow meat to be produced with a higher concentration of LCn-3PUFA.
Differences in the concentration and availability of LCn-3PUFA in the phospholipid and free
fatty acid lipid fractions of plant material between fresh forage and silage should be examined
in order to determine the possible role of silage in production feeding rations. Differences in
biohydrogenation and loss of fatty acids in the rumen between different forage types and,
between forages conserved using different methods, should also be examined.

The intake of meat other than fish is an important contributor to LCn-3PUFA intake in the
Australian population. If the concentration of LCn-3PUFA in meat can be maximised through
alterations in the production systems employed, then Australian beef and lamb may be
considered an excellent source of LCn-3PUFA and may have the potential to contribute
significantly to a healthy diet. Meat from animals fed either fresh forage or silage should be
compared with meat from grain feeding systems in order to determine more accurately the
potential health benefits in humans from the consumption of these meat products. Until
researchers can provide evidence there is a significant measurable decrease in the risk of
disease following the consumption of meat with higher LCn-3PUFA, a premium price will
not be offered for this meat. Lowest-cost production systems will, therefore, be likely to
remain in place. Consumers may, therefore, select meat based on factors such as taste,
juiciness or tenderness, or on cost alone, which may lead to the selection of meat from grain-
fed rather than pasture or forage-based systems.
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APPENDIX I - Nomenclature and common names for fatty acids of interest in animal

and human nutrition

Fatty Acid Scientific Name Common Name
SFA
C8:0 octanoic acid Caprylic
C9:0 nonanoic acid Pelargonic
C10:0 decanoic acid Capric
C11:0 undecanoic acid Undecanic
C12:0 dodecanoic acid Lauric acid
C14:0 tetradecanoic acid Myristic acid
iC15:0 iso-pentadecanoic acid -
aiC15:0 anteiso-pentadecanoic acid -
C15:0 pentadecanoic acid Pentadecylic acid
C16:0 hexadecanoic acid Palmitic acid
iC17:0 iso-heptadecanoic acid -
aiC17:0 anteiso-heptadecanoic acid -
C17:0 heptadecanoic acid Margaric (daturic)
C18:0 octadecanoic acid Stearic acid
C20:0 eicosanoic acid Arachidic
C21:0 heneicosanoic acid Heneicosylic acid
C22:0 docosanoic acd Behenic
C23:0 tricosanoic acid Tricosylic acid
C24:0 tetracosanoic acid Lignoceric acid
MUFA
Cll:1n-1 10-undecanoic Undecylenic
C12:1n-7 S-lauroleic acid Lauroleic acid
C13:1n-1 12-tridecenoic acid -
Cl14:1n-5 9-tetradecaenoic acid Mpyristoleic acid
C15:1n-5 cis-10-pentadecenoic acid Pentadecanoic
C16:1n-7t 9-hexadecaenoic acid (trans) Palmitelaidic acid
Cl6:1n-7 9-hexadecaenoic acid (Cis) Palmitoleic acid
C17:1n-7 cis-10-heptadecenoic acid -
C18:1n-9t 9-octadecanoic acid (trans) Trans Elaidic acid
C18:1n-7t 11-octadecanoic acid (trans) Trans Vaccenic acid
C18:1n-12 cis-6-octadecenoic acid Petroselenic acid
C18:1n-9 9-octadecanoic acid (Cis) Oleic acid
C18:1n-7 11-octadecanoic acid (Cis) Vaccenic acid
C19:1n-12 7-nonadecanoic acid -
C20:1n-15 5-eicosenoic acid Eicosenoic acid
C20:1n-12 8-eicosenoic acid Eicosenoic acid
C20:1n-9 11-eicosenoic acid Gondoic acid
C22:1n-9 13-docosaenoic acid Erucic acid
C24:1n-9 15-tetracosaenoic acid Nervonic acid
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Fatty Acid

Scientific Name

Common Name

n-3 PUFA

C18:3n-3 9,12,15-octadecatrienoic acid a-linolenic (ALA)
C18:4n-3 6,9,12,15-octadecatetraenoic acid Stearidonic acid (SDA)
C20:3n-3 11,14,17-eicosatrienoic acid Eicosatrienoic acid (ETA)
C20:5n-3 5,8,11,14,17-eicosapentaenoic acid Timnodonic acid (EPA)
C22:5n-3 7,10,13,16,19-docosapentaenoic acid Clupanodonic acid (DPA n-3)
C22:6n-3 4,7,10,13,16,19-docosahexaenoic acid DHA

n-6 PUFA

C18:2n-6t 9,12-octadecadienoic acid (trans) Trans Linolelaidic acid
C18:2n-6 9,12-octadecadienoic acid (Cis) Linoleic acid (LA)
C18:3n-6 6,9,12-octadecatrienoic acid y-Linolenic (GLA)
C20:2n-6 11,14-eicosadienoic acid Eicosadienoic acid
C20:3n-6 8,11,14-eicosatrienoic acid Dihomo-y-linolenic acid (DGLA)
C20:4n-6 5,8,11,14-eicosatetraenoic acid Arachidonic acid (ARA)
C22:4n-6 7,10,13,16-docosatetraenoic acid Adrenic acid
C22:5n-6 4,7,10,13,16-docosapentaenoic acid DPA n-6

All bonds are in the ciS configuration unless otherwise stated. Sources: Wirfalt et al. (2004),
http://www.lipomics.com/resources/fatty acids/index.htm.
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