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Abstract

The effect of feeding plant by-products (cardoorah(€M), dried corn gluten feed (CGF),
corn (CDGS) and wheat (WDGS) distillers’ grainshwéolubles, and citrus pulp (DCP))
on the quality of meat from ruminant animals (larabd beef cattle) was investigated. The
first experiment examined the response of rumerction to diets rich in phenolic
compounds (i.e. tannins), which are secondary roétab prevalent in several plant by-
products. Concentrate diet supplemented with 4%wofhydrolysable (chestnut and tara)
and condensed (mimosa and gambier) tannin extattsot impair ruminal fermentation
traits and microbiome in lambs. The second anddtlEkperiments indicated that
replacement of 15% dehydrated alfalfa with CM dud imfluence lamb performance and
carcass traits. Feeding CM promoted ruminal biobgenation of fatty acids (FA) through
a modulation of the rumen bacterial community aosequently, reduced the proportion
of t-11 18:1 ana-9t-11 conjugated linoleic acid (CLA) in lamb meat. Mdover, dietary
CM did not influence the oxidative stability of lbrmeat whereas a phenolic-rich CM
extract reduced lipid oxidation in an ovine musuledel system. The fourth, fifth and sixth
experiments assessed the quality indices of bewh fgrass silage-fed steers offered
concentrate supplements in which barley/soybean wasareplaced with varying levels of
CGF (25%, 50% and 75%), CDGS and WDGS (80%), and® @0% and 80%),
respectively. The inclusion of up to 75% CGF immdvthe FA profile of beef by
decreasing the proportion of C14:0 and increasibg,18:3n-3, C20:5n-3 and C22:5
n-3 without negatively influencing the shelf-lifeceating quality of beef. Dietary CDGS
or WDGS increased the proportion of CLA and totallypnsaturated fatty acids (PUFA)
in beef but decreased beef shelf-life by increalpid oxidation and discolouration in fresh
beef patties stored in modified atmosphere padd%o(8»:20% CQ). The inclusion of up

to 80% DCP improved the FA profile of beef by iresag the percentage of CLA and

11



PUFA in beef without compromising the oxidativelslity and consumer acceptability of

beef.

Keywords: Animal diet, Ruminal biohydrogenation, fatty aci@gef, Lamb meat,

Oxidative stability.
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1.1. INTRODUCTION

The global quest for livestock intensification heen driven rapidly by increasing demand
for animal proteins due to a concomitant rise ipylation, urbanisation and household
income (Herrero and Thornton, 2013). However, dltastock sector contributes 14.5%
of total anthropogenic greenhouse gas (GHG) enmssaod the ruminant sector comprises
the largest share of approximately 81%, mainly assalt of enteric methane emissions
(Gerber et al., 2013). The contribution of rumirsaiat total GHG emissions from livestock
varies between ruminant sectors: cattle meat (3&8d) milk (30%), buffalo (8.7%) and
small ruminants (6.7%) (Opio et al., 2013). Ruminaeat production is associated with
the largest environmental cost compared to otivesstock products: beef (300 kg €O
eqg/kg protein) and small ruminant meat (165 kg>-@@kg protein) exhibit the highest
emission intensities when emissions of livestockicmdities are expressed relative to their

protein outputs (Gerber et al., 2013).

Feed production, transport, and utilisation playaor role in the environmental metrics
of livestock productionf-eed production and processing are linked to |asalehanges and

account for approximately 45% of GHG emissions ftbmlivestock sector (Gerber et al.,
2013). About 70% of the global agricultural lande8feld et al., 2006) and 30 - 40% of
human-edible feed crops (Erb et al., 2012) areecdly utilised for livestock production.

In addition, cultivation of conventional foragesdafodder feed crops on non-marginal
lands will deplete available land for arable crepduction. The numerous environmental
problems associated with livestock production ithier complicated by a resultant increase

in food-feed competition which poses a threat tibgl food security (Makkar, 2016).

Less food-competing feedstuf&chader et al., 2015) ecological leftovergR060s et al.,

2016) include human-inedible biomass such as foadteg, crop residues and agro-
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industrial by-products. The use of less food-commgeteedstuffs in animal diets is a
potential strategy which may reduce food-feed cdripe and mitigate the environmental
impacts of livestock. This approach is particulapgrtinent when coupled with other
strategies such as improvements in livestock prodtycand a reduction in the share of
animal products utilised in human diets (Schadat.eR015; R60s et al., 2016; van Zanten
et al., 2016a). Large amounts of waste biomasgenerated as agricultural and food
industry by-products, accounting for approximat@yo of global agricultural production
(Ajila et al., 2012). Plant by-products (PBP) ir#ua wide range of secondary residues
generated from industrial processing of plants intommercially valuable products
(Santana-Méridas et al., 2012). These by-produetsa@nsidered safe and widely accepted
as animal feeds. However, utilisation of PBP irestock nutrition is limited due to
constraints such as variation in nutrient compaositand technical requirements for
preservation essential for product stabilizationl attenuation of seasonal availability.
Moreover, preservation techniques such as therneglegsing may impose high cost and

reduce the environmental sustainability of feeddBf (Bremer et al., 2011).

Apart from the environmental impact of livestocleds, animal nutrition is closely linked

with other components of livestock production imtthg food security and animal product
quality and safety (Makkar, 2016). Nutritional stgies may alter the fatty acid (FA)
composition, eating quality and technological cheastics of ruminant meat (Andersen
et al., 2005). Thus, it is important to assessafaty utilisation of PBP could enhance the
environmental sustainability of ruminant meat prcttn without compromising the

quality attributes and consumer acceptability ofateeInterestingly, some PBP contain
bioactive compounds such as vitamins, unsaturadty facids, and phytochemicals.
Feeding bioactive-rich PBP offers potential to gate enteric methane and nitrogen

emissions while improving meat quality attributelawever, these effects are addressed
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individually in several studies. This review endeans to investigate the dual-impact of
dietary PBP on environmental sustainability and tmgaality attributes in ruminant

production.

1.2. GLOBAL LIVESTOCK SYSTEMS AND FEED BIOMASS

Global livestock production systems have been hyodigided into two categories based
on resource use, agro-ecological distribution armplit-output variablessolely livestock
systemgSLS) andmixed farming system®I1FS) (Seré et al., 1996). In relation to feed
input, SLS is defined as a production system incWwhieed resources obtained from
pastures, rangelands, forages and commercial fepdssent >90% of the dry matter (DM)
consumed by the animals. The SLS could bkaralless production systei@PS) or
grassland-based systeiBS) depending on the proportion of feed produmethe farm;
the former produced <10% of the dietary DM on taef while the latter produced >10%
of the dietary DM. While GBS is mainly dominated toyninant livestock, the LPS is an
intensive system comprising of both ruminant andhagastric animals and the increased
utilisation of PBP can be relevant to enhance tistagnability of this system. In contrast,
MFS is a production system in which >10% of the Bdmsumed by the animals is derived
from plant wastes and crop by-products. Mixed fagrsystems are distributed throughout
the world and can be classified based on the ptiopoof farm production value obtained

from rain-fed or irrigated land use (Steinfeld et 2006).

Ruminant meat (beef cattle and sheep) accountapiaroximately 30% of the total meat
output from global livestock production systemshaptoportional outputs of 5.5%, 25.3%
and 69.1% from LPS, GBS and MFS, respectively (& et al., 2006). Recent research
by Opio et al. (2013) confirmed that MFS are theyéat producer of ruminant meat,

accounting for 79% beef, 96% buffalo meat and 68%lkruminant meat outputs. Demand
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for feed crops, mainly grains and conserved forafggsruminant production is largely
concentrated in LPS and MFS (Erb et al., 2012) iksiance, the landless sheep production
systems are prevalent in countries in the dry emvirents of Northern Africa and Western
Asia (Steinfeld and Maki-Hokkonen, 1995). Consumptiof ruminant meat exceeds
production with ensuing ruminant meat deficit innpacountries found in these regions
(Nordblom and Shomo, 1995; Aw-Hassan et al., 2088&)all ruminant systems are less
dependent on grazing in these regions but imprédeeding technologies allowed for the
inclusion of 40% crop by-products and 40% grainanimal diets (Nordblom and Shomo,
1995). However, most grains are imported due tidein the local production of cereals

(Erb et al., 2012).

Feed crops, mostly human-edible, used for livestiedding varies between different
regions of the world (Table 1.1). Erb et al. (2042)ealed that North America and Europe
utilised more feed crops while countries in Sub&ah Africa and Southern Asia utilized
the least quantity of feed crops. Cereals and mipg including oilseed cakes are the
dominant feed crop categories used as animal feedlliregions of the world. The
predominant use of cereals as animal feed is @ectdi the developed area in North
America, Europe, Oceania, Latin America, Centralafend Russia. Maize is the major
cereal in most regions of the world while North Atoa has the greatest prevailing quantity
of cereals used as livestock feed (Erb et al., ROltiere is a local deficit of cereals in North
Africa and Western Asia, Latin America, Sub-Sahafsnican and Asia. However,
countries in North Africa and Western Asia, EastaA$South Asia and Western Europe
regions lack sufficient local availability of oitaps. Strategies aimed to enhance the use of

PBP as animal feeds would be useful to offset ingtion of feed crops in these regions.
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1.3. RUMINANTS AS BIO-RECYCLERS OF PBP

Agricultural residues can be in form of crop resislilor PBP. Crop residues represent
primary biomass left on the farm following harvasgtiwhile PBP is secondary biomass
obtained from post-harvest processing of crops watioable products by the agro-food
industry (Johnson and Linke-Hepp, 2007). TheorlyicdBP have better nutritional
profiles than crop residues and can serve as vithleces of protein, energy and fibre to
meet the nutritional requirements of animals. Hosvevariation in the feeding value of
PBP is dependent on the technical conditions engplayiring manufacture of the primary
product. Moreover, the need for efficient presaoratechniques is a major constraint
limiting the use of PBP in animal nutrition becao$éeir inherent instability which results
in rapid quality deterioration and extreme variatia nutrient composition (Ajila et al.,

2012; FAO, 2012; Wadhwa et al., 2013).

The ruminant forestomach or rumen contains a dévengrobial population conferring an
exclusive physiological adaptation for the greatgilisation of PBP compared to
monogastric livestock. The microbial ecosystem Imiag the rumen comprises of
bacteria, fungi, protozoa, archaea, and phageswamgage in mutualistic interaction with
the host animal. Microbial fermentation in the rummleashes nutrients from low-quality,

high-fibre diets resulting in the production of able fatty acids and microbial
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Table 1.1Regional proportion of total feed crop supply (Fy@Qsed as livestock feeds and self-sufficienap (&SR) as modelled for year 2000 (adapted fromekl.,

2012)

Feed crop category  Variables NA-WA  SSAfrica CA-Rass EAsia SAsia SEAsia NAmerica LAmerica WEurope Eipe Oceania Global

Cereals PFCS (%) 33 15 46 30 11 20 78 44 67 62 67 38
SSR 0.54 0.75 1.00 0.82 0.96 0.93 151 0.86 1.07 01 1. 2.76

Roots PFCS (%) 2 16 14 41 0 11 2 29 35 38 5 25
SSR 0.98 1.02 1.01 0.99 1.00 1.56 1.01 1.00 077 001 104

Sugar crops PFCS (%) 7 10 4 13 4 7 7 9 13 12 16 8
SSR 0.53 0.94 0.34 0.72 1.09 1.24 0.34 1.87 084 760. 2.68

Pulses PFCS (%) 16 9 68 41 8 13 27 1 72 57 84 24
SSR 0.77 0.97 0.98 1.04 091 134 2.16 0.89 071 061 1.69

10il crops PFCS (%) 49 24 51 49 38 32 67 53 72 62 4 4 53
SSR 0.42 0.99 1.00 0.7 0.89 1.01 1.61 2.17 0.33 6 09 199

Vegetables and PFCS (%) 3 0 4 2 0 2 0 1 1 3 0 1

fruits SSR 1.07 1.12 0.81 099 101 1.10 0.79 1.47 1.03 04 1. 1.39

NA-WA: North Africa and Western Asia; SSAfrica: S@aharan Africa; CA-Russia: Central Asia and Rydsfssia: Eastern Asia; SAsia: Southern Asia; SEAS@uth-East

Asia; NAmerica: North America; LAmerica: Latin Aniea; WEurope: Western Europe; EEurope: Easterngguro
10il seed cakes were included in the estimationilafrops even though they are not directly humaitledproducts.
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proteins providing the animal with sources of egeennd highly digestible proteins,

respectively (Loor et al., 2016). Indeed, diet hasignificant impact on the composition
and diversity of the rumen microbiome. Low or imdraded nutritional profiles in PBP may
contribute to the imbalanced supply of dietary ieniis to the rumen which can negatively
influence the stability and function of the rumertmobiota (Loor et al., 2016). There are,
however, effective nutritional options exist forpmving the feeding value of PBP in

ruminant nutrition. Many options focus on manipurgtthe rumen microbiome to optimise
the efficiency of ruminal fermentation and micrdhpotein synthesis (Wadhwa et al.,
2016). These strategies include: balancing thewdiét energy, protein and minerals; the
dietary addition of non-protein nitrogen; use aétdry supplements (botanical additives,

feed enzymes and probiotics); and detoxificatioploftotoxins (Wadhwa et al., 2016).

The feeding value and nutritional implications adtdry PBP on animal productivity have
been examined in a large number of studies. Figjuleistrates PBP that can be derived
from numerous industrial production sectors fotthar utilisation in animal feeding. A

detailed description and information on the feednatue of several PBP highlighted in
Figure 1 can be retrieved from online repositorefs animal feeds; Feedipedia

(http://lwww.feedipedia.ord/and Feed Tablesitps://www.feedtables.com/

By-products containing a high concentration of ptondary metabolites (Table 1.2) and
contaminants such as mycotoxins (Zhang and Caup@t) may elicit anti-nutritional
effects and impair ruminant productivity and heallowever, the rumen microbiome has
considerable potential to degrade contaminants dbigpga et al., 2010; Manubolu et al.,
2014) and adapt to the anti-nutritional effect &np bioactive compounds (Smith et al.,
2005). Furthermore, by-products of oil extracti@ami@ining a high content of residual oil

can increase dietary lipids, especially unsaturttttg acids which may elicit an inhibitory
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effect on rumen microbiota and impair rumen funtciiplaia et al., 2007). Negative effects
on rumen function may result in decreased feed&@tautrient digestibility, and ultimately,
impair the performance of ruminant animals. Howethex use of PBP in ruminant nutrition
can be enhanced through technical options suchhasntanipulation of physical
characteristics; chemical treatments and detoxifina use of feed blocks; ensiling; and

processing into feed pellets (Ben Salem and Sr2@68g).

1.4. IMPACTS ON ENVIRONMENTAL SUSTAINABILITY

The environmental impacts of livestock productioe eelated to emissions of GHG,
nitrogen and phosphorus, land degradation, watartfpm and insecurity, and biodiversity
loss (Steinfeld et al., 2006). Feed productiomgpert, and utilisation play a major role in
environmental issues attributed to livestock praiduc (Gerber et al., 2013). The
contributions of dietary PBP to environmental steiship of ruminant production are

evaluated in subsequent sections of this review.

1.4.1. Effect of dietary PBP on enteric methane anditrogen emissions

Greenhouse gas (GHG) emissions from ruminantsargased of carbon dioxide (G
methane (Ck) and nitrous oxide (pO). Ruminants emit CHnto the environment as a by-
product of ruminal fermentation of feed substrated rumen methane accounts for 2 to
12% loss of ingested gross energy in ruminantsn@amand Johnson, 1995). EntericsCH
emissions from the ruminant sector account for @gprately 90% of the total CH
emission and 47% of the total GHG emissions froms #ector (Opio et al., 2013).

Furthermore, excessive microbial hydrolysis of @ligtprotein in the rumen produces
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Table 1.2.Bioactive compounds in plant by-products (PBP) usdivestock feeding (adapted from
Santana-Méridas et al., 2012)

Crop classification PBP Bioactive compounds
Cereals
Rice Bran Tocotrienols-tocopherols,-oryzanol 3-sitosterol
Wheat Bran Vitamin E, carotenoids, quinones
Barley Spent grains Xylitol, ferulic anq@coumaric acids
Legumes
Pea Husks Growth factors
Pods Polyphenols
Faba bean Pods Polyphenols
Peanut Skins, seed coats Polyphenols oligomerangpinocyanidins, indole

Chicken pean,
common bean and
faba bean

Sugar crops
Sugarcane
Beet

Fruits and vegetables

Mango
Apple

Watermelon
Rambutans
Mangosteen
Guava
Banana
Citrus fruits

Pineapple

Pomegranate
Pawpaw
Tomato

Coffee
Grape

Root and tuber crops

Potato

Off-quality/Discarded
grains

Bagasse
Stalk

Peels, pits/ seeds

Pomace (peels, core,
seeds, calyces, stems) glycosides, quercetin glycosides, procyanidins

Peels, Rinds
Peels
Pericarps
Bagasse
Peels
Seeds, molasses

Peels

Peels, core, crowns,
stems

Husk
Peels, seeds
Seeds, pulps, skin

Spent coffee grounds

Pomace

Seeds
Stems

Peels

alkaloids, phenolic acids
Peptides

Pentosans
Azelaic acid

Tannins, vanillin, mangife
Pectin, catechins, hydroxycinnamates, phloretin

Lycopene, citrulline, pliemmmpounds

Ellagitannins

Proanthocyanidins

Epicatechin, quercetin, syringic agiycetin
a-amilasa, laccasa, citric acid

Limonoids
Flavonoids (hesperidin, diosmin, narirudidymin,

sinesetin),
carotenoids (violaxanthifs-crytoxanthin -carotene),

vitamin C, essential oils (limonene)
Bromelain

Poly- and mono-meric phenols
Phenolic compounds

Lycopepaarotene, sterols, tocopherols, terpenes,
glycoalkaloids
Caffeine, chlorogeaid a

Flavonols, flavonols glucosides, flalsa gallate esters,
anthocyanins, proanthocyanins

Epicatechin, caffeic and gallic acids

Betulinic acid, stilbenoid transresveratrals-3-
viniferin, sitosterol 6’O-acylglucosides

Glycoalkaloids
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Table 1.2.Continued

Crop Classification ~ PBP Bioactive compounds
Oilseed crops
Almond Hulls Triterpenes (oleanoic, ursolic, batidiacids),
daucosterol
Olive Olive mill waste water  Hydroxytyrosol, gallaxid, oleuropein, ligstroside
isomers
and derivatives, squalene, tocopherols, triterpenes
polyphenols
Pomace Hydroxytyrosol, tyrosol, caffeic protocatéc, vanillic,
p-coumaric and syringic acids, vanillin, oleuropein,
apigenin
Flesh, stones, seeds Polyphenols, tocopherols
Rapeseed Meals Gallic and syringic acids, kaempfeaningenin
Defatted cakes Glucosinolates, peptides
Turnip Hulls, defatted cakes Polyphenols
Cotton Meals Kaempferol, naringenin, rutin
Soybean Meals Caffeic acid, naringenin, daidzein
Sunflower Defatted cakes Peptides

Herbs, shrubs and trees

Lavandin
Rosemary
Sage
Thyme
Chestnut

Pecan nut
Hazelnut

Artichoke

Pine

Solid residues
Solid residues

Solid residues

Solid residues
Shells
Shells (endocarp)
Skins, hard shells,
leafy

covers

Bracts, receptacles,
stems, juice, heads
Vinegar

Bark

Phenolic acids, flavonoigglroxycinnamoylquinic acid
derivatives, glucosides of hydroxycinnamic acids

Phenolic acids (rosmargaigjosic, caffeic, chlorogenic
acid andp-coumaric acids)

Coumarins, hydrocarbons, mgrestes, phenolic
compounds, sesquiterpenes, diterpenes, triterpiins,
acid ester, hydroxycinnamic acid, luteolin

Rosmarinic acid, hydroxycinitaawid, luteolin

Tannins, polyphenols, tocopherols
Poly- and mono-megaqls

Phenolic acids (gallic, caffeip-coumaric, ferulic,
sinapic)

Neochlorogenic acid, chlorogenic acid, caffeoylduin
acids
Aldehydes, ketones, esters, phenmsdgts)

Polyphenols
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PLANT BY-
PRODUCTS (PBP)

PBP of brewery

_[

-
Barley, Corn, Sorghum, Rye, millet, oat and Wheat (brewers grains, distillers

and biofuel grain, draff, malt distillers dark grain, pot ale syrup, bran, germ meal, malt
production culms, hulls, gluten feed, gluten meal, stover, hominy feed) )
- .
4 R
PBP of sugar Sugar beet (stalk, molasses, pulp, vinasse); Sugar cane (tops, molasses,
production bagasse, press mud, vinasse, dried rum vat, spent wash)
\ J
(Apple (pomace, pulp); Banana (peels); Bottle gourd (pulp); Citrus (peels, \
pulp, molasses, seed meal); Carrot (tops, pomace), Coffee (hulls, pulp,
. spent coffee grounds); Cucumber (peels); Grape (stalk, pomace, marc);
PBP of frub|: and Guava (Bagasse); Date (molasses); Mango (peel, kernel meal, seed meal);
vegeta = o Onion (skins, peels, discarded onions, scales); Pawpaw (pomace);
processing Pineapple (bran, mill juice, pomace); Tomato (pomace, seeds, skins, pulp);
KWater melon (peels, rinds) )
f Cassava (peels, pomace, fibre, bran, bagasse, starch residue, pulp, )
sievate); Yam (peels); Potato (peels, starch waste, distillery by-products,
PBP of root apd cannery waste)
tuber processing - 7
ﬂ\lmond (kernel, cake, oil meal); Camelina (oil meal); Cashew (discarded
nuts, nut oil mea/cake, nut testa, pulp, baggase); Castor (Oil meal); Cocoa
(oil cake); Coconut (copra meal); Cotton (hull, seed meal); Peanut (hulls,
) pods, bran, skins, germs, cake/meal); Grape (oil cake); Hemp (seed
PBP of _°'| meal); Jatropha (kernel meal); Flaxseed (oil meal); Linseed (oil meal);
production Mustard (bran, oil meal/cake); Olive (oil cake, oil pulp, skin, kernel,
vegetation water); Oil palm (palm kernels, kernel meal, oil mill effluent,
press fibre); Rapeseed/Canola (hulls, oil meal); Sesame (hulls, oil meal);
Soybean (meal); Sunflower (hulls, oil meal); Tobacco (oil cake); Turnip
QHulls, oil cake); Water melon (oil cake) )
Other PBP of -
herb, shrub Rosemary, Sage, Thyme, Lavandin, tea (solid residues); Chestnut, Walnut
and tree =1 and Pecan nut (shells); Hazelnut (skins, shells); Artichoke (bracts,
processing kreceptacles, heads); Pine (bark, vinegar); Guar (meal); Carob (pods, pulp)

Figure 1.1.Schematic diagram of plant by-products from déferagro-industrial processes.
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ammonia (NH) used for urea synthesis, which contributes sicgmitly to the pool of
urinary and faecal nitrogen (N) losses in ruminahlisrogen losses are associated with
serious environmental concerns such as nitratdileg@nd accumulation in the soil, and
N20 emission resulting from the conversion of voia¢itl NH; (Steinfeld et al., 2006). Both
CHs emissions and N losses are inefficient processgswundermine the productivity of
ruminants. Similarly, ChHand NO are important GHG emissions contributing to cliena
change due to their high global warming potenti@®and 298 times greater than that of

COy, respectivelyf{Solomon et al., 2007).

Feeding strategies are important abatement optmnstigate CHand NO emissions in
livestock production (Montes et al., 2013). Dietdipids and phytochemicals such as
tannins, saponins, and essential oils have thenpaketo influence rumen microbial
diversity and fermentation and thus inhibit rumimaéthanogenesis (Hart et al., 2008;
Kamra et al., 2012). Moreover, phenolic groups hiytpchemicals such as tannins could
enhance their complexation with proteins and consetly decrease microbial degradation
of proteins in the rumen (Patra et al., 2012). Adowly, feed resources containing these
phytochemicals might reduce N losses and improwe dfficiency of dietary protein
utilisation. Some PBP obtained from biofuel andweey productions and vegetable oll
production may contain high levels of residual tmssted fats. Similarly, polyphenols,
saponins and essential oils are abundant in bydgtedf oilseed extraction, and fruit and
vegetable processing (Table 1.2). Data fiamaitro andin vivo ruminal studies indicated
that selective utilisation of PBP in ruminant rasocan contribute to nutritional strategies
aimed at reducing C+emissiorand Nlosses. To date, most of the available literatare i
focused on the dietary effect of by-products ofilligssy and biofuel production, oilseed

processing and fruit and vegetable processing.
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1.4.1.1. By-products of distillery and biofuel proction

Biofuel co-products obtained from wet or dry midliprocess of cereals may contain a
considerable amount of fat (FAO, 2012). Crude gigl;eobtained as a by-product of
biodiesel production, could serve as a significanergy source in ruminant diets
(Vongsamphanh et al., 2017). Sevaralitro ruminal studies have reported conflicting
results on the inhibitory effect of glycerol on im&be production. In a recent study, a meta-
analysis of 13 experiments and 42 treatments diexhthe effect of glycerol ifn vitro
ruminal studies (Syahniar et al., 2016). Resuliicated that increasing levels of glycerol
reduced the acetate/propionate ratio accompanied tdgcrease in methane production
without a detrimental effect on gas production anditro digestibility. Anin vivo anti-
methanogenic effect has also been confirmed itectatl supplementary glycerol (up to

10.8% DM diet) with concomitant increases in growates (Vongsamphanh et al., 2017).

Furthermore, distillers’ grains only or distillergrains with solubles (DGS) have
increasingly become an important source of engsgytein and fibre in ruminant rations
due to rapid expansion in the use of cereals irbtbkiel industry (FAO, 2012). Dietary
inclusion of 40% DM of high-fat corn-dried DGS sifjcantly reduced Chklemission (as
% of gross energy intake) by approximately 15% 28& (compared to a barley-based
control diet) in growing beef cattle (HlUnerbergakt 2013a) and finishing beef cattle
(Hunerberg et al., 2013b), respectively. Decre&3dg production due to the inclusion of
60% corn-dried DGS was also reported inrawitro fermentation study (Wu et al., 2015).
The anti-methanogenic effect of dried DGS may bated to its lipid constituents and
dietary inclusion level. The inclusion of 40% DM edt-dried DGS did not affect GH
productionwhereas addition of corn oil to the wheat-dried D@&uced Chklemission in
cattle (Hunerberg et al., 2013a,b). Similarly, tharas no effect on CHmission when

steers were fed up to 27% corn-dried DGS diets€fSegf al., 2015) and when 25% corn-
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dried DGS diets with differential fat levels (lovs. moderate) were incubated vitro
(Keomanivong et al., 2015). Moreover, the replacene¢ soybean meal, alfalfa hay and
soybean hulls with up to 47% DM wheat-dried DGSaledin vitro CHs production and

decreased lamb performanoevivo (Avila-Stagno et al., 2013).

Contrary to a possible reduction in €Hroduction, dried DGS increasedvitro NH3
concentration (Khiaosa-Ard et al., 2015; Wu et2015) and nitrogen excretion in growing
and finishing cattle (Hunerberg et al., 2013a,linikarly, dietary inclusion of up to 60%
corn-wet DGS for feedlot steers increased N andspharus (P) intakes, resulting in a
linear increase in total N and P excretion (Spiahgd Varel, 2009). These observations
signify that dietary utilisation of DGS may consté important environmental concerns in
terms of N and P losses, which may counterbalameestvironmental benefits accrued
from a reduction in Ckemission. In this regard, dietary inclusion of Di@ 8uminant diets
requires careful diet formulation not to exceedhequirement of the animal (Hlnerberg
et al., 2014). Moreover, an appropriate manure gamant strategy should be considered
for managing the excess N and P excretions thatrest from feeding DGS (Yang and
Li, 2017). Further research is necessary to evaltre optimum fat level in DGS and its
dietary inclusion level required to exert consistanti-methanogenic effects without

increasing N and P losses.

1.4.1.2. By-products of oilseed processing

By-products of vegetable oil extraction may contimgh concentration of unsaturated fat
due to potential residual oil content. In an exgloryin vitro study comparing the CH
production potential of 26 feed ingredients, Leeakt(2003) concluded that the ¢H
production potential of oilseed meals are genetailer than those of brans and hulls, and

grains. Indeed, there is a clear discrepancy irr¢ltative methane production potentials
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(RMPP) of different oilseed meals in comparisorotioer conventional feedstuffs (Table
1.3). Estimation of RMPP showed that oilseed maats cakes generally have lower CH
production potentials compared to cereals, witheatgr reduction when compared to corn.
However, coconut meal, Brazilian soybean meal ardip meal had higher RMPP than
barley, while the comparison between oilseed meal$ cakes also showed apparent
differences in RMPP (Table 1.3). In particular,tonseed meal had a lower RMPP than
corn and barley, while corn gluten meal displayedmssistently lower RMPP compared to
corn, barley and soybean meal. Kim et al. (2013)alestrated that cottonseed meal
exhibited the lowest potential far vitro CHs production in comparison to soybean meal,
rapeseed meal, coconut meal, lupine seed, brewldesi DGS, corn-dried DGS, corn
gluten feed, perilla meal and whole soybean. The @blduction potential of oilseed meals
was reported to be in an ascending order of caneld < soybean meal < coconut meal <
corn germ meal < rapeseed meal < sunflower meattorcseed meal < palm kernel meal

< corn gluten meal (Lee et al., 2003).

Furthermore, mustard seed cakes (Kumar et al.,)280d@ moringa seed press cake
(Olivares-Palma et al., 2013) were highlighted &vénconsiderable potential to inhibit
vitro CHs emission without compromising rumen fermentatiooteRtial negative effects
of oilseed by-products on ruminal fermentation bamelated to increased dietary fat levels
(Benhissi et al., 2014). The potential of these$beffs to inhibit CHproduction correlates
with their increasing fibre, protein and fat coriteLee et al., 2003). A further study
associated low Ckproduction potential with a high amount of rumexiegradable protein
in PBP such as cottonseed cake (Lamba et al., 2Bilgymmary, data fromn vitro studies
suggest the possibility of reducing methane emissuith oilseed meals and cakes in

ruminant rations.
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However, there is limited information on tirevivo anti-methanogenic effect of oilseed
meals, kernels, and cakes in ruminants. Incredbmdat level of a low-fat rapeseed meal
basal diet from 3.5% DM to 5.5% DM with a partiaptacement of 15.6% DM rapeseed
cake decreased GHroduction by 9.1% in Holstein dairy cows withoetidmental effects
on animal performance (Brask et al., 2013). Dietagyusion of 27% hominy meal only
(HM) and a combination of 12.3% cold-pressed camo&al and 14.4% hominy meal
(CCHM) in total mixed rations increased total digtdat to 6.5% and 5.2% DM,
respectively compared to 2.6% DM in the basal (Mbate et al., 2011). The HM and
CCHM diets reduced CHemission (as g/L milk) by approximately 13.6% arg11%o,
respectively, without impairing the performanceHuafistein cows. Howevem vivo anti-
methanogenic effects reported in other bovine stidiere accompanied by concomitant
negative effects on animal performance. Partidiacgment of cassava chip and soybean
meal with 7.1% coconut kernel increased total éatels in cattle diets to 5.7% DM
compared to 1% DM in the control diet resultingraduced levels of CHemission by
approximately 48% (as L/kg DMI) (Chuntrakort et, &#014). Nonetheless, dry matter
intake and digestibility decreased even though mamfermentation was not affected.
Similarly, a 50:50 forage:concentrate feeding traalealed that inclusion of 86% copra
meal (otherwise called coconut meal) in a cattleceatrate diet increased total dietary fat
levels from 1% to 8.4% DM (Jordan et al., 2006)e Tdopra meal diet suppressed «CH
emission by 14.4% (as kg/DMI) but decreased fegedibility and weight gain of beef
heifers (Jordan et al., 2006). However, the indosof coconut meal (up to 1.0% live
weight per day) in a diet containing cassava pulg elephant grass, decreased methane
emission and improved growth rates and feed effaien growing cattle (Duy and Khang,

2016).
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By-products including those from pistachio and eliwil extraction can contain a
considerable amount of phenolic compounds partigutannins. In a study reported by
Denek et al. (2017), the addition of 2 — 10% pistady-products to corn silage reduced
in vitro CHs production but negatively affectad vitro ruminal fermentation through
decreased gas production and organic matter dogegti Similarly, the inclusion of 30 -
40% pistachio by-products in sheep or goat dieggravedin vivo nitrogen metabolism
(Ghasemi et al., 2012a) due to decreased rumimdéipr degradation (Ghasemi et al.,
2012b; Ghaffari et al., 2014). Other studies shotied olive fruit skin and pulp reduced
in vitro CHs production (as mL/g DM) up to 38.5% compared tosstates of oaten chaff
and commercial concentrates (Shakeri et al., 20M@)eover, the inclusion of 12.8% two-
stage olive cake in a concentrate diet fed togethtr alfalfa hay decreased urinary N
losses in goats and sheep (Yafez-Ruiz and Molicaidé, 2007). However, both
experiments resulted in negative effects in terfmdecreased gas production and volatile
fatty acids (Shakeri et al., 2017) and depressfamutrient digestibility (Yafiez-Ruiz and

Molina-Alcaide, 2007).
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Table 1.3. Relative methane production potential (RMPP %)ib$®@ed meals and cakes in
comparison to corn, barley, groundnut cake andearylmeal following 24  vitro

incubation

RMPP %

ICorn

’Barley

3Groundnut “Soybean
meal

cake

Corn germ meal
Sunflower meal

Palm kernel meal
Coconut meal

Cotton seed meal
Soybean meal
Soybean meal (Brazil)
Soybean meal (Korea)
Canola meal
Rapeseed meal
Perilla meal

Soybean cake
Mustard seed cake
Deoiled mustard cake
Deoiled groundnut cake
Maize oil cake

Cotton seed cake

Karanj seed cake expeller
extracted

Karanj seed cake solvent

extracted

Caster bean cake expeller
extracted

Caster bean cake solvent

extracted

-41.2
-48.5
-62.0
-35.8
-56.6
-30.9

-27.9
-44.9

+8.81
-58.01

+70.62
-7.22

-9.67
+83.10

+13.90
-8.38

+3.11
-25.68

-22.42

-20.08

-17.96

-31.42
-34.63
-24.63

-1.99

-62.42

!Leeet al.,2003 (absolute CHvalue expressed as/0.2 g DM) ;°Kim et al.,2013
(absolute CHlvalue expressed asi/g DM); 3Kumaret al.,2007 (absolute CHvalue
expressed aml/g DM); “Lambaet al.,2014 (absolute CHvalue expressed asl/g DM)
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1.4.1.3. By-products of fruit and vegetable prodegs

The anti-methanogenic potential of fruit and vebktdy-products can be mainly attributed
to the presence of residual phenolic compoundsidireg) tannins. However, the efficacy
of these compounds can vary with dietary concentrastructural features, diet type, and
ruminant species. Recently, Kobayashi et al. (2pi@®yided a detailed review highlighting
the anti-methanogenic potential of some PBP inAsian continent with an emphasis on
cashew nut shell liquid (CNSL), tea by-products gimkgo fruit. These PBP were notable
for their phenolic content which potentially models the rumen microbiota to reduce
methane emissions and protein degradation in themyKobayashi et al., 2016). However,
thermal processing of CNSL may impair its functiopatency in inhibiting ruminal

methane production (Kobayashi et al., 2016).

An in vitro study conducted using a rumen simulation techniigdieated that fortification

of dried DGS with 1 to 20% grape seed meal resultedlinear decrease in Gldmission
and an associated decrease in the proportiadethanobrevibacter spas part of the
rumen archaeal community (Khiaosa-Ard et al., 20$&hilarly, dried and ensiled grape
pomace reduced methane emission up to 22.6% withsaociated alteration in rumen
bacteria and archaeal communities in dairy cowsafeah inclusion rate of 5 kg DM/d in
partial replacement for alfalfa hay (Moate et 2D14). The anti-methanogenic effect of
grape by-products in these experiments was atétbiat potentially high concentrations of
dietary fat, total phenols, tannins, lignin anddec acid. Romero-Huelva and Molina-
Alcaide (2013) noted that dietary condensed tarsontent could be increased by
substituting 50% cereal-based concentrate withreato waste- or cucumber waste-based
feed block (FB) in a 50:50 alfalfa hay:concentifatding regime. This study demonstrated
that tomato waste FB suppresseds@hhission by up to 28% in goats but both tomato

waste- and cucumber waste-based FB reduced nitmegention which could elevate the
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pool of nitrogen emission into the environment. dnother study with a similar
experimental design, Romero-Huelva et al. (2013)omed that a lower level of
replacement of cereal-based concentrate with 35%atm waste- and cucumber waste-
based FB consistently reduced £#nission and lowered urinary N excretion without
hampering nutrient utilization. The potential ofmtato wastes to reduce ruminal £H
production has been attributed to its high condéntimen undegradable protein (Lamba et
al., 2014) that may have decreased the N supplynforobial growth and consequently,
affected rumen fermentation. The anti-methanogeifiect of olive by-products and tomato
wastes may not be related to rumen microbial chebgerather to an alteration of rumen
fermentation favouring propionate formation and déowthe acetate/propionate ratio

(Romero-Huelva and Molina-Alcaide, 2013; Shakealet2017).

However, partial replacement of a concentratewlitht high-fibre fruit and vegetable by-
products rich in phenolic compounds may not alwhgs effective in reducing CH
emissions. This has been demonstratedvivo in studies involving replacement of
concentrates with beet pulp (Ibafez et al., 20di&)Ys pulp (Lépez et al., 2014), almond
hulls and citrus pulp (Durmic et al., 2014) andgbotby-product (Pen et al., 2006). These
observations could be associated with the highl lef’@on-structural carbohydrates in
high-fibre diets, which increased the acetate/mogie ratio and CHemissions in ruminal
fermentation (Johnson and Johnson, 1995). Thusaritienethanogenic effect of fibrous
PBP rich in bioactive compounds could be dependendietary inclusion level. For
instance: the inclusion of 50% almond hulls supged vitro CHs production by 26%
(Durmic et al., 2014) whereas there wasmeaivo effect with 17% dry matter intake (DMI)

of almond hulls in dairy cows (Durmic et al., 2014)
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1.4.2. Life cycle assessment of feeding PBP for rimant meat production

The production of ruminant meat results in gre&etG emissions compared to other
livestock products — milk and meat from monogastnitnals (Table 1.4). There are several
global advocacies for the adoption of zero or redumeat diets for humans with much
emphasis on ruminant meat due to its high environahémpacts (Hedenus et al., 2014).
However, it can be argued that the sustainabilitivestock sectors should be shaped by
the conversion of human-inedible inputs to humaibiedanimal proteins (Wilkinson,
2011). Feed efficiency is the major driver of reseuwse and environmental sustainability
of livestock systems and ruminants are known toldss efficient than monogastric
livestock (Capper and Bauman, 2013). The replaceofdruman-edible feeds by human-
inedible feedstuffs could be a viable way to imgralke feed efficiency use of ruminants
relative to their edible outputs (Wilkinson, 2011yith reference to the livestock systems
in the USA and South Korea, the efficiencies ofrgpeand protein production from beef
have been estimated to be better than those aimpigpoultry meat when expressed relative

to the human-edible inputs (Gill et al., 2010).

Recent life cycle assessment (LCA) studies demaiestrthat sustainable animal diets
based on human-inedible forages and PBP are potanplementary strategies for
improving the environmental sustainability of lit@sk systems (Schader et al., 2015;
Pardo et al., 2016; R60s et al., 2016). These emwviental benefits include a reduction in
GHG, N and P emissions; better soil conservatiodeerease in the use of pesticide,
freshwater and non-renewable energy; and redudhomrable land use. Moreover,
simulation of different feeding scenarios for 205@icated that strategies based on feeding
human-inedible biomass to livestock could providgiad amounts of human-digestible
energy and protein/calorie ratio compared to fegdimmman-edible concentrate feeds

(Schader et al., 2015). Inedible feed biomassdsdedorages, food wastes, crop residues,
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and agro-industrial by-products. However, there aeoastraints associated with the
adoption of inedible feed biomasses in sustainalstock diets. The use of crop residues
as animal feed could diminish soil organic carboa therefore, decomposition on the field
has been proposed (Van Zanten et al., 2016b). €éuntire, the use of food wastes and
animal by-products as animal feeds is usually suiégeto strict regulatory control because
of the high potential for transmitting infectiousanotic pathogens into the food chain

(Sapkota et al., 2007).

Ruminants are fed forages and fodder crops for mpads of the production cycle. The
exploitation of forage development in marginal lamm@n provide ecosystem services and
could be a viable strategy to reduce food-feed aditipn and improve global food security
(Chaudhry, 2008). However, this strategy may conhfliith the objective of reducing the
environmental footprint of ruminant production esiply when forages and fodder crops
are cultivated in lands suitable for arable cutiva (R60s et al., 2016). Moreover, high-
fibre feeds based on forages and crop residuel resigher enteric methane emission per
kg of product compared to high grain rations (Jonnand Johnson, 1995). Low feed
efficiency associated with forage feeding may fertthamper the intensification of
ruminant production to meet increased demand fonamproteins. Also, the cultivation of
conventional feed roughages (grass and legumerpasitcupies a significant proportion
of land and requires an appreciable amount of gffeilachowsky et al., 2017). Thus, the
choice of inedible feedstuffs requires careful cdeation for strategies aimed at
improving the sustainability of ruminant productiorhe use of PBP as animal feed is
generally subjected to a more relaxed regulatopyrapal and they are practical for
developing concentrate feed mixture in ruminandpaion. In this regard, we postulated
that increasing dietary replacement of conventidaeges and fodders with PBP could

further improve the environmental performance afinant meat production.
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To test this hypothesis, a simulation study wasdaoted to assess the environmental
impacts of increasing substitution of PBP for cartianal roughages (forages and fodder)
in the rations of meat-producing ruminants, using Global Livestock Environmental

Assessment Model (GLEAMttp://www.fao.org/gleam/e)/GLEAM was developed by

the Food and Agriculture Organization of the Uninations (FAO) as an LCA simulation
tool that allows for the quantification of multiplenvironmental impacts of livestock
production. We designed three feeding intervengimemarios (FIS) which were assessed in
the model by increasing the feeding levels of PBR eeplacement for fresh grass, hay, and
silage in the rations of beef cattle, sheep mewt,gpat meat herds (See appendix: Table
S1.1). The FIS default, FIS1, FIS2 and FIS3 conffo, 30%, 40% and 50% PBP,
respectively. It should be noted that the curremsion of GLEAM only allows for the
selection of a broad category of PBP, such as grgrbducts from grain industries, as
indicated in Table S1.1. The US was selected asreference country and default
information relating to herd structure and manuenagement were kept constant in all
scenarios assessed in the model. The model outodenesnstrated that increasing levels
of PBP resulted in a linear decrease in total GHsions from beef cattle, sheep meat,
and goat meat herds (Figure 1.2). Indeed, the textuaf GHG losses suggests that dietary
utilisation of PBP may enhance resource efficianayminant meat production (Gerber et
al., 2013). The decrease in GHG losses was lamgddyed to a reduction in total-®
emissions in all ruminant meat systems assesséslwHs mainly attributed to decrease in
N2O emissions from fertilization and crop residuesnore application and deposition.
This observation is consistent with the resultsmfra different LCA model which
demonstrated that dietary substitution of concéedgravith olive or tomato by-products
silages reduced GHG emissions attributed40 Emissions from feed production stages in

dairy goat production of Spain (Pardo et al., 2016)
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In comparison to FIS default, totab® emissions in beef cattle, sheep meat and goat mea
systems were lower for FIS1 (-14.8%, -15.0%, -15,184S2 (-24.0%, -32.2%, -32.4%)
and FIS3 (-38%, -45.4%, -45.6%), respectively. TGds emissions in beef cattle, sheep
meat and goat meat systems linearly reduced far FB54%, -4.0%, -4.1%), FIS2 (-6.8%,
-6.1%, -6.3%) and FIS3 (-8.8%, -10.3%, -10.6%)peesively when compared to FIS
default. However, in comparison to FIS defaultréheras only a slight decrease in total
CO, emissions in beef cattle, sheep meat and goat negds for FIS1 (-1.2%, -1.1%, -
1.1%), FIS2 (-2.2%, -5.6%, -5.2%) and FIS3 (-7.4843%, -4.0%), respectively. The total
CO, emissions in goat meat and sheep meat systems hagdrer in FIS3 than FIS2,
suggesting a diminishing eco-benefit when PBP albst#uted above a certain threshold in
such systems. In this scenario, the increase wasply due to elevated C@&@missions
from feed production, transport and processingedal] technological conversion of PBP
to animal feed could undermine their environmeheadefits, especially when subjected to
an energy-demanding process such as thermal pnogebssupport of this, an LCA study
conducted on the use of DGS in feedlot cattle muehd that wet DGS resulted in a greater
reduction of GHG emissions compared to partiallgampletely dried DGS (Bremer et al.,
2011). Thus, harnessing the environmental benéffeeding PBP demands that eco-
friendly and efficient preservation techniques dtidae used in their processing and dietary

utilisation of PBP should be used locally to red@t¢G emissions from feed transport.

Although GLEAM provides empirical data on the pdiginenvironmental stewardship of
livestock production under different feeding sce&srit should be noted that the result is
not definitive and should be interpreted with cantiThis simulation tool is still under
continuous refinement and may therefore not beta teflection of the environmental
impacts of PBP in ruminant feeding systems. Morec@&EAM does not account for the

impact on other environmental categories such @div@rsity loss, acidification potential,
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eutrophication potential, and water use. The adopbf feeding strategies based on
increased levels of PBP in diet formulation alsmdeds adequate consideration in terms

of the nutritional effect on animal productivity.
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Table 1.4 Greenhouse gas (GHG) emissions per unit of liekspooduct (adapted
from Gill et al. 2010)

GHG (kg CQe)

Product Per kg product Per MJ human- Per kg human-edible
edible product protein
Milk 1.0 0.37 28.6

Ruminant meat
Beef 13 1.4 93.5
Sheep 13 1.51 92.9

Non-ruminant meat
Poultry 2.7 0.4 18.4
Pig 3.9 0.3 34.2

CQOee: carbon dioxide equivalents
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Figure 1.2 Impact of increased dietary inclusion of plantgrgducts (PBP) on
emission intensities of (a) beef cattle herd (bansheep herds (c) meat goat he
in the US, based on simulation results obtained GlitEAM. Feeding scenario (FS
default represents a diet with 20% inclusion lefd?BP; FS1 represents a diet with
30% inclusion level of PBP; FS2 represents a dittt 40% inclusion level of PBP
FS3 represents a diet with 50% inclusion level BPP

GHG: Greenhousgases




1.5. IMPACTS OF FEEDING PBP ON RUMINANT MEAT QUALIT Y

Ruminant meat can play a significant role in hgallaman diets as a protein-rich food
with a low glycemic index and a viable source afdmtive peptides, vitamins, minerals and
conjugated linoleic acids (CLA) (Biesalski, 200B)s well-established that nutrition plays
a prime role in regulating physicochemical and telia traits of muscle development in
farm animals, which contribute to the nutritior@iganoleptic and shelf-life quality of meat
(Geay et al., 2001). The nutritional value of meanost relevant for human health while
organoleptic traits such as colour, texture, amydur strongly influence consumers’
perception and purchasing decisions (Wood et @82 Ruminant meat is low in health-
promoting polyunsaturated fatty acids (PUFA) and high levels of saturated fatty acids
(SFA) andransfatty acids (TFA) associated with cardiovasculaedse and carcinogenic
ailments in humans (Cross et al., 2007; Kontogiagtnal., 2008). Interestingly, PBP
containing residual oil (unsaturated fats) and pblyemicals could inhibit ruminal
biohydrogenation and enhance endogenous synthiebisneficial FA in muscle tissues
(Vasta and Luciano, 2011). This could result ireéased PUFA and CLA contents and a
reduced SFA level and-6/n-3 PUFA ratio in ruminant meat (Vasta and Luciad@]1).
Moreover, feeding phytochemical-rich PBP can enbatite deposition of bioactive
antioxidant compounds in muscle tissues, therebgmring meat shelf-life and facilitating

the development of functional meat products (Vast., 2008).

1.5.1. Improving fatty acid composition of ruminant meat through modulation of

ruminal biohydrogenation

Ruminant diets (forages and grains) contain unatddrfatty acids (UFA) - C18:t-9
(oleic acid), C18:2-6 (linoleic acid) and C18:8-3 (linolenic acid). Metabolism (lipolysis

and biohydrogenation) of dietary lipids in the rume the major factor contributing to the
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low content of polyunsaturated FA (PUFA) and higlusated FA (SFA) anttans FA
(TFA) levels in ruminant meat and milk (Bessa et 2015). This typical lipid profile in
ruminant-derived foods is associated with an irsgdaincidence of cardio-metabolic
diseases and cancer in humans (Givens, 2005). Neless, ruminal biohydrogenation
(RBH) also produces functional FA intermediateghsastrans11 18:1 (vaccenic acid)
andcis-9, trans-11 conjugated linoleic acids (CLA, rumenic aci)th potential benefits

on human health (Buccioni et al., 2012).

RBH is considered as a detoxifying mechanism toimige the negative effect of
unsaturated FA on the functional activity of runmaitrobiota (Maia et al., 2007). RBH
comprises of several steps, depending on UFA, aadral pathways, depending on diet
and ruminal environment (Jenkins et al., 2008; Bexsal., 2015). Figure 1.3 showed the
predominant RBH pathway (isomerization and hydragjen) of oleic, linoleic and
linolenic acids. Bacteria are thought to be thesihaative microbes responsible for RBH.
Rumen bacteria that are capable of hydrogenatiatai PUFA have been previously
isolated and studied (Jenkins et al., 2008). Hadidture-dependent studies noted that
bacteria belonging tButyrivibrio genera are of principal importance in RBH (Jenlkdhs
al., 2008). For instancd&utyrivibrio fibrisolvensis known for its ability to isomerize
linoleic acid to rumenic acid, and for its furth@ohydrogenation to vaccenic acid (Wallace
et al., 2007). However, current evidence has shibanthere is limited knowledge on the
different bacteria responsible for RBH pathways amndifferent dietary conditions
(Enjalbert et al., 2017). Recent advances in mddedechniques suggest that production
of several RBH intermediates is associated withyrasiyet uncultured bacterial groups
such asPrevotellg Lachnospiraceae incertae sediRuminococcaceaeBacteroidales
ClostridialesandSuccinivibrionaceagHuws et al., 2011; Castro-Carrera et al., 2014allo

et al., 2016).
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Several biohydrogenation intermediates have beentifted in ruminant edible fats
includingtrans-18:1 isomers, CLA, CLnA, and non-conjugated disoeners (Vahmani et
al., 2015). There is a special research interesictease the percentageas-9, trans11
CLA in ruminant meat and milk because of its prowec effects against cancers,
cardiovascular diseases, obesity, bone density dmskdiabetes in humans (McGuire and
McGuire, 2000). The availability afis-9, trans-11 CLA in ruminant meat and milk is
derived from its synthesis during ruminal biohydengtion and endogenous desaturation
of t-11 18:1 viaA-9-desaturase activity in ruminant tissues (Bessd €2015). However,
endogenous synthesis is considered as the predoinsoarce, accounting for up to 95%
of c-9t-11 CLA in ruminant meat and milk (Palmquist et 2D05). Therefore, increasing
ruminal synthesis afrans11 18:1 could be a strategy to incredsenovosynthesis and

eventual concentration ¢f9, t-11 CLA in ruminant meat.

Feeding forage based diets increase the concemraifi beneficial PUFA and
biohydrogenation intermediates suchans-11 18:1 anctis-9, trans11 CLA in ruminant
meat (Scollan et al., 2014). However, concentrggis dontaining high amounts of rapidly-
fermented starch increase the rate of volatile/ fatid production in the rumen, resulting
in a decline in rumen pH which is accompanied it fromtrans-11 18:1 totrans-10
18:1 containing biohydrogenation pathwaysans10 18:1 has been associated with up-
regulation of fat and cholesterol synthesis, artdtoxicity in cell culture (Vahmani et al.,
2016, 2017). Replacing starchy-grains with highiyedtible, low-starch PBP in
concentrate diets may be an effective strategydegmt a RBH shift fronrans11 18:1 to

trans-10 18:1 and increase the accumulation of UFA iamng®@liveira et al., 2017).

Animal dietary strategies, including feeding PBigttincrease the ingestion of UFA and
polyphenols potentially modulate the rumen micraeo and inhibit RBH, and

consequently increase the accumulation of heattmpting unsaturated FA in meat or
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milk (Buccioni et al., 2012; Vasta et al., 2008)efary fat sources, especially those rich in
UFA, have been reported to reduce RBH by decreabm@bundance of hydrogenating
bacteria such adfButyrivibrio, Pseudobutyrivibrio,and Clostridium proteoclasticum
(Enjalbert et al., 2017). In addition, decreasednalances of cellulolytic species such as
Fibrobacter succinogeneRuminococcus flavefacierendRuminococcus albusave been
associated with high amount of dietary PUFA (Mdiale 2007). In an extensive review
of literature, Vasta and Bessa et al. (2012) noed feeding phytochemicals (tannins,
saponins and essential oils) can increase the ntraten of PUFA and bioactive FA
intermediates (vaccenic and rumenic acids) in ramirmeat and milk by manipulating
RBH through an action on the rumen bacterial armdogoal community. However, this
effect is inconsistent across studies and can theéeirced by factors such as structural
complexity of phytochemicals, dose-response effggie of diets and animal species

(Vasta and Bessa et al., 2012; Vasta et al., 2008).

1.5.2. Enhancing oxidative stability of ruminant mat

Lipid oxidation is a major cause of quality deteaitton and reduced consumer acceptability
during the shelf life of meat. Negative effectdipid oxidation manifest as rancid flavour
development and colour deterioration resulting fteconversion of oxymyoglobin (red)
to metmyoglobin (brown) (Morrissey et al., 1998heTsusceptibility of meat to oxidative
deterioration can be influenced by factors such tlag fatty acid composition
(polyunsaturated lipids), storage (state and acokegygen) and processing factors such
as catalysts (such as trace metals and enzyngs)ekposure and temperature (Bekhit et
al., 2013). Figure 1.5 shows the schematic oxidagteps/pathways (initiation, propagation

and termination) involved in the peroxidation ofypmsaturated lipids.
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The antioxidant effect of phytochemicals presentPiBP can be explored to inhibit
oxidative deterioration of colour and flavour, aextend the shelf-life of meat products
(Vasta and Luciano, 2011; Salami et al., 2016).nBhe compounds can exhibit their
antioxidant efficacy through radical scavengingiwtgt metal chelating activity, or
antioxygen activity (Benavente-Garcia et al., 19%hahidi and Ambigaipalan (2015)
noted that phenolics act primarily as free radsedvengers that delay or inhibit the
initiation step or interrupt the propagation stdplipid oxidation, thus decreasing the
formation of volatile degradation products (e.ddeaydes and ketones) that cause
rancidity. The antioxidant efficacy of dietary plodins in meat depends on the successful
deposition in muscle tissues, which is influencedtlie interaction of factors such as
structural complexity, dosage, type of diets, anhis@ecies and physiological status,
microbial metabolism in the gut, as well as chaastics inherent to the basal diet (Vasta

and Luciano, 2011).

1.5.3. Effect of by-products of distillery and biofiel production on ruminant meat

quality

Distillery and biofuel by-products are viable digtaources of unsaturated fatty acids that
can alter the lipid composition, oxidative staliliand sensory characteristics of ruminant
meat. Dietary inclusion of ethanol co-productsudohg DGS, gluten feed, gluten meal and
crude glycerine have little or no effect on thexamwate composition of ruminant meat in

terms of moisture, protein, fat and ash contergegdhke et al., 2008; Aldai et al., 2010a;
Segers et al., 2011; Mello et al., 2012a,b). Howdwe products such as DGS and glycerin
could potentially improve meat FA profiles due beit reduced susceptibility to ruminal

biohydrogenation which increases the flow of dédeainsaturated fatty acids to the distal
gut for subsequent incorporation into muscle tissi¥&ander Pol et al., 2006; Krueger et
al., 2010). Feeding DGS at 15 to 70% DM can impritneFA profiles of ruminant meat
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by increasing the unsaturated fatty acids and Ca#tents desirable for human health (Gill
et al., 2008; Mello et al., 2012b; Veracini et @013; Chao et al., 2017; Kauoka et al.,
2017). However, there is increasing evidence tedihg corn DGS may result in a greater
concentration of linoleic acid in muscle tissueshwa consequent increaseh®:n-3 PUFA
ratio (Gill et al., 2008; Aldai et al., 2010b; Kagka et al., 2017). Notably-6:n-3 PUFA
values (5.5 — 13.6) reported for the DGS-fed meahese studies are greater than the

maximum value (4.0) recommended by the UK Departroghlealth (HMSO, 1994).

Furthermore, the effect of dietary DGS on meat iuahay vary with the type of grain
used as a fermentation substrate. Feeding a siteillat (15% DM) of corn DGS and
sorghum DGS resulted in greater concentrationgnofdic acid andrans-vaccenic acid,
andn-6:n-3 PUFA ratio in corn DGS-fed beef steaks compaoeoeef steaks from steers
fed sorghum DGS (Gill et al., 2008). Moreover, aonsr panellists indicated that corn
DGS-fed beef steaks had greater tenderness comfmmaghum DGS-fed beef steaks
(Gill et al., 2008). Similarly, Aldai et al. (201pdemonstrated that meat from cattle fed
40% DM corn-dried DGS has improved tenderness atatgbility compared to those from
a barley-based control diet. However, beef frorerstéed 40% wheat-dried DGS exhibited
a healthier FA profile compared to those from arénfied 40% corn-dried DGS (Aldai et

al., 2010b).

Enrichment of muscle lipid profiles with PUFA carcrease the susceptibility of meat to
oxidative deterioration with potential negative @aep on nutritive properties, shelf-life,
eating quality and overall consumer acceptabiBBgkhit et al., 2013). Dietary inclusions
of wet or dry corn DGS at 30% DM have been shown to increase lipid oxidaaad
reduce consumer acceptability of beef under reimiplay conditions even though the
sensory attributes may not be affected (Roebek,e2@05; Koger et al., 2010; Buttrey et

al., 2013; de Mello et al., 2017). Thus, increasliggary content of antioxidant agents (such
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as vitamins C and E, carotenoids, flavonoids, phes)ds recommended when DGS is fed
at> 30% DM in order to prevent a negative effect omtrghelf-life properties. Future
studies are necessary to assess the complemes&aof phytochemical-rich PBP in order

to supply natural antioxidants, such as phenolcsfivonoids, in DGS-based diets.

Dietary inclusion of 6 — 30% glycerine favourablieeed beef and lamb FA composition
through decreased SFA and cholesterol levels acr@ased unsaturated fatty acids and
CLA contents without detrimental effect on senswajts (Eiras et al., 2014; Lage et al.,
2014; Carvalho et al., 2015; van Cleef et al., 20Hbwever, Stelzleni et al. (2016) and
Segers et al. (2011) indicated that finishing stéer 100 days on a diet containing corn
gluten feed at 25% DM did not compromise meat gqualnd shelf-life. Barley brewers’
grain, a by-product of the brewery industry, fadl libitum or as partial replacement of
compound feeds increased the PUFA concentratioleaimtissues of lambs (Vipond et al.,
1995). However, the inclusion of 16.7% brewers’iggan a total mixed ration of beef

steers did not affect meat FA profiles nor eationgliy (Shand et al., 1998).

1.5.4. Effect of by-products of oilseed processirgn ruminant meat quality

By-products of oil extraction are valuable alteiveatsources of energy and protein in
ruminant diets. They potentially contain residudl marticularly when a mechanical
extraction method is employed. Oilseed by-prodegtsibit different effects on meat FA
profiles depending on their FA composition and sgoent effect on ruminal
biohydrogenation. Soybean cake, sunflower cakepaashut cake can be used to replace
conventional soybean meal at a level of 14% insdséiambs without adversely affecting
animal performance or the chemical or FA compaosittd meat (Santos et al., 2013).
Similarly, sunflower cake did not affect the FA files nor sensory attributes of meat when

substituted for corn and soybean meal at up to D&%n the diets of Boer goats (Oliveira
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et al., 2015) and up to 52% DM in a concentratepkupent fed to finishing heifers (de

Souza et al., 2017).

Other studies have shown that the inclusion ofeotigke in different dietary regimens can
enrich diets with oleic acids but have only a maageffect on the FA profiles in lamb meat
(Mele et al., 2014; Kotsampasi et al., 2017; Ozdogial., 2017). Moreover, olive cake
had little effects on either volatile odour compdsiGravador et al., 2015a) or eating
quality of lamb meat (Hamdi et al., 2016). Howewdigtary inclusion of olive cake in
conventional concentrate diets improved the oxwgasitability and shelf-life of lamb and
beef due to the natural antioxidant effect of neald-tocopherol and phenolic compounds
present in the olive cake (Luciano et al., 201&igrari et al., 2015). Moreover, olive cake
has proven effective in enhancing the oxidativéitga of meat when included in diets
high in unsaturated fats, such as feeding linseelish increase the PUFA content of meat
(Luciano et al., 2013). The content of bioactivenpounds in olive cake can be enhanced
when this by-product is obtained from a modern dkpbase oil extraction technology

(Servili et al., 2011).

Furthermore, elevated concentration of PUFA and CaAtents have been reported in beef
from bulls fed concentrate mixtures containing 208 rapeseed cake (Pustkowiak, 2000)
and 12% peanut cake (Correia et al., 2016) subediior soybean meal. However, feeding
peanut cake up to 21% dietary DM as a replacenoergdybean meal did not positively
affect the FA profiles in lamb and goat meat (Bezet al., 2016; Silva et al., 2016). This
inconsistency could be partly due to differenceghénFA composition of the peanut cake
used in these studies. Bezerra et al. (2016) iteticthat increasing inclusion levels of
peanut cake decreased the levels of linoleic acitbe diet while in the study of Correia et

al. (2016), peanut cake included at increasing$avaintained the dietary level of this FA.
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However, both studies demonstrated that dietaryyteeake did not affect the sensory

characteristics of fresh meat such as colour, wettleling capacity, cook loss or tenderness.

The use of by-products from cottonseed extractanminant diets can alter the FA profile
of meat. Do Prado Paim et al. (2014) investigaledRA profiles of meat from lambs fed
19.5% DM of whole cottonseeds, solvent-extractettibogeed meal (CSM) or pressure-
extracted high oil CSM as a replacement for cowh smybean meal in a concentrate diet.
Meat from lambs fed both CSM products had a greatetent of beneficial CLA and high
oil CSM also increased the vaccenic acid conceairsit Despite these positive effects,
diets containing whole cottonseeds and CSM prodechscech-3 PUFA and elevated
6:n-3 ratio in meat, which is less desirable from anho nutrition perspective (HMSO,
1994). Another study conducted in lambs found thateasing dietary replacement (0 —
20%) of CSM with corn-dried DGS resulted in a lindacrease in linoleic and arachidonic
acids in meat (Whitney and Braden, 2010), sugggsimat CSM might have a more
beneficial impact on the FA profile of meat compghte corn-dried DGS. Nonetheless, a
complete dietary replacement of 20% CSM with cariedl DGS reduced cook-loss and

improved the juiciness of meat (Whitney and Bradi,0).

On the contrary, by-products of oil extraction tbamtain high levels of saturated fat and/or
are highly susceptible to ruminal lipid hydrolysisd biohydrogenation could result in a
meat FA profiles that are less desirable from admumutrition perspective. Ribeiro et al.
(2011) found that increasing inclusion levels (6t819.5%) of palm kernel meal (PKM)
in concentrate lamb feeds increased dietary legEISFA (lauric and myristic acids).
Consequently, the PKM diets resulted in a linearaase in SFA (lauric, myristic and
palmitic acids) in the meat with a greater athenogty index, a dietary risk index for
cardiovascular disease. An additional study dennatest that feeding diets containing 80%

palm oil by-products (decanter cake, DC and palmédlecake, PKC) resulted in a lower
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linoleic acid and PUFA/SFA ratio, and a greaterasgriration of SFA in théongissimus

muscleof goats (Abubakr et al., 2015). On the contrargtady DC and PKC resulted in a
desirably lowern-6/n-3 PUFA ratio in thebiceps femorisand infraspinatus muscles

(Abubakr et al., 2015). Nonetheless, the inclugibRKC at up to 21% dietary DM did not
affect the sensory and acceptability of beef (Samt@ilho et al., 2016). Moreover, the
negative effect of PKC on meat FA profiles may bevpnted when included in a
concentrate supplement fed to grazing ruminantssipty due to the complementary effect

of the high content of unsaturated fatty acids iehein forages (Freitas et al., 2017).

1.5.5. Effect of by-products of fruit and vegetabl@rocessing on ruminant meat quality

Fruit and vegetable by-products have been wideptagted in animal feeding (Wadhwa
and Bakshi, 2013). Despite their rich phytochemeahponents and their potential effects
on animal product quality (Kasapidou et al., 20Xbgre have been few studies on the

impact of fruit and vegetable by-products on ruminaeat quality.

The effect of citrus pulp (CP) on ruminant meatligydas been investigated in lambs
while limited data exist on its effect on the qgtialattributes of beef and goat meat
production systems. Scerra et al. (2001) indicdtathad libitumfeeding of 30% CP-silage
(80% CP and 20% wheat straw) as a replacement dfayadid not affect performance nor
carcass or meat quality of lambs. However, recamiss found that 24 or 35% DM
inclusion of dried CP in concentrate diets inhibiteminal biohydrogenation of PUFA and
increased desirable rumenic acid and long-chain®@Rkd lower PUFA/SFA ratios in the
longissimuanuscleof lambs (Lanza et al., 2015). Notably, the indasof 35% dried CP
had the greatest improvement in the overall FAifgoff the meat. Further reports relating
to this experiment demonstrated that dried CP redllipid and protein oxidation in muscle

tissue stored aerobically for up to 6 days at 43€ayador et al., 2014; Inserra et al., 2014).
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Recent findings showed that vitamin E content in @il not the presence of phenolic
compounds, could be the main contributor to theaiant effect of dietary dried CP in

lamb meat (Luciano et al., 2017).

There is an emerging interest in using polypherabi-extracts from fruits, such as grape
and pomegranates, in animal nutrition in orderuppsy natural antioxidants that can be
beneficial to animal health and productivity. GaeRivas et al. (2016) demonstrated that
dietary inclusion of 5% dried grape pomace or 50kggrape seed extract did not affect
sensory acceptability and shelf-life of lamb metatred in modified atmosphere packs.
However, feeding pomegranate by-product (seed aealdpsilage (Kotsampasi et al., 2014)
or seed pulp (Emami et al., 2015a; Emami et all5B) increased the concentration of
healthy FA such as linoleic acid-linolenic acid and CLA in lamb and goat meat,
respectively. Moreover, these studies indicated t{h@megranate by-products could
enhance the antioxidant potential and oxidativebitya of lamb and goat meat.

Interestingly, pomegranate by-products retained tioxidant capacity when subjected

to feed preservation methods such as drying otaggs{Shabtay et al., 2008).

1.5.6. Effect of by-products of sugar production omuminant meat quality

The potential of by-products from sugar productasnanimal feed ingredients has been
widely explored in the Mediterranean and tropicalmries. Dietary sugar beet pulp (SBP)
exhibits a differential effect on meat quality ditites dependent on whether it was
substituted for cereals or roughage sources inmamidiets. It has been demonstrated that
replacement of wheat straw with up to 8% SBP dyeav in bull diets decreased drip loss
and improved instrumental texture profiles and sgnpanel acceptability without altering
the fatty acid composition of beef (Yuksel et 28D09; Yuksel et al., 2011). On the other

hand, the substitution of SBP for cereals (mairdyldy and corn) at a dietary inclusion
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level of 50% increased cooking loss and meat teradsr measured as Warner-Bratzler
shear force at 48 pmost-morten{Cuvelier et al., 2006). Dietary impact on meatlerness

may be a consequence of the effect of diet inflaercmeat ultimate pH and intramuscular
fat. In a recent study, Asadollahi et al. (201 A)rfd that the inclusion of 36% SBP as a
partial replacement for barley in a concentrat¢ idiereased intramuscular fat content and
Warner-Bratzler shear force values, with minimgbauats on FA composition in lamb meat.
However, it is unlikely that the dietary effects®BP on physicochemical characteristics
of beef or lamb would have a negative influencette sensory evaluation or consumer

acceptance properties (Olfaz et al., 2005; Asadodfal., 2017).

Vinasse or molasses distillers’ soluble is a bydpicd obtained from the fermentation and
distillation of sugarcane molasses. Dietary indasof 10 or 20% DM beet vinasse to
concentrate diets of feedlot lambs reduced growdhfopmance and increased meat
toughness without affecting other physicochemitelracteristics or the FA composition
of meat (Lopez-Campos et al., 2011). However, dyetzclusion level of vinasse should
be < 10% for feedlot lambs and veal calves to awettrimental effects on animal
performance (Lopez-Campos et al., 2011; Zali et28117). Other studies showed that
animal performance and meat physicochemical ansbsgmttributes were not affected by
feeding up to 30% sugarcane bagasse (Ahmed an&d3aB015) or 20% sugar cane press

mud (Kumar et al., 2015) in concentrate diets mfiing bulls and lambs, respectively.

1.5.7. Effect of by-products of root and tuber proessing on ruminant meat quality

Commercial processing of root and tuber cropsdodfand starch production generates an
enormous quantity of by-products. In this categon}y by-products of potato and cassava
have been widely explored for their use as anireatl$ with little evaluation of their

influence on meat quality attributes. Potato istthied most important crop after rice and
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wheat and this could account for the global releeaof potato by-products (usually a
mixture of potato peelings, pulp, scrapings andegldeed) in animal feeding regimes. The
inclusion of 10 or 20% potato by-products in barley corn-based diets had a minimal
impact on cattle growth performance or muscle pHA Eomposition, sensory
characteristics or the consumer acceptability ef fBusboom et al., 2000; Nelson et al.,
2000; Thornton et al., 2015). Moreover, potato bgdpicts can be fed in ensiled form or
as a portion of a concentrate diet up to 80% of B without detrimental effects on
animal performance, physicochemical or the sencloayacteristics of beef (Radunz et al.,
2003; Pen et al., 2005; Duynisveld and Charmley,620However, Pen et al. (2005)
indicated that feeding potato by-products-basedggsilcan increase the PUFA content
particularly the linoleic acid content in subcutaung fat. The potential of dietary potato by-
products to improve the FA profile and oxidativatslity of ruminant meat may be
attributed to the presence of phenolic compoundsciwhmay inhibit ruminal
biohydrogenation. Approximately 50% of the bioaetmompounds are located in potato
peel (Friedman, 1997), suggesting that the effepbtato by-products on meat quality is
dependent on the proportion of potato peel presepbtato by-products used as feed.
Indeed, existing studies have demonstrated thatt@gteel extract could protect dietary
PUFA against ruminal biohydrogenation (Gadeynd.ef@16) and exhibited antioxidant
activity in inhibiting lipid peroxidation of radiain-processed lamb meat (Kanatt et al.,

2005).

Cassava is another staple root crop commonly growAfrica, Asia and Latin America
with Nigeria, Brazil, Thailand, Indonesia and DRn@o accounting for 70% of the global
cassava production (FAO, 2008). Cassava pulp, arbguct from the production of
cassava starch, could be an important feed resournany developing countries. The few

available studies reported that inclusion of dredsava pulp at levels up to 50% in a
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concentrate diet did not affect the chemical contpws physicochemical or beef eating

guality parameters (Yimmongkol et al., 2009; Laqnioahn et al., 2012).

1.5.8. Effect of by-products of herb, spice and tee processing on ruminant meat

quality

There is little information on the effects of feegiiherb and spice by-products on meat
guality despite increasing interest in exploringitiphenolic extracts in food applications.
Concentrate diets containing sage distillation bydpct (SDB, 100g/kg feed) were fed to
lambs obtained from ewes reared in different fegdipstems (grazing ewes or stall-fed
ewes) (Leticia et al., 2017). Lambs obtained fraiazgg ewes had increaseé8 PUFA
and polyphenol intakes, with a subsequent increas® PUFA and CLA contents of lamb
meat. However, feeding the SDB diet to lambs olkthiinom stall-fed ewes had no effect
on the lipid profile of lamb meat. This highligttse interaction of ewe grazing and SDB
addition to the diet fed to lambs. The polyphemuitent of SDB did not provide antioxidant
protection as the high—PUFA meat exhibited gresusceptibility to lipid oxidation during
retail display (Leticia et al., 2017). Also, twopseate experiments were conducted to
evaluate the effect of pellets containing 50% hadad 50% distillates from rosemary
leaves (DRL) and another pellet containing 50%édyadnd 50% distillates from thyme
leaves (DTL) (Nieto et al., 2010; Nieto et al., 20Nieto et al., 2012; Nieto, 2013). In both
experiments, pellets were partially substitutedupply 10-20% of DRL and DTL in the
concentrate diet fed to ewes during pregnancy actétion, and the subsequent effect on

meat quality of lambs was assessed.

Nieto (2013) reported that dietary DRL and DTL,wihe greatest effect with 20% DRL,
improved the FA profile of lamb meat by increasthg levels of PUFA and unsaturated

fatty acids and decreasing the SFA and indices attirgtion, atherogenicity and
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thrombogenicity. Moreover, dietary DRL and DTL redd colour deterioration, lipid
oxidation and microbial spoilage in lamb meat sdaremodified-atmosphere packs for 21
d at 4°C under simulated retail display conditigNgeto et al., 2010; Nieto et al., 2012).
The diet containing DRL also inhibited lipid oxidat and deteriorative flavour
development in cooked lamb stored under retaill@ysponditions for 4 days (Nieto et al.,
2011). Considering the strong aroma possessed Hy dred spice by-products, it is
important for future studies to evaluate their aigteffect on meat flavour and consumer

acceptability factors.

By-products generated from the processing of #agds and pods have proven effective
in improving meat quality due to their high pheoalontent. In an early study reported by
Priolo et al. (1998), substitution of 20% tannimtaning carob pulp (CBP) for barley
increased the lightness of lamb meat but no effe@nimal performance, meat tenderness
and sensory acceptability. However, increasingphsial replacement of maize/barley
grains with 24 or 35% CBP in concentrate dietsaased the concentration of rumenic acid
and PUFA, and lowered the SFA amé/n-3 PUFA ratio in lamb meat (Gravador et al.,
2015b). Despite increased PUFA content in the neusCBP stabilised the oxidative
stability of meat when stored in a commercial PM@ for up to 6 days at 4°C (Gravador
et al., 2015b). Conversely, feeding a maize-basetentrate diet containing 45% CBP
resulted in a less nutritive lamb meat by incregtie accumulation of SFA and decreasing
CLA andn-3 PUFA contents (Vasta et al., 2007). This cogtm@aservation may be a
consequence of a lower DMI which may have redubedrttake of dietary unsaturated FA
and polyphenols necessary for influencing ruminahjdrogenation and meat FA profile.
Additionally, tannin effects associated with feeglinigher inclusion levels (56%s-fed
basis) of CBP impaired lamb performance and ineaseat lightness values without

discriminatory effect on the sensory propertiesnodat (Priolo et al., 2000). Dietary
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supplementation of 40 g polyethylene glycol (PEG)tket seemed to eliminate the
negative effect of 56% CBP diet on animal perforogawithout affecting meat quality

(Priolo et al., 2000; 2002).

Furthermore, dietary inclusion of 0.5 - 2.0% greea by-products (GTB) resulted in a
beneficial FA profile in goat meat by increasing tproportion of linoleic acid, linolenic

acid, PUFA and PUFA/SFA ratio without affecting sery attributes (Ahmed et al., 2015).
The highest inclusion level of GTB (2.0%) exhibitéad greatest effect in reducing the
cholesterol content, increasing thed PUFA levels and inhibiting lipid oxidation in mea

samples stored at for up to 2 weeks at 4°C.

1.6. THESIS CONCEPT: Utilization of PBP in concentate feeding

strategies to improve ruminant meat quality

Concentrate feeds contain a high density of nusigorotein and energy), usually low in
fibre content and high in total digestible nutrer@oncentrate feeds are usually utilized as
a complete feedlot ration or fed in combinationhwibrages for fattening of ruminants in
intensive or semi-intensive production systems. fEpdacement of cereals and processed
forages (such as dehydrated alfalfa) with by-pregliscan important strategy for reducing

the high-cost of concentrate feeds and increasiagtofitability of farmers.

In this thesis, five PBP (cardoon meal, dried ogluten feed (CGF), dried corn (CDGS)
and wheat distillers’ grains with solubles (WDG&hd dried citrus pulp (DCP)) were
evaluated as substitutes to a processed foragereals in concentrate diets offered to
ruminants (lambs and beef cattle). These by-praduete selected with the hypothesis that
they contain residual unsaturated oil and/or phyoticals (mainly phenolic compounds)
that could be used in concentrate feeding stragegienproving the fatty acid composition

and shelf-life quality of ruminant meat. Moreovienyer starch and higher fibre content in
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these PBP, compared to grains, could decreaseetisdive effects of starchy concentrate-
based feeds on ruminal pH and fibre digestion iminants fed forage-based diets
(Boddugari et al., 2001; Stock et al., 2000). Thars,increase in forage digestion could
increase the ruminal flow of beneficial unsaturdiatly acids and subsequent absorption

into muscle tissues.

Brief descriptions of the evaluated PBP are hidited below:

e Cardoon meal:

This is a by-product retained after the extractbnil from the seeds of cultivated cardoon
(Cynara cardunculusar. altilis), a perennial herb native to the Mediterranearoregnd
widespread in parts of Europe, Americas and Oce@¥dl, 2017). Cardoon meal is a
valuable source of protein with a rich amino acrofie, high in fibore and contains
bioactive compounds such as unsaturated fatty a@tsc and linoleic acids) and
polyphenols (Genovese et al., 2015). Hydroxycingaracids (caffeoylquinic acid
derivatives) and flavonoids (apigenin and lutealerivatives) have been identified as the
main polyphenols present in cardoon vegetal orgBasdino et al.,, 2011; Ramos et al.,

2014).

* Dried corn gluten feed:

This is a by-product of the wet-milling of maizeagr for starch (or ethanol) production.
CGF consists mainly of corn bran and corn steegolidout may also contain distillers’
solubles, germ meal, cracked maize screeningselhssvminor quantities of end-products
from other microbial fermentations (Feedipedia, 20Wet corn gluten feed is often dried
to enhance storage and transport. CGF may conteaturated fats (linoleic and oleic

acids) if corn germ meal containing residual oddsled (Feedipedia, 2018). CGF is mostly
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used as a dietary source of energy and proteiatitediets. CGF consists of bran and steep
liquor that are rich sources of phenolic antioxtdasuch as protocatechuic acid, vanillic
acid, p-coumaric acid, ferulic acid, sinapic acid and geén (Inglett and Chen, 2011;

Rodriguez-Lépez et al., 2016).

» Dried distillers’ grains with solubles:

This is a by-product obtained after drying a blefhdvet grains and condensed distillers’
solubles produced from the distillation of ethaftom grains (corn, wheat, sorghum etc.)
(Feedipedia, 2018). Distillers’ grains with solub(®GS) can be obtained from dry-milling
or wet-milling distillery process used to produtmoaolic beverages, industrial ethanol and
ethanol biofuel. Depending on the manufacturingess, DGS may contain residual corn
oil (Feedipedia, 2018), rich in unsaturated fattigla (linoleic and oleic acids) (Duckett et
al., 2002). DGS is a valuable dietary source ofganp moderately rich in fat and relatively
low in fibre. DGS also contains phenolic compousdsh as vallinic, caffeig-coumaric,

ferulic and sinapic acids, with potent antioxidaativity (Luthria et al., 2012).

» Dried citrus pulp:

This is a whole by-product obtained after drying tiesidue following the extraction of
juice from citrus fruits (orange, grapefruit, lemand it consists of peel, pulp and seed
residues (Martinez-Pascual and Fernandez-Carm@®&8).1Citrus pulp accounts for 50-
70% of the fresh weight of the original fruit armhtains the peel (60-65%), internal tissues
(30-35%) and seeds (0-10%) (Feedipedia, 2018u£gulp is often dehydrated to enhance
storage and transport. Dried citrus pulp is used asplacement for concentrate cereals
because of its high energy content and high digiéstiin ruminant species (Bampidis and
Robinson, 2006). Depending on the proportion ofisgaresent in citrus pulp, this by-

product may contain considerable amount of unsedréatty acids (mainly oleic and
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linoleic acids) associated with citrus seed oitf8awy et al., 1999). Citrus fruits and their
by-products contain a substantial amount of phen@ompounds, predominantly
flavonoids such as naringin, hesperidin, quercetiin and luteolin (Balasundram et al.,

2006; Benavente-Garcia et al., 1997).

Due to the negative effect of high concentratiodiefary phenolic compounds on ruminal
metabolism and the microbiome in ruminants, an et was conducted as a prelude
to this thesis to investigate the threshold ofatiefphenolic compounds that would not
impair rumen function. This experiment charactetitee rumen function response in lambs
fed phenolic-rich diets where a concentrate-basetdws supplemented with different
vegetal sources of tannin extracts. Tannin extraei® selected as a source of phenolic
compounds because of their wide application in ahmatrition and significant impacts on
rumen function. Considering the structural comglexif phenolic compounds, different
tannin sources (chestnut, tara, mimosa and gamberg evaluated so as to cover a wide

scope of possible effects on rumen function.

1.7. THESIS OBJECTIVES

The overall objective of this thesis is to evalu@eding strategies that would increase the
utilization of plant wastes (containing residualsaturated fatty acids and/or phenolic

compounds) for improving the quality attributesahinant meat.

The studies conducted in this thesis fulfil thédwing specific objectives:

» To characterize the response of ruminal metabaistithe rumen microbiome in lambs
fed phenolic-rich diets through supplementatioa cbncentrate-based diet with different

tannin sources.
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To compare the effect of a concentrate diet comigib5% dehydrated alfalfa or cardoon
meal on the ruminal metabolism and microbiome nbs.

To examine the effect of dietary dehydrated alfalfacardoon meal on the fatty acid

profile and oxidative stability of lamb meat.

To evaluate the quality indices and oxidative ditgtof beef from grass silage-fed steers
supplemented with concentrate diets in which b#&stggpean meal was replaced with
different levels (25% - 75%) of dried corn gluterd.

To determine the quality attributes and oxidatied#ity beef from steers fed 80% dried

corn or wheat distillers’ grains with solubles asuastitute for barley/soybean meal in a
concentrate supplement to grass-silage.

To examine the quality indices and oxidative sigbdf beef from steers offered grass
silage and concentrate supplements containingreliftdevels (40% and 80%) of dried

citrus pulp in replacement for barley.
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CHAPTER 2 — Characterization of the ruminal fermentation and
microbiome in lambs supplemented with hydrolysableand condensed

tannins
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Joseph P. Kerry, Eleanor Jones, Alessandro PrimlcCharles J. Newbold

This chapter is in the form of a manuscript that bhaen published IREMS Microbiology

Ecology(2018),DOI: 10.1093/femsec/fiy061.
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ABSTRACT

This study characterised the response of rumimaidatation and the rumen microbiome
in lambs fed commercial vegetal sources of hydaiies tannins (HT) and condensed
tannins (CT). Forty-four lambs (19.56 + 2.06 kg)re&veéandomly assigned to either a
concentrate diet (CON, n = 8) or CON supplementéith W% of two HT [chestnut
(Castanea sativaHT-c) and taraGaesalpinia spinosaHT-t)] and CT [mimosaAcacia
negra CT-m) and gambieftfncaria gambir CT-g)] extracts (all, n = 9) for 75 days pre-
slaughter. Tannin supplementation did not influeneeninal fermentation traits.
Quantitative PCR demonstrated that tannins did affeict the absolute abundance of
ruminal bacteria or fungi. However, CT-m (-12.8%)daCT-g (-11.5%) significantly
reduced the abundance of methanogens while HTBt192) and CT-g (-20.8%) inhibited
protozoal abundance. Ribosomal amplicon sequencévgaled that tannins caused
changes in the phylogenetic structure of the battend methanogen communities.
Tannins inhibited the fibrolytic bacteriunkibrobacter and tended to suppress the
methanogen genub)ethanosphaeraResults demonstrated that both HT and CT sources
could impact the ruminal microbiome when suppleraért 4% inclusion level. HT-t, CT-
m and CT-g extracts displayed specific antimicrbletivity against methanogens and

protozoa without compromising ruminal fermentatiora long-term feeding trial.

Keywords: Tannins, ruminal fermentation, microbiome, baeterimethanogens,

metagenomics.
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2.1. INTRODUCTION

Structural composition and functional activity dfetrumen microbiome influence the
efficiency of ruminal metabolism, which in turn @fts ruminant productivity,
environmental emissions (methane and nitrogen}laduality of ruminant-derived foods
(McCann et al.,, 2014). Several chemical additivad &-feed antibiotics have been
developed as rumen modifiers to favourably manieulauminal fermentation,
methanogenesis, dietary protein degradation andytrogenation of dietary fatty acids
(Adesogan, 2009). Currently, there is a reneweckr@st in the use of dietary
phytochemicals as natural rumen modifiers duedeemsing consumer demand for natural
food products coupled with global concerns for laintic resistance (Patra and Saxena,
2009). Tannins, saponins and essential oils anm#ie classes of phytochemicals that have
received attention for their potential to modifymmmal fermentation, methanogenesis,

proteolysis and biohydrogenation of fatty acidsrfth al., 2008; Patra et al., 2012).

Tannins are complex polyphenolic compounds thatbiguitous in several plant species
(Makkar, 2003) and are broadly divided into hydsallgle tannins (HT) and condensed
tannins (CT) based on chemical structure. HT cormigallic acids esterified to a core
polyol and may be further complicated by additioestkrification or oxidative crosslinking
of the galloyl group whereas CT are flavonoid-baselgmers commonly linked by C4-C8
and C4-C6 interflavan bonds (Hagerman, 2002). Béthand CT have diverse and
complex structural chemistry. The prevalence of &id CT varies in different plant
sources and a particular type of monomer may asairthte the HT or CT units. Different
vegetal sources of tannins can exert beneficialdwerse effects on ruminants depending
on factors such as structural complexity, dosearse effect, type of diets, animal species

and physiological status (Makkar, 2003; Muelitarvey, 2006). The magnitude of
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response of ruminal fermentation and feed digdsyilman vary between different tannin
sources supplemented at similar levels (Jayanegiaed., 2015; Makkar et al., 1995).
Variations in the complex structural features afinias largely account for the vast
discrepancy in the biological potency of differéamnnin sources on ruminal metabolism

and ruminant performance (Patra and Saxena, 20agh@/n, 2008).

The ability of tannins to modify the ruminal miciome has been associated with decreased
ruminal degradation of proteins, reduction of matigenesis and inhibition of
biohydrogenation of fatty acids (Patra et al., 2(R&tra and Saxena, 2011). Tannins can
exhibit bacteriostatic effects, although the intéin of tannins with rumen microbes
differs between tannin types given that HT are nsusceptible to microbial hydrolysis
than CT (Bhat et al., 1998; McSweeney et al., 20B&)v studies have compared the effect
of CT and HT sources on ruminal microorganismsadnin-resistant bacterium isolated
from the ruminal fluid of goats exhibited a greaigerance to tannic acid concentration
(up to 7%) compared to purified quebracho CT (u#) (Nelson et al., 1995). O’donovan
and Brooker (2001) indicated that both tannic &i@l) and acacia CT inhibited the vitro
growth rate ofStreptococcus gallolyticuéS. caprinus) and. bovisbut Streptococcus
gallolyticuslater maintained its growth through the initiatmfradaptation mechanisms that
differ between tannic acid and acacia CT. The tast® mechanisms & gallolyticusto
tannic acid include induction of gallate decarbasg activity and secretion of extracellular
polysaccharide matrix while the resistanceSofgallolyticusto acacia CT involve an
unknown mechanism. Am vitro ruminal study reported that purified HT (chestaat
sumach) and CT (mimosa and quebracho) decreasqubputation of methanogens and
Fibrobacter succinogene®ut sumach HT exhibited a greater inhibitory dffen
Ruminococcus flavefaciensompared to other tannins (Jayanegara et al., )2015

Furthermore, dietary supplementation of chestnutan@ quebracho CT increased the
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abundance dButyrivibrio fibrisolvenan the rumen of dairy sheep by approximately 3-fold
and 5-fold, respectively (Buccioni et al.,, 20151 @he other hand, chestnut HT and
quebracho CT inhibited the population Bf proteoclasticusby 5-fold and 15-fold,

respectively (Buccioni et al., 2015). These stugidgated that there could be a substantial

variation in the response of the ruminal microbiameietary HT and CT sources.

Thein vivo effect of different dietary tannins, especiallyemsupplemented at a moderate
dosage in a long-term experiment, on the rumen ahiat ecosystem is still poorly
understood. It was hypothesised that different sypietannins (HTvs. CT) would elicit
differential impacts on the ruminal fermentatiordanicrobiome. Thus, the present study
characterised the ruminal fermentation and micnoieion lambs fed commercial extracts
of HT: chestnutCastanea satiJaand taraCaesalpinia spinogaand CT: mimosaXcacia
negrg and gambienyncaria gambij for 75 d pre-slaughter. An inclusion rate of 4%rtin
extracts was adopted in this experiment becausenttiesion of 2.5 to 5% has been
suggested as the moderate dosage threshold foidlbgical potency of tannins that would
not impair nutrient intake and animal performanbéuéller-Harvey, 2006; Patra and

Saxena, 2011).
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2.2. MATERIALS AND METHODS

2.2.1. Animal, diets and experimental design

The feeding trial was carried out at the experirakfiairm in the University of Catania. The
animals were handled according to the European rUlagislation for the protection of

animals used for scientific purposes (2010/63/Elte@ive). Forty-four male cross-bred

Sarda x Comisana lambs [initial body weight (BW)5B+ 2.06 kg] were completely

randomised to five experimental groups. Each anmaal reared in an individual stall with

straw bedding. The animals were adapted to therempetal diets for a period of 9 d by

progressive substitution of the weaning feed whle txperimental feeds until total

replacement of the weaning diet was achieved. Suissely, the animals were fed for 75
d pre-slaughter. The experimental diets consistedammmercial concentrate diet (CON,
n = 8) and four tannin treatments £ 9) containing CON supplemented with 40 g/kg
commercial extract sources of two hydrolysable itasyHT [chestnut (HT-c) and tara (HT-

t)] and condensed tannins, CT [mimosa (CT-m) amdlger (CT-g)]. The animals hatl

libitum access to the concentrate feeds and water.

The concentrate diet consisted of the following@ugents és-fedbasis): barley (48.0%),
dehydrated alfalfa (15.0%), wheat bran (23.0%),bsay (10.0%), molasses (2%) and
mineral-vitamin premix (2%). The chemical compasitiof the experimental diets is
indicated in Table 2.1. Commercial extracts of thas(Nutri-P®), tara (Tannino T8Y)

and mimosa (Mimosa G were obtained from Silvateam (San Michele M.viyn€o,
ltaly) and gambier (Retan FGT was obtained from Figli di Guido Lapi S.pA.
(Castelfranco di Sotto, Pisa, Italy). These extragere selected as the source of each
specific type of tannins (HT or CT) based on puid information on the chemical

composition of their phenolic fractions (Apea-Balak, 2009; Kardel et al., 2013; Pizzi et
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al., 2009). Furthermore, these tannins, except (iage been previously evaluatednn
vitro ruminal fermentation models (Jayanegara et all52@ellikaan et al., 2011). The
concentrate diets were supplied in form of pebetd the tannin extracts were incorporated
into the diets before pelleting at 40°C. The ansrfadad libitum access to water, and
feeds were supplied daily and orts were measuréardoenorning feeding to calculate
individual dry matter intake (DMI). Total phenolsdatannins in the diets were analysed as

previously described by Gravador, Luciano, Jongbatrgl. (2015).

Table 2.1. Chemical composition of experimental diets

Parameter CON HT-c HT-t CT-m CT-g

Dry matter (%) 89.65 89.29 89.30 89.26 89.59
Crude protein (% DM)  15.67 14.20 14.49 14.36 15.15
Ether extract (% DM) 2.68 2.67 2.75 2.52 2.85
Ash (% DM) 7.01 6.43 6.55 6.19 6.49
NDF (% DM) 30.36 28.93 26.91 27.26 27.38
ADF (% DM) 15.97 14.07 13.85 13.85 14.49
ADL (% DM) 3.62 3.79 3.22 2.37 3.76
Total phenol content 4.7 24.9 29.1 25.3 11.68
Total tannins (% of 32.1 84.2 86.9 88.1 63.00

total phenols)

CON: Control; HT-c: Chestnut hydrolysable tannirT;-t Tara hydrolysable tannin; CT-m: Mimosa
condensed tannin; CT-g: Gambier Condensed tantih;Mry matter; NDF: Neutral detergent fiber; ADF:
Acid detergent fiber; ADL: Acid detergent lignin.

'Expressed as g of tannic acid (TA) equivalents Dkgyof diet

2.2.2. Rumen sampling and determination of fermentson variables

The lambs were slaughtered in a commercial abaitiirg captive bolt stunning before

exsanguination. The pH of the ruminal digesta wassured immediately after slaughter
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using a pH-meter (Orion 9106, Orion Research Ino@ied, Boston, MA). Two aliquots
of approximately 80 g each of ruminal digesta wenkected within 20 min of slaughter
and immediately placed in dry ice prior to storafje80°C for further analysis of rumen
fermentation and microbial population. One aligobthe ruminal digesta stored at -80°C
was thawed overnight at 4°C and divided into twquadts for volatile fatty acids (VFA)
and ammonia analyses. The thawed aliquots werefogeatd at 1000 g for 20 min at 4°C
and 4 ml of the supernatant (2 ml pooled from ezdhe two aliquots) was added to 1 ml
of 25% trichloroacetic acid (TCA) containing 20 m4ethylbutyric acid as an internal
standard. The concentration of VFA was determirsegraviously described (de la Fuente
et al., 2014). Ammonia analysis was performed lytidg the acidified rumen samples
with 25% TCA in ratio 4:1, followed by centrifugah at 15,000 g for 15 min and the
supernatant was analysed for ammonia concentra@nmonia concentration was
determined in a ChemW®&HT autoanalyser (Awareness Technology Inc., Palty, EL,
USA - Megazyme Cat. No. D-CHEMT) using the methasaibed by Weatherburn

(1967).

The protein content and enzymatic activities (caybwethyl cellulase, xylanase and
amylase) were determined in freeze-dried rumen Emm(solid and liquid digesta) as
described by Belanche et al. (2016b). Lipase dgtivivas determined by a
spectrophotometric assay wiphnitrophenyl butyrate (PNPB) as a substrate digsbin
acetonitrile at a concentration of 10mM (Lee et 40899). Briefly, freeze-dried rumen
samples (~ 200 mg) were diluted with potassium phate buffer (3.5 mL) and sonicated
for 10 min in ice water. The sample extracts wemetiifuged at 5000 rpm for 10 min at
4°C. The cell-free supernatant (@) was mixed with PNPB (18Q@l) solution and
incubated at 39°C for 30 minutes. Lipase activitgswmeasured as the amount of p-

nitrophenol (PNP) released by monitoring the changdsorbance on a spectrophotometer
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(BioTek, Potton, UK) at 405 nm for 30 min. The kasontaining sample supernatant (60
ul) and buffer (180ul) was incubated to correct for non-enzymatic hjygbis. All
enzymatic activities were measured in triplicate Bpecific activity of carboxymethyl
cellulase, xylanase and amylase were expressed aksugar released/g protein/min while

lipase activity was expressed as mM PNP per gatepr per min.

2.2.3. DNA extraction and quantitative PCR analysis

The rumen samples were freeze-dried and DNA wasraeed using the
cetyltrimethylammonium bromide (CTAB) detergent hut (William and Feil, 2012)
with slight modifications. Lysis of cells was achésl by incubating with sodium dodecyl
sulphate (SDS) buffer for 10 min at 95°C and patassacetate was substituted for phenol
in removing proteins. DNA yield was assessed bgspphotometry (Nanodrop ND-1000
spectrophotometer, Thermo Fisher Scientific, UKheTextracted DNA samples were
stored at -80°C prior to further analysis. QuatitiePCR was performed in triplicate to
determine the total concentration of bacteria, @@tigens, anaerobic fungi and protozoa
in the DNA samples using a LightCyc*e480 System (Roche, Mannheim, Germany) as
previously described (Belanche et al., 2015b). @&d primers used for g°PCR analysis are

indicated in Table S2.1 (See appendix).

2.2.4. lon torrent next-generation sequencing (NG$nd bioinformatics

The extracted DNA samples were amplified at theWland V2-V3 hypervariable regions
of 16S rRNA for bacterial and methanogen profiliregpectively as detailed by Belanche
et al. (2016a). For bacterial profiling, amplificat of the V1-V2 hypervariable regions of
the 16S rRNA was carried out using bacterial pran@7F and 357R) followed by ion
torrent adaptors (Belanche, Jones, Parvekal. (2016), Table S2.1 — See appendix). For

methanogens profiling, amplification of the V2-V@gervariable region of the 16S rRNA
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was performed using archaeal primers (86F and 5a8R followed by ion torrent adaptors
(Belanche, Jones, Parveat,al. (2016), Table S2.1 — See appendi)e resultant PCR
amplicons were purified using Agencourt AMPure XBgmetic beads (Beckman Coulter
Inc., Fullerton, USA) and DNA concentration was wiffeed using an Epoch Microplate
Spectrophotometer (BioTek, Potton, UK). The ampliGbrary was further purified using
the E-Gel Safe Imager Trans-illuminator with E-G&te Select 2% Agarose gels (Life
Technologies Ltd., Paisley, UK). The purified DNBraries were then quantified for DNA
yield and detection of artefacts post-PCR ampliftcausing the Agilent 2100 Bioanalyzer
with a high sensitivity DNA chip (Agilent Technoleg, Ltd., Stockport, UK). The
emulsion PCR of the DNA sample libraries was penied using the lon PGM Template
OT2 200 Kit (Life Technologies Ltd, Paisley, UK) lifawing the appropriate
manufacturer’'s guide for users. The bacterial ardhanogen amplicon libraries were
sequenced on the lon Torrent PGM (Life Technologiels Paisley, UK) using the lon

PGM sequencing 318 Chip v2.

The resultant sequences were multiplexed for ifiegtion of barcodes corresponding to
each sample and sequences were denoised to reownquadlity datasets and chimeras
using MOTHUR software package as previously desdrifBelanche et al., 2016a). The
sequences were further clustered into OTUs at Qitity using the UPARSE pipeline

(http://drive5.com/uparsi(Edgar, 2013). The bacterial and methanogen Giblés were

normalised by random subsampling according to dimepde with the minimum number of
sequences. Taxonomic classification of bacteria methanogens was carried out by
comparison of the 16S rRNA gene sequences agabiRtIR(\Wang et al., 2007) and RIM-
DB database (Seedorf et al., 2014). The methaneggunences were further blasted to
RDP-II to remove any OTU classified as bacterianfrihe OTU table and the taxonomy

from the RIM-DB was identified at 80% confidenceetbhold. Raw sequence reads from

81



the bacterial and methanogen libraries were degmbaitthe EBI Short Read Archive (SRA)
from the European Nucleotide Archive (ENA) and das accessed under the study

accession numbers: PRJEB26026 and PRJIEB26027¢tigspe

2.2.5. Statistical analysis

Data from ruminal fermentation and microbial aburckawere analysed as a one-way

ANOVA in SPSS (IBM Statistics version 22) using tbdowing linear model:

Yij =1 +1i + g

whereYj; = measured respongeyz overall mean effect,= fixed effect of treatment € 1,

..., D) andkj = experimental error term. Contrast tests werd is@ssess the overall effect
of dietary tannins (contrals.HT-c + HT-t + CT-m + CT-g) and the effect of tanriype
(HT vs.CT: HT-c + HT-tvs.CT-m + CT-g). Shapiro-Wilk normality test was apgl on
gPCR data and the lagtransformation was performed if unequal varianeese found.
Log-transformed data were subsequently analysddgasighted for rumen fermentation
variables. Significance was considered wRen 0.05 and a tendency for treatment effect
was observed when 0.05~< 0.10. When significance was detected, Tukey’'s H&kD
was used for multiple comparisons of treatment reeBrarson’s correlation analysis was

performed to assess the relationship between tinedaince of methanogens and protozoa.

The biodiversity indices of bacterial and methamoggcrobiome were calculated using
the normalised OTU datasets using PRIMER-v6 ecolgoftware (PRIMER-E Ltd.,
Plymouth, UK). Permutational multivariate analysisariance (PERMANOVA) was used
to enumerate the structural differences in thedsadtand methanogen communities using
Bray-Curtis similarity measurement of log-transfednOTU datasets. The pseuBle

statistics andP-values were obtained by performing 999 random péations of residuals
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under a reduced model using Monte Carlo test asridesl by Belanche et al. (2016a).
Non-parametric multi-dimensional scaling plots deddrogram plot of hierarchical cluster
analysis were generated using PRIMER-v6. Heat magh r@refaction curve were
constructed using the vegan package in R staligafawvare (version 3.2.5). Treatment
effect on the relative abundances of bacterialmathanogen taxa was analysed as a one-
way ANOVA as indicated for gPCR data. Tukey's HS&ttwas used for multiple
comparisons of treatment means when significancedgtected and multiple comparisons
of relative abundances were adjusted for falsetipesi using Bonferroni correction. The
correlations between ruminal fermentation and thetdrial and methanogen population
structure were elucidated on ordination plots ustagonical correspondence analysis
(CCA) generated in R softwar@-values of the variables were computed using 988am

permutations.
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2.3. RESULTS

2.3.1. Fermentation parameters and microbial abundace

In comparison to CON, only lambs fed HT-c had rexdu@ < 0.05) DMI while diet tended
to influence rumen pH and total VFA (Table 2.2). INple comparisons of treatments
showed that HT-c elicited loweP (= 0.044) rumen pH and highd? € 0.049) total VFA
compared to CT-g. Diet did not affe@ & 0.05) ammonia concentration nor the molar
proportion of acetate, propionate, valerate andasefpropionate ratio, and enzymatic
activities. However, CT-m lambs had an increasee (0.05) butyrate compared to CON
and CT-g animals. HT-c lambs had a lower proportibiso-butyrate compared to CT-m
lambs and loweiso-valerate than lambs fed the CT-m or CT-g. No digant effect of
tannin supplementation on ruminal fermentatiortgraxcept for a tendencl € 0.066) for
tannin treatments to increase the molar propodfdyutyrate. HT extracts lowered ruminal
pH and increased the concentration of total VFA1(636) compared to CT extracts.
Moreover, HT extracts tende® € 0.074) to elevate molar proportion of propionaie
decreasedr < 0.05) the molar proportion efo-butyrate andso-valerate compared to CT
extracts. However, enzymatic assays indicatedttigae was no effect of dietary tannins

on specific activities of carboxymethyl cellulagglanase, amylase or lipase.

Real-time PCR indicated that absolute abundandmcteria and fungi were comparable
between treatments but tannin treatments reducedblindance of methanogems £
0.002) and protozoa(= 0.003) (Table 2.3). In comparison to CON, theratlance of
methanogens was significantly inhibited by CT-n2(826) and CT-g (-11.5%) while the
abundance of protozoa was reduced by HT-t (-20&8d)CT-g (-20.8%). However, the
inhibitory effect of tannins on methanogen and gzoa abundance was simil& ¥ 0.05)

between HT and CT extracts.
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Table 2.2. Effect of different tannin extracts on ruminal pHd fermentation characteristics in lambs

Dietary treatment?

Contrast? (P-value)

Parameter Tannin
CON HT-c HT-t CT-m CT-g SEM P-value Tannin type
DMI 1064.09 84573 961.87° 1061.24 994.82 18.143 <0.001 0.010 <0.001
Rumen pH 6.50 6.01 6.41 6.54 6.63 0.073 0.052 0.572 0.017
NHz-N (mMol/L) 13.67 13.24 15.98 15.54 15.78 0.899 0.818 0.546 0.611
Total VFA (mMol/L) 55.15 77.45 55.30 46.74 44.09 39g2 0.055 0.939 0.015
Molar proportion of VFA
Acetate 50.67 53.87 51.04 51.08 52.92 0.678 0.506 0.383 0.766
Propionate 32.73 30.85 32.29 26.12 29.53 0.949 90.17 0.212 0.074
Iso-butyrate 3.68 2.09 3.33 3.43* 4.18 0.221 0.031 0.430 0.019
Butyrate 6.52 9.24" 7.7 11.80  6.56 0.543 0.005 0.066 0.523
Iso-valerate 2.6% 1.29 2.4 374 3.42 0.241 0.006 0.905 0.001
Valerate 3.76 2.67 3.16 3.82 3.39 0.210 0.414 &€.36 0.144
Acetate/propionate ratio 1.59 2.08 1.59 2.11 1.88 .118® 0.475 0.302 0.543
3Specific enzymatic activity
Carboxymethyl cellulase 34.92 45.10 42.86 43.61 47.13 2.780 0.733 0.194 0.826
Xylanase 129.15 130.71 166.90 128.09 161.26 183.3 0.812 0.623 0.892
Amylase 77.80 51.52 69.29 47.14 77.50 7.478 0.57 0.407 0.909
Lipase 2.46 2.69 2.72 241 4.04 0.291 0.376 .50 0.425

DMI: Dry matter intake; VFA: Volatile fatty acidSEM: Standard error of mean

Dietary treatments: CON: Control; HT-c: Chestnydiolysable tannin; HT-t: Tara hydrolysable tan@®T,.-m: Mimosa condensed tannin; CT-g: Gambier

condensed tannin.

2Contrasts: Tannin (overall effect of tannin: C@AHT-c + HT-t + CT-m + CT-g); Tannin type (effedtldT vs CT: HT-c + HT-tvs CT-m + CT-g).
3Specific activity of carboxymethyl cellulase, xy&s® and amylase were expressed as mg of sugasetiper g of protein per min while lipase activitys
expressed as mM PNP per g of protein per min. Bigtaatment means within a row with different sigoeipts differ at a significance &< 0.05.
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Table 2.3 Effect of different tannin extracts on microbialmbers, and bacterial and methanogen biodiversiigeés in the rumen of

lambs

Parameter

Dietary treatments?

Contrast® (P-value)

CON

HT-c HT-t CT-m

Tannin
Tannin type

Microbial numbers?
Bacteria (log copy/mgDM)
Methanogens (log
copy/mgDM)

Fungi (log copy/mgDM)

Protozoa (log copy/mgDM)

Bacterial diversity indices
Number of OTU

Pielou’s evenness index
Shannon’s index
Simpson’s index

Methanogen diversity indices

Number of OTU

Pielou’s evenness index
Shannon’s index
Simpson’s index

8.83
6.63

3.19
8.37

441.25
0.58
3.55
0.91

32.38

0.37
1.29
0.57

8.67 8.90 8.69
5.97¢ 6.1 578

3.42 2.37 2.27
6.86% 6.64 7.1

516.44 464.33 552.22

0.58 0.55
3.63 3.36 3.67
0.91 0.89 0.91

34.00 33.56 34.11

0.43 0.38
1.583 1.33 1.49
0.72 0.60 0.68

47256 .095 0.195
0.54 009.

0.478 .61@
0.38 0120.

0.593 0.906
0.002 0.211

0.458 0.557
0.003 0.771
0.147 0.529
0.374 0.803
0.749 0.997
0.267 0.747
0.389 0.572
0.267 0.929
0.229 0.875
0.070 0.812

OTU: Operational taxonomic unit; SEM: Standard eafomean

1Data were log-transformed to achieve normality; Riv; matter of freeze-dried rumen content

Dietary treatments: CON: Control; HT-c: Chestnydiolysable tannin; HT-t: Tara hydrolysable tan@®T;-m: Mimosa condensed tannin; CT-g: Gambier

condensed tannin.

3Contrasts: Tannin (overall effect of tannin: C@AHT-c + HT-t + CT-m + CT-g); Tannin type (effedtldT vs CT: HT-c + HT-tvs CT-m + CT-g).

Dietary treatment means within a row with differesaperscripts differ at a significance& 0.05
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2.3.2. Bacterial microbiome

lon torrent NGS of bacterial 16s rDNA genes yieldggproximately 1.6 million raw
sequences clustered into 2027 OTUs across 44 sanfibsequently, the NGS data sets
were normalised resulting into 936,176 high-quatgguences clustered into 2010 unique
OTUs, with an average of 21,276 sequences per saifipé rarefaction curves plateaued,
suggesting that sampling of the rumen environmbate comparable sequencing depth
across treatments (See appendix: Figure S2.1) &ty indices of the rumen bacterial
community were unaffected by dietary treatment (@aB.3). Non-metric multi-
dimensional scaling (NMDS) plot indicated a slighistering separating HT-c and other
dietary treatments (Figure 2.1a). PERMANOVA showlet dietary treatment altered the
bacterial community structure and tannin suppleatenrt tended to influence the bacterial
community structure (Table 2.4). Pairwise compamssevealed that bacterial community
structure differs between CON and HT-c as well @svben CT-m and CT-g. Moreover,
there were tendencies for bacterial community ckfiees between CON and CT-m and

between HT-c and CT-g (Table 2.4).

Taxonomic classification indicated th&8acterioidetes(40.7%) was the predominant
phylum followed byProteobacteria(38.5%),Firmicutes(15.2%),Fibrobacteres(2.3%),
Spirochaeteg1.2%), Actinobacteria(0.4%), SR1(0.3%) andTenericuteq0.2%), with a
limited number of unclassified sequences (0.9%bl@a.5). At the genus levélrevotella
(28.6%) andRuminobacte(21.9%) were the predominant groups and heat thegrated

no distinct grouping of the genera across treate&Sde appendix: Figure S2.2). The effect
of dietary treatment on phylogenetic compositionswaly obvious on the relative
abundance oBacterioidetesand Fibrobacteresphyla The abundance ddacterioidetes
was lower in CT-g compared to CT-m and this was iated by a shift from genus
Prevotella(Bacterioidetesto RuminobactefProteobacteria (Table 2.5) Dietary tannins
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significantly decreaseBibrobacteresFibrobacteraceaendFibrobacterat the phylum,
family and genus levels, respectively (Table ZI'He inhibitory effect of tannins was more
apparent in HT-c when compared to CON (Table Z:b& ordination plot of the canonical
correspondence analysis (CCA) illustrated the ¢aticen between the rumen bacterial
community and the fermentation and microbial patanse(Figure 2.2a). There was a
clustering of samples from HT-c-fed animals. The AC@lot indicated that positive
correlations of butyrateP(= 0.001), acetateP(= 0.058), protein contenf(= 0.002),
acetate/propionate ratid (= 0.001) and bacterial diversity? (= 0.001) appeared to be
associated with the bacterial community in HT-c gke® (Figure 2.2a and Table S2.2, See
appendix). However, the correlation of amylasevagttended P = 0.075) to be associated

with the rumen bacterial community in lambs fed C®N-t, CT-m and CT-g.

Treatment
CON
¥ HIC
HT-t
. & CT-m
. » Clg
N *
o ¥ o~
é . v . L] é .
P o Voot
= on AT = LI
v ¢ ey * M .
v . * . v v L
. % v * v
’
v [
NMDS1 NMDS1

Figure 2.1.(A) Non-parametric multi-dimensional scaling (NMP@ot (stress = 0.14) of rumen bacterial
communities in lambs fed different tannin extra¢i) NMDS plot (stress = 0.15) of rumen methanogen
communities in lambs fed different tannin extra@getary treatments are: CON, control; HT-c, chastn
hydrolysable tannin; HT-t, tara hydrolysable tann@ir-m, mimosa condensed tannin; CT-g, gambier
condensed tannin. NMDS plot was produced from emé$ance matrix created using Bray-Curtis simiarit

of log-transformed OTU data sets.
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o AR Amylase'_,_-—% ————— .

/
Tota’
Bacteria

Figure 2.2. Canonical correspondence analysis (CCA) descriltivg correlations between: (A) rumen
bacterial community structure and fermentation amctobial variables; (B) rumen methanogen community
structure and fermentation and microbial variablég arrows indicate the gradient direction andt feegth

is relative to the proportion of correlation. ArreWenger than the dotted circle signify correlatsignificance

(P < 0.05). Coloured dots represent distributiottgoa of the animals fed each dietary treatmen@NC
control; HT-c, chestnut hydrolysable tannin; HTidra hydrolysable tannin; CT-m, mimosa condensed

tannin; CT-g, gambier condensed tannin.

2.3.3. Methanogen microbiome

Sequencing of methanogenic 16s rDNA genes prodatenlt 3 million sequences
clustered into 57 OTUs across 44 samples afteitgudiering. The NGS data sets were
normalised resulting into 572,792 high-quality serages clustered into 57 unique OTUs,
with an average of 13,018 sequences per samplehadiegen diversity indices were
unaffected by dietary treatments (Table 2.3). H@vewimpson's index suggests that
dietary tannins tended to promote higher diveisitpyethanogen community. Visualisation
of the methanogen community data sets on NMDS gioived that there was no clear
clustering between diets (Figure 2.1b). Dietaratimeent elicited variable effects on the
methanogen community structure but neither tannorstannin types (HWVs.CT) had a

significant impact (Table 2.4). Pairwise comparisohthe methanogen community
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structure revealed that HT-c differed from HT-t &bd-g diets whereas CT-m differed
from HT-t and CT-g diets. Additionally, there wasemdency for differences when CON

was compared to CT-m methanogen community structure

Euryarchaeotawas the only identified phylum, accounting for 2%. of methanogen
abundance. The predominant families wer®ethanobacteriaceae (30.8%,
Methanobacterip and Methanomassiliicoccacea@®.9%, classThermosplasmajawhile
the abundances of Methanocorpusculaceae and Methanosarcinaceae (class
Methanomicrobiaqwere less than 0.1% (Table 2.B)ethanobrevibactef29.0%) dominate
the genus level followed bylethanomassiliicoccué.9%) andMethanosphaergl.8%).
Neither diets, tannins nor tannin type influen& X 0.05) the relative abundance of
methanogen taxa (Table 2.6). However, dietary tentendedH = 0.080) to inhibit genus
MethanosphaeraMethanogen microbiome significantly correlatedhaamylase activity
(P =0.047) and tended to correlate with bacteriandbaace P = 0.062) without apparent

association to any dietary treatment (Figure 2ritbBable S2.3, See appendix).
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Table 2.4 Effect of different tannin extracts on rumen baeteand methanogen community
structure in lambs

Similarity Pseudo-F  P-value
Bacterial community?
Treatment 1.60 0.005
Contrasts
Tannir? 1.47 0.096
Tannin typé 1.28 0.127
Pair wise comparison of dietary
treatment*
CONvs.HT-c 37.92 1.49 0.038
CONvs.HT-t 44.45 1.08 0.330
CONvs.CT-m 44.87 1.37 0.051
CONvs.CT-g 46.71 1.21 0.133
HT-cvs.HT-t 36.60 1.16 0.195
HT-cvs.CT-m 38.11 1.24 0.142
HT-cvs.CT-g 38.28 1.34 0.073
HT-tvs.CT-m 41.48 1.20 0.156
HT-tvs.CT-g 43.16 1.06 0.327
CT-mvs.CT-g 42.89 1.44 0.039
Methanogen community
Treatment 191 0.005
Contrasts
Tannir? 1.01 0.392
Tannin typé 1.02 0.411
Pair wise comparison of dietary
treatment*
CONvs.HT-c 73.26 1.26 0.131
CONVvs.HT-t 72.42 0.85 0.634
CONvs.CT-m 71.52 1.34 0.093
CONvs.CT-g 70.90 1.28 0.134
HT-cvs.HT-t 71.84 1.65 0.025
HT-cvs.CT-m 75.64 0.92 0.535
HT-cvs.CT-g 71.70 1.71 0.019
HT-tvs.CT-m 71.16 1.50 0.035
HT-tvs.CT-g 70.90 1.31 0.122
CT-mvs.CT-g 70.42 1.68 0.023

'Higher Pseudo-F and lower similarities dhaalues imply greater differences in the rumen exaat
community structure

2Tannin (contrast of overall effect of tannin: COBIHT-¢ + HT-t + CT-m + CT-g);

3Tannin type (contrast of effect of H/&.CT: HT-c + HT-tvs.CT-m + CT-g);

“Dietary treatments: CON: control; HT-c: chestnydiolysable tannin; HT-t: tara hydrolysable tanr@T,-m:
mimosa condensed tannin; CT-g: hambier condensedhta
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Table 2.5. Effect of different tannin extracts on relativeuadance (%) of bacteria taxa).2% of average abundance in the rumen of lambs

Contrast?

Dietary treatment?! (P-value)

Tannin

Phyla Family Genus CON HT-c HT-t CT-m CT-g SEM  P-value Tannin _ type
Bacteroidetes 40.%0 39.12t 40.53¢ 49.04 34.72 1.470 0.028 0.830 0.495
Porphyromonadaceae 3.14 3.53 3.21 2.714.55 0.369 0.602 0.713 0.755

Barnesiella 2.75 1.46 2.50 1.65 3.82 0.364 0.242 0.673 0.348

Prevotellaceae 31.88 28.1* 3293+ 398F 23.7F 1.436 0.003 0.939 0.652

Prevotella 28.30 2550¢% 3027 37.04 22.08 1.345 0.003 0.889 0.516

Paraprevotella 0.51 0.55 0.30 0.40 0.22 0.055 0.3 0.328 0.360

Hallella 0.45 0.35 0.28 0.60 0.22 0.056 0.219 .550 0.449

Solobacterium 0.55 0.36 0.25 0.39 0.43 0.079 9.84 0.367 0.573

Rikenellaceae 1.99 0.12 0.72 0.04 2.94 0.527 10.33 0.448 0.359

Rikenella 1.99 0.12 0.72 0.04 2.94 0.527 0.331 448 0.359

Marinilabiliaceae 0.13 0.20 0.08 0.30 0.42 0.080.714 0.590 0.248
Proteobacteria 37.72 39.56 40.33 28.23 46.67 62.16.095 0.855 0.586
Succinivibrionaceae 34.51 33.94 37.07 26.33 43.12.076 0.133 0.907 0.860
Ruminobacter 20.84 21.05c 2327” 1377 30.63 1.784 0.043 0.756 0.991

Succinivibrio 0.16 2.26 0.40 3.65 0.19 0.795 0.55 0.488 0.742

Anaerobiospirillum  6.20 3.37 5.14 4.47 2.60 1.106.875 0.442 0.775

Firmicutes 14.47 15.61 14.13 16.42 15.12 0.67784D. 0.640 0.564
Ruminococcaceae 411 5.35 4.55 5.01 5.11 0.28&040. 0.247 0.869
Ruminococcus 1.40 0.65 1.27 0.81 1.42 0.138 0.259 0.304 0.629

Acetivibrio 0.27 0.42 0.82 0.51 0.82 0.113 0.464 0.211 0.867

Lachnospiraceae 2.06 2.63 2.80 2.71 2.72 0.13%720. 0.070 0.996
Lachnospiracea 0.22 0.31 0.54 0.48 0.49 0.059 0.391 0.128 0.633

incertae sedis

Roseburia 0.89 0.83 1.06 0.47 0.84 0.094 0.387 7260 0.176

Butyrivibrio 0.3¢¢ 0.24 0.40¢ 0.74 0.28 0.052 0.014 0.835 0.078

Veillonellaceae 1.81 1.41 1.68 1.72 2.65 0.199345b. 0.910 0.152
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Table 2.5. Continued.

Tannin

Phylum Family Genus CON HT-c HT-t CT-m CT-g SEM  P-value Tannin  type
Dialister 0.93 0.44 0.88¢ 0.76¢ 1.93 0.168 0.048 0.864 0.054

Mitsuokella 0.26 0.07 0.28 0.12 0.31 0.050 0.464 0.597 0.742

Erysipelotrichaceae 2.89 1.84 1.91 2.41 2.01 D.20.759 0.252 0.588

Bulleidia 0.37 0.48 0.62 0.80 0.57 0.095 0.697 .328 0.524

Solobacterium 0.55 0.36 0.25 0.39 0.43 0.079 D.84 0.367 0.573

Alloprevotella 0.35 0.04 0.10 0.41 0.21 0.062 70.2 0.319 0.085
SR1 genera incertae 0.19 1.49 0.00 0.00 0.00 0.303 0.452 0.816 0.275

sedis

Acidaminococcaceae 2.88 2.79 1.98 2.56 1.92 0.2P529 0.339 0.772
Succiniclasticum 2.39 2.65 1.62 2.10 1.54 0.204.350 0.430 0.483

Acidaminococcus 0.34 0.09 0.34 0.38 0.34 0.04730® 0.689 0.178

Spirochaetes 1.48 1.06 0.76 1.72 0.86 0.210 0.562 0.492 0.422
Spirochaetaceae 1.16 0.95 0.62 1.43 0.67 0.194680. 0.642 0.543

Treponema 0.64 0.69 0.40 0.99 0.42 0.144 0.697 9720 0.612

Sphaerochaeta 0.49 0.14 0.17 0.43 0.24 0.064 30.33 0.149 0.208

Actinobacteria 0.49 0.24 0.63 0.44 0.29 0.063 998.2 0.579 0.624
Coriobacteriaceae 0.48 0.21 0.61 0.33 0.29 0.06223 0.431 0.445

Olsenella 0.47 0.20 0.58 0.32 0.28 0.059 0.249 409 0.498

Fibrobacteres 4.93 0.79 1.97 261 147 0436 0.028 0.003 0.465
Fibrobacteraceae 4.93 0.79 1.97 261 147 0436 0.028 0.003 0.465

Fibrobacter 493 079 1.97 261 14 0436 0.028 0.003 0.465

Tenericutes 0.06 0.14 0.27 0.32 0.19 0.058 0.657 0.262 0.699
SR1 0.19 1.49 0.00 0.00 0.00 0.303 0.452 0.816 .2790
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Table 2.5. Continued.

Tannin
Phylum Family Genus CON HT-c HT-t CT-m CT-g SEM  P-value Tannin  type
SR1 genera incertae 0.19 1.49 0.00 0.00 0.00 0.303 0.452 0.816 0.275
sedis
SR1 genera incertae 0.19 1.49 0.00 0.00 0.00 0.303 0.452 0.816 0.275
sedis
Unclassified 047 176 0.7F 0.98¢ 0.6T 0.127 0.006 0.067 0.083
Unclassified 7.70 15.10 8.54 10.76  7.74 1.072 0.139 0.297 0.267
Unclassified 20.19 31.94 22.4¢ 21.9¢ 23.05¢ 1.150 0.006 0.085 0.042

SEM: Standard error of mean

IDietary treatments: CON: Control; HT-c: Chestnudlifojysable tannin; HT-t: Tara hydrolysable tant@T-m: Mimosa condensed tannin; CT-g: Gambier cosdérannin.
2Contrasts: Tannin (overall effect of tannin: C@NHT-c + HT-t + CT-m + CT-g); Tannin type (effedtidT vs CT: HT-c + HT-tvs CT-m + CT-g).
Dietary treatment means within a row with differsoperscripts differ at a significancefR& 0.05.
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Table 2.6. Effect of different tannin extracts on relativieuadance (%) of methanogen taxa in the rumen dbsam

Contrast?
Dietary treatment?! (P-value)
Tannin
Class Family Genus CON HT-c HT-t CT-m CT-g SEM  P-value Tannin _ type
Methanobacteria 32.01 25.80 35.99 28.01 32.18 48.50.756 0.825 0.891
Methanobacteriacea 32.01 25.80 35.99 28.01 32.18 2.548 0.756 0.825 .8910
e
Methanobrevibacter 29.39 24.77 33.87 26.40 30.62.385 0.781 0.942 0.884
Methanosphaera 2.62 1.03 2.12 1.61 1.53 0.228 440.2 0.080 0.993
Methanomicrobia 0.03 0.03 0.06 0.03 0.02 0.00730®. 0.880 0.156
Methanocorpuscula 0.02 0.02 0.05 0.03 0.01 0.006 0.343 0.482 0.451
ceae
Methanocorpusculum 0.02 0.02 0.05 0.03 0.01 0.0@6343 0.482 0.451
Methanosarcinaceae 0.02 0.01 0.02 0.00 0.00 0.003%10 0.371 0.138
Thermoplasmata 0.95 11.64 1.46 12.00 3.15 1.7500850 0.163 0.782
Methanomassiliicoc 0.94 11.63 1.46 12.00 3.15 1.750 0.085 0.163 10.78
caceae
Methanomassiliicoccus 0.94 11.63 1.46 12.00 3.151.750 0.085 0.163 0.781
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Table 2.6. Continued

Phylum Family Genus CON HT-c HT-t CT-m CT-g SEM  P-value Tannin :;/?)r;mn
Unclassified 67.01 62.53 62.48 59.96 64.65  2.7971.955 0.540 0.975
Unclassified 67.02 62.54 62.49 59.96 64.65  2.797.955 0.539 0.974

Unclassified 67.03 62.55 62.50 59.96 64.66  2.757.955 0.539 0.973

SEM: Standard error of mean
IDietary treatments: CON: Control; HT-c: Chestnudiglysable tannin; HT-t: Tara hydrolysable tan@T.-m: Mimosa condensed tannin; CT-g: Gambier coseén

tannin.
Contrasts: Tannin (overall effect of tannin: C@AHT-c + HT-t + CT-m + CT-g); Tannin type (effedtldT vs CT: HT-c + HT-tvs CT-m + CT-g).

Dietary treatment means within a row with differenperscripts differ at a significance®& 0.05.
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2.4. DISCUSSION

Dietary tannins may have potential as natural rumedifiers but their effect on ruminal
metabolism varies with different tannin sourcegdr@at al., 2012; Patra and Saxena, 2011).
HT are more susceptible to microbial hydrolysisntt@T (Bhat et al., 1998) and the
products of tannin degradation may influence rumimatabolism (McSweeney et al.,
2001). The current study, therefore, hypothesibed different types of tannins (HVS.

CT) would elicit differential impacts on the rumirdarmentation and microbiome.

2.4.1. Ruminal fermentation

Tannins can react with proteins to form complexes are resistant to ruminal degradation
and/or inhibit the growth and activity of proteatybacteria, thereby increasing the post-
ruminal flow of non-ammonia N and improving N w#ition efficiency in ruminants
(Makkar, 2003; Waghorn, 2008). In the current studhyne of the dietary tannins affected
NH3s-N concentration in contrast with sevearaVivo studies supporting the effect of tannins
in reducing protein degradation in the rumen-Dabaib, 2009; Broderick et al., 2017,
Puchala et al., 2005). The formation of stable #sdluble tannin-protein complexes is
induced at pH 3.5 — 7.0 (Jones and Mangan, 19higiwis consistent with the rumen pH
of lambs measured in this study. Similarly, thentafprotein (w/w) intake ratios for lambs
fed HT-c (1:7.1), HT-t (1:5.8) and CT-m (1:6.4) avéhin the rangeX1:10-12, w/w) of
tannin concentration required to decrease ruminateplysis (Jones and Mangan, 1977,
Tanner et al., 1994). However, the effect of taarim inhibiting ruminal proteolysis is
inconsistent. The inclusion of 20 — 40 g/kg DM exts of quebracho-CT (Pifieiktdzquez

et al., 2017) or chestnut-HT and valonea-HT (Wis@teal., 2014) did not affect ruminal
NHs-N nor protein utilisation efficiency in cattle argheep, respectively. The protein

precipitating capacity of tannins may be affectgdheir structural features (Kraus et al.,
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2003), and the degree of tannin affinity to prosesan be influenced by molecular weight,
isoelectric point, compatibility of binding sitesich protein tertiary structure (Patra and
Saxena, 2011; Reed, 1995). Thus, the interactibndas tannin source and the type of
feed protein could influence protein precipitatiorthe rumen (GineChavez et al., 1997;

Zeller et al., 2015). Lorenz et al. (2014) indichtdhat protein type influences the

concentration of tannins that could induce preatmt, suggesting that higher inclusion
level of the tannin extracts may be required torelese rumen protein degradation in our

study.

Furthermore, the comparison of tannin effect achoss/o studies may be complicated by
differences in the digestion kinetics of the bakel (concentrates.forage-based diet) and
ruminant species. Concentrate diets are rapidlgstegl in the rumen with a shorter transit
time compared to forage-based diets and ruminadstilgn kinetics also varies among
ruminant species (Colucci et al., 1984; Huhtaneal.eR006). These variations result in a
temporal factor limiting the formation of tanningpein complex in the rumen especially
when tannins are included in concentrate diets.igiance, HT-c did not affect ruminal
proteolysis when supplemented in a concentratefllatnbs and sheep in the present study
and that of Wischer et al. (2014), respectivelycdmtrast, HT-c reduced ruminal protein

degradation when included in a forage-based dieatife (Tabacco et al., 2006).

Typically, ruminants derive approximately 70% oéithenergy requirement from VFA
(mainly acetate, propionate and butyrate) proddiced microbial fermentation of feeds in
the rumen (Bergman, 1990). Tannin concentratiaften considered the most influential
factor affecting ruminal fermentation (Patra ande3e, 2011). However, it is evident that
the response could also vary between differentitasources supplemented at a similar
dosage (Getachew et al., 2008; Makkar et al., 199/@)h concentration of tannins can

inhibit feed digestibility and ruminal fermentatioby forming complexes with
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lignocellulose or by directly inhibiting rumen mieorganisms and microbial enzymes
(Bae et al., 1993; Chung et al., 1998; Nsahldi.g2@11). In the present study, 4% inclusion
of the HT and CT extracts modified the rumen migrtdbwithout compromising overall
ruminal fermentation. Indeed, greater total VFA @amiration was measured in HT-fed
lambs compared to lambs fed CT sources or theaahéat. Min et al. (2014a) also reported
that dietary addition of 100 g/d chestnut-HT resdiin a higher total VFA than quebracho-
CT and the control diet in grazing goats. Howeveaganegara et al. (2015) showed that
increasing dosage (0.5, 0.75 and 1.0 mg/ml) okeplurified HT (chestnut and sumach) or
CT (mimosa and quebracho) resulted in a quadramredse ofin vitro dry matter
digestibility, with a tendency for a more pronoutcecrease in CT sources. Nonetheless,
the increase in total VFA concentration elicitedHbly extracts in this study may be related
to their possible hydrolysis into derivates that aretabolised into fermentation products.
Chestnut and tara tannins have been shown to bepise to biodegradation induced by
bacterial tannase activity (Deschamps and Lebed®d84; Deschamps et al., 1983). The
biodegradation of HT and its monomers, such ascgadid, involves decarboxylation into
pyrogallol that is further transformed to sevenatermediates in step-wise enzymatic
reactions, to form acetate and butyrate (Bhat .et1808). However, the metabolism of
polyphenols could limit their bioavailability andgoactivity for modulating gut microbiota
(Ozdal et al., 2016). This may probably explain linated effect of HT-c in terms of
response of the rumen microbiota. Further investgais required to elucidate the
biochemical mechanism involved in the interacticgtween rumen microbes and HT

sources, and the consequent effect on ruminal faatien.

Molecular quantification of rumen microbial popudets demonstrated that tannins did not
influence the abundance of bacteria and fungi bhibited methanogen and protozoal

numbers. Tannins could exert anti-microbial eftacbugh multiple mechanisms including
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induction of membrane disruption; eliciting morpbgical changes in cell wall via
interaction with extracellular enzymes and cell lwdécreasing availability of cations to
microbes via chelation; direct effect on the metabo of microbes and causing deficit of
substrates for microbial proliferation (Patra andxé&ha, 2011; Scalbert, 1991).
Methanogenic archaea are responsible for produuigitpane as a by-product of ruminal
fermentation and rumen methane is a potent greeehgas that contributes significantly
to global warming (Morgavi et al., 2010). Moreoverethane losses constitute 2 to 12%
loss of gross energy intake in ruminants and conttermine animal productivity (Johnson
and Johnson, 1995). Methanogens may exist eithdreasliving or associated with
protozoa in a symbiotic relationship (Janssen aird, R008). The roles of protozoa in
methanogenesis include the supply efad a substrate for Gfbrmation; serving as hosts
for methanogens and protecting methanogens frorgesxtoxicity (Newbold et al., 2015).
Indeed, there is evidence that suggests a positlationship between ruminal
methanogenesis and the abundance of methanogemsaodoa (Belanche et al., 2015b;
Wallace et al., 2014). In agreement with the presardy, Pearson’s correlation analysis
indicated that there was a positive correlation 0.423;P < 0.01) between the abundance
of methanogens and protozoa. Thus, strategies dbaid reduce the abundance of
methanogens and protozoa could be useful to matigaiteric methane emission in
ruminants (Morgavi et al. 2010). The anti-methamageotential of tannins largely depend
on sources and concentration (Goel and Makkar, 2tdyanegara et al., 2012) but there is
a limited information on their long-term persisteraffect. The anti-methanogenic effect
of different tannins has been attributed to themibitory effect on methanogen and

protozoa population (Bhatta et al., 2009; Tan et24l11).

Given that the tannins were fed for 75 d in thespne study, the antimicrobial effect of HT-

t, CT-m and CT-g highlight these tannins as po#tatinti-methanogenic agents that could
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exhibit long-term persistence. Interestingly, CTaf the most consistent effect on both
methanogen and protozoa abundances but there asailable study assessing its anti-
methanogenic effect in ruminants. The inability léT-c to inhibit methanogen and

protozoa abundance may explain the transient agttamogenic effect of chestnut extract
when supplemented (1.7 g/kg BWO0.75) in the diethafep for 85 d (Wischer et al., 2014).
The authors postulated that the rumen microbesddeave adapted to HT extracts from
chestnut and valonea after 2 weeks of supplementati two separate experiments
conducted over a duration of 85 d and 190 d (Wisehal., 2014). However, this argument
contradicts the observation that dietary additibB® g/kg of chestnut extract fed over a
duration of 60 d decreased methane emission witinaomitant reduction of methanogen

and protozoa populations in sheep (Liu et al., 2011

Goel and Makkar (2012) suggested that HT sourceiedsed methane emissions through
a direct inhibitory effect on growth and/or actwibf methanogens- and/or hydrogen-
producing microbes while CT exhibit an indirecteeff by reducing hydrogen availability
via depression of fibre digestion. Our results sgghat a wide range of tannin sources
could inhibit methanogens and protozoa regardldsther chemical type. Methane
emission was not quantified in the present studydver, our results highlight the need
for future studies to particularly evaluate thevivo anti-methanogenic activity of CT-g.
Moreover, it would be useful to investigate the bamation of these tannins given that
vegetal sources containing both HT and CT couldkéiximore potent anti-methanogenic
activity than sources containing a single tannpet{Bhatta et al., 2009). A possible reason
could be related to the synergistic effect of ddfe tannins to inhibit either methanogen or

protozoa abundance.
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2.4.2. Bacterial microbiome

As confirmed by our sequence-based dB&gteroidetes, ProteobacterendFirmicutes
are the main bacteria phyla in the rumen even thabeir proportion can vary with
different diets (McCann et al., 2014). Tannins cadify bacterial structure and phylogeny
without affecting the abundance of ruminal bact¢Baminathan et al., 2016b). In this
study, supplemental tannins altered the phylogerstucture and composition of the
bacteria community without impairing ruminal ferntation. HT-c was the only tannin that
had a large effect on the bacterial community wdenpared to CON treatment. Moreover,
the CCA ordination plot (Figure 2.2a) indicatediatte difference between HT-c and other
dietary treatments, with respect to the interplaywieen the rumen bacterial community

and fermentation variables.

The disparity in the bacterial community structbedween CT-g and CT-m was associated
with a shift fromPrevotellaand Paraprevotellato RuminobacterDespite the bacterial
shifts, CT-g and CT-m displayed similar ruminalnfi@ntation traits which could be
attributed to the fermentative redundancy betweecrabial groups (Weimer, 2015).
Indeed, the rumen ecosystem can maintain simildalmoéc function despite differences
in microbial communities (Taxis et al., 2015). Thecrease in the abundance of
Fibrobacterin tannin-supplemented lambs further confirmedategound inhibitory effect

of dietary tannins on fibrolytic bacteria and filuhgestibility (Bae et al., 1993; Jayanegara
et al., 2015; Sivakumaran et al., 2004). This sstggthat the current inclusion level of
tannin extracts may impair ruminal digestion of Hifre diets in contrast to the
concentrate diet fed in the present study. Tanmiag have a selective effect on fibrolytic
bacteria depending on dosage and type of tannatsa(Bt al., 2012). In the present study,
HT-c specifically inhibitedFibrobacter in comparison to CON. However, a similar

commercial chestnut extract did not affect the alamce ofFibrobacter succinogenes

102



when 30 g/kg was supplemented in sheep diets fod @du et al., 2011). The longer
duration of supplementation (75vd.60 d) and greater dosage (40 giteg30 g/kg) could
account for the discrepancy in the effect of HTad=throbacterbetween the present study
and that of Liu et al. (2011). Additionally, thesttural features of tannins could play a
dominant role in the effect of different tannins filrolytic bacteria. Saminathan et al.
(2016b) suggested that the abundancéilmfobacterincreased with increasing molecular

weight (469.6 — 1265.8 Da) of CT fractions friueucaena leucocephalg/brid.

2.4.3. Methanogen microbiome

The authors believe that this is the first studgharacterise thia vivo effect of HT-c, HT-

t, CT-m and CT-g on the rumen methanogen commaunitidlas been shown that potential
anti-methanogenic effect of tannins could be reldte a decrease in the abundance of
methanogens and/or alteration in methanogen populstructure (Longo et al., 2013; Tan
et al., 2011). However, the present study indicdted dietary tannins did not exert a
significant effect on methanogen diversity or commmustructure in comparison to CON.
Saminathan et al. (2016a) recently utilised diifiér€CT fractions fromLeucaena
leucocephalahybrid to demonstrate that the molecular weigh89(@ — 1265.8 Da) of
tannins could play a role in their modulatory effea in vitro methanogen community
structure. Accordingly, CT fractions with higher l®cular weights resulted in a greater
impact on methane production and methanogen comynsinucture (Saminathan et al.,
2015; Saminathan et al., 2016a). This highlighésrtbed for future studies to explore the
diversity in structural chemistry of tannins witbspect to their bioactivity to modulate

rumen microbiota.

As confirmed in the present studljethanobrevibactermay be the most dominant

methanogen genus in the rumen (Janssen and Ki8) 2wt tannins did not affect the
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relative abundance of this methanogen phylotypdalNg, tannins exhibited a specific
tendency to reduce the abundanc&lethanosphaerdy approximately 40% while HT-c
supplementation, in particular, resulted in a daseeof approximately 61% compared to
CON. Methanosphaerapp. are important methanogens that can utilisedgyh and
methyl groups as precursors for methane formatigheé rumen (Tapio et al., 2017). Min
et al. (2014b) reported that dietary inclusion wiepbark (3.2% CT diet DM) reduced the
relative abundance dflethanosphaeray 37% in faecal samples from goats. It is possible
that tannins elicit apparent effects on methanogenise species level particularly on the
predominant generaMethanobrevibacterand Methanosphaera(Li et al., 2013).
Nonetheless, this is currently constrained by ittlnééd genomic database on methanogen
diversity. Overall, our data suggest that the pmdémanti-methanogenic effect of these
supplemental tannins could be more related to timibitory effect on methanogen

abundance rather than modulation of methanogenlaopu structure.
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2.5. CONCLUSIONS

This study demonstrates that feeding concentr&ts dontaining phenolic compounds of
up to 29 g TAE/kg DM diet (equivalent to approximlgt32 g of gallic acid equivalent/kg
DM diet) did not impair rumen function. HT-t, CT-amd CT-g extracts displayed specific
antimicrobial activity against methanogens and g@o& without compromising ruminal
fermentation and animal productivity in a long-tef@eding trial. Furthem vivo studies
are necessary to examine the effect of these tanparticularly CT-g, in relation to their
long-term persistence in reducing enteric methamgsson in ruminants. Ruminal
degradation of HT sources, such as HT-c, shouldubder investigated as a factor
influencing their modulatory effect on rumen midath and fermentation. Moreover, both
HT and CT extracts could impact the ruminal micoohé when supplemented at moderate
levels but their negative effect on fibrolytic baica should be considered when fed with

high-fibre diets.
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ABSTRACT

Alfalfa (Medicago sativais a forage legume widely used as a protein sourcuminant
diets whereas cardoon meal is a novel by-prodweh foil extraction of cardoon seeds
(Cynara cardunculuwar. altilis) and is rich in protein, unsaturated fatty aciea)(and
polyphenols. The effect of substituting dehydrattalfa with cardoon meal was examined
on the ruminal fermentation, biohydrogenation of FRBH) and the rumen microbial
community of lambs fed a concentrate diet contgmither 15% dehydrated alfalfa (CON,
n = 8) or cardoon meal (CMDh = 7) for 75 days pre-slaughter. In comparison @NC
lambs fed CMD had lower dietary intakd® € 0.05) of C18::-3 (-26.7%) but greater
intakes of C18:0 (+34.7%), C18rt9 (+20.2%), C18:-6 (+19.6%) and polyphenols
(+117.1%). Dietary treatment did not influence ronatifermentation characteristics and the
absolute abundance of rumen bacteria, methanofi@mgi, or protozoa. Feeding CMD
promoted RBH resulting in a greater concentratf®r (0.05) of ruminal C18:0 (+71.7%)
and total saturated FA (+41.3%) and lower C184 (-21.8%) and monounsaturated FA
(-46.0%) compared to CON-fed lambs. In additiorg thhibition of RBH in CON-fed
lambs resulted in a higher concentratiotrahs-10 C18:1trans11 C18:1, total odd- and
branched-chain FA and totahns18:1 isomers in the ruminal digesta. Dietary dff@t
RBH was accompanied by changes in the rumen baktedmmunity with lower
population diversity indices observed in lambs @&dD compared to CON. Lambs fed
CMD displayed a greater relative abundanc@miteobacteriaand a lower abundance of
BacteroidetesandFibrobacterescompared to CON-fed lambs. At the genus level, CMD
mediated a specific shift frofrevotella, AlloprevotellaSolobacteriunandFibrobacter

to Ruminobactersuggesting that these bacterial genera may playportant role in RBH.
Canonical correspondence analysis indicated tleattmen bacterial community in CON-

fed lambs was positively correlated witis-16 C18:1,trans10 C18:1 and C18:8-3.
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Overall, results demonstrated that dietary replaserf dehydrated alfalfa with cardoon
meal promoted RBH through a modulation of the b@dtecommunity, which may
consequently reduce the accumulation of health-ptmm unsaturated FA in ruminant

meat or milk.

Keywords: Diet, rumen, biohydrogenation, fatty acids, baate high-throughput

sequencing
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3.1. INTRODUCTION

Alfalfa (Medicago sativg otherwise called alfalfa, is a forage legumeelydused as a
conventional protein source in the diet of rumisaktowever, agro-industrial by-products
(AIBP) can be explored as an economical substimteonventional feedstuffs such as
dehydrated alfalfa. This alternate feeding stratyyalso enhance the resource efficiency
and sustainability of ruminant production while wethg the environmental burden
associated with the industrial disposal of thesgioglucts (Makkar, 2016). Cardoon meal
is a by-product obtained after the extraction off@m the seeds of cultivated cardoon
(Cynara cardunculusar. altilis), a perennial plant native to the Mediterraneaore and
widely distributed as a naturalized or invasivecsg® in parts of Europe, Americas and
Oceania (CABI, 2017). The global biomass of cardo@al is increasing rapidly due to a
renewed interest in the use of cardoon oil as alseurce of biodiesel (De Domenico et
al., 2016; Fernandez and Curt, 2004). Cardoon meaVvaluable source of protein with a
rich amino acid profile, high in fibre and contalieactive compounds such as unsaturated
fatty acids (oleic and linoleic acids) and polypblsn (Genovese et al., 2015).
Hydroxycinnamic acids (caffeoylquinic acid derivats) and flavonoids (apigenin and
luteolin derivatives) have been identified as thainmpolyphenols present in cardoon
vegetal organs (Pandino et al., 2011; Ramos €2@l4). To date, the feeding potential of

cardoon meal has not been explored in ruminanttioumtr

Evaluating the effect of novel feeds on rumen fiorcis crucial considering the significant
impact of diets on the rumen microbiome and metabplwhich in turn affect ruminant

performance and the quality of meat and milk (Letaal., 2016). The functional association
between rumen microbiota (bacteria, archaea, fandiprotozoa) aid the fermentation of

feed substrates to produce volatile fatty acidsA)/&nd microbial protein that provide
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ruminants with significant sources of energy andedtible proteins, respectively.
However, this ruminal process is accompanied byrabial lipolysis and subsequent
biohydrogenation (RBH) of dietary unsaturated faityds (FA) resulting in the formation
of saturated FA (SFAjransFA (TFA) and several FA intermediates (Jenkingl e2008).
Ruminal lipid metabolism is a major factor conttipg to the low content of
polyunsaturated FA (PUFA) and high SFA and TFA Isue ruminant meat and milk. This
typical lipid profile in ruminant-derived foods &ssociated with an increased incidence of
cardio-metabolic diseases and cancer in humans(Gj\2005). Nonetheless, RBH also
produces functional FA intermediates, suclrass-11 18:1 and conjugated linoleic acids
(CLA), with potential benefits on human health (Bui et al., 2012). Bacteria are thought
to be the most active microbes involved in RBH asckent advances in high-throughput
sequencing could elucidate the diverse bacterieciepeinvolved in the complex

biochemical pathways related to RBH intermedial@gd|bert et al., 2017).

Nutritional strategies, including dietary AIBP, thiacrease the ingestion of unsaturated FA
and polyphenols potentially modulate the rumen alimmme and inhibit RBH, and
consequently increase the accumulation of heattmpting unsaturated FA in meat or
milk (Buccioni et al., 2012; Vasta et al., 2008)oidover, dietary phenolic compounds can
reduce ruminal proteolysis by inhibiting the grovehd activity of proteolytic bacteria
and/or by reacting with dietary proteins to fornmmexes that are resistant to ruminal
degradation (Hart et al., 2008; Makkar, 2003). €fae, it was hypothesized that feeding
cardoon meal may exert a functional effect on tihraen microbiota and metabolism due
to its content of bioactive compounds (polypheramid unsaturated FA). The objective of
this study was to investigate the effect of replgalietary dehydrated alfalfa with cardoon
meal on ruminal fermentation and RBH, and to dilizext-generation sequencing to

characterize changes in the rumen bacterial conmtgnuni
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3.2. MATERIALS AND METHODS

3.2.1. Animals, diets, slaughter and rumen sampling

The experimental protocol was approved by the sthmmmittee of the University of
Catania and the feeding trial was conducted indmothe experimental farm of the
University. The animals were handled by specialigexsonnel according to the European
Union legislation for the protection of animals dder scientific purposes (2010/63/ EU
Directive). Fifteen male Sarda x Comisana lambgr@ye age 75 d and initial BW 19.58
+ 2.01 kg) were randomly assigned to two experianoups. Each animal was reared in
an individual pen and adapted to the experimenéas dor a period of 9 d by progressive
substitution of the weaning feed with the experitakfeeds until a total replacement of the
weaning diet was achieved. The control group (CON,8), was raised on a commercial
concentrate-based diet containing the followingeéaigents &s-fedbasis): barley (48.0%),
dehydrated alfalfa (15.0%), wheat bran (23.0%)bsay meal (10.0%), molasses (2.0%)
and vitamin premix (2.0%). The control group usedhe present study was the same as
the experiment reported by Salami et al. (2018 Gardoon meal group (CMD,= 7),
received the same diet as the CON lambs exceptthikeal5% dehydrated alfalfa was
completely replaced by cardoon meal. The chemmalposition of the cardoon meal and
experimental diets are outlined in Table 3.1. Ti@NCand CMD diets were supplied in
form of pellets and lambs had libitumaccess to feeds and water for 75 days pre-slaughte
Diets were supplied daily and the amount of refused measured before morning (09:00h)

feeding to calculate nutrient intakes from theltdts matter intake.

The lambs were slaughtered (stunned by captive before exsanguination) in a
commercial abattoir, where they had free accesset@xperimental diets and water until

approximately 3 h before slaughter. The pH of theninal digesta was measured
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immediately post-slaughter using a pH-meter (O8@06, Orion Research Incorporated,
Boston, MA). Two aliquots of the ruminal digest® (¥ 80 g) were collected from each
lamb within 20 min of slaughter and immediatelygeld in dry ice prior to storage at -80

°C for analysis of rumen fermentation, fatty acasl microbial population.

3.2.2. Feed analysis

Cardoon meal and the experimental diet samples arealysed for chemical composition.
Crude protein, ether extract and ash content wetermhined following the method of
AOAC (1995). The neutral detergent fibre (NDF),dadetergent fibre (ADF) and acid
detergent lignin (ADL) were analysed as describgd/bn Soest et al. (1991). Phenolic
compounds were extracted from the cardoon mealkapdrimental diets using aqueous
methanol (50:50, vol/vol) and acetone (70:30, a)\solvents (JiméneEscrig et al.,
2001). Polyphenol-rich extracts were analysed &baltphenol content (TPC) using the
Folin-Ciocalteu reagent. The TPC was expressed @fsgallic acid equivalent/g of dry
matter (DM). Protein partitioning of cardoon mealdaexperimental diets into nitrogen
fractions was carried out according to the Corhglt Carbohydrate and Protein System
(CNCPS) as described by Licitra et al. (1996). Flecomposition in cardoon meal and
the experimental diets was determined by a one-sbepaction—transesterification
procedure using chloroform (Sukhija and Palmqui888) and 2% (v/v) sulfuric acid in
methanol (Shingfield et al., 2003). Gas chromatpigi@analysis of fatty acid methyl esters
(FAME) was performed as described later for FA peah the ruminal digesta. Individual

FA were expressed as mg/g of DM.

112



Table 3.1.Chemical composition of cardoon meal (CM) and expental diets.

Ingredient Diets!
Item CM CON CMD
Dry matter, % as fed 92.71 89.65 89.63
Nutrient content
Crude protein, % DM 18.17 15.67 16.45
Ether extract, % DM 7.99 2.68 3.84
Ash, % DM 5.52 7.01 6.31
NDF, % DM 45.46 30.36 27.32
ADF, % DM 39.54 15.97 12.39
ADL, % DM 12.74 3.62 4.15
Total phenolic conteAt 60.39 5.21 13.08
Protein fractions (% CP)
A3 6.05 10.34 5.65
B1® 49.92 8.87 20.97
A+ B13 55.97 19.21 26.63
B23 29.22 70.07 62.86
B33 5.72 7.02 7.23
cs 9.08 3.70 3.28
Fatty acids (mg/g DM)
C14:0 0.06 0.03 0.03
C16:0 5.82 4.36 5.06
cis9 C16:1 0.06 0.035 0.03
C18:0 SR 1.51 0.45 0.71
C18:1n-9 OA3 8.94 3.86 5.36
cis11 C18:1 0.25 0.21 0.21
C18:2n-6 LA® 28.03 12.19 16.85
C18:3n-3 ALA3 0.07 1.26 1.07
C20:0 0.16 0.09 0.09

1CON: control diet; CMD: cardoon meal diet

2 Expressed as grams gallic acid equivalents/kg DM

3A: non-protein nitrogen; B1: true protein soluliebiuffer; A + B1: total soluble nitrogen; B2:
neutral detergent soluble protein; B3: neutral dgtet insoluble protein but soluble in acid
detergent; C: acid detergent insoluble protein; &8aric acid; OA: oleic acid; LA: linoleic acid;
ALA: o-linolenic acid; ND: not detected

3.2.3. Analysis of ruminal fermentation characteriics

An aliquot of ruminal digesta from each lambs stcaie-80 °C were thawed overnight at 4
°C and used for VFA and ammonia analyses. The tiaiguots were centrifuged at 1000
g for 20 min at 4 °C and 4 mL of the supernatarg a@ded to 1 mL of 25% trichloroacetic

acid (TCA) containing 20 mM 2-ethylbutyric acid as internal standard. The VFA
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concentration was determined by gas liquid chrograjghy as outlined by de la Fuente et
al. (2014). Ammonia analysis was carried out bytdily the acidified rumen samples with
25% TCA in ratio 4:1, followed by centrifugationX§,000 g for 15 min and the supernatant
was analysed for ammonia concentration. The metlesdribed by Weatherburn (1967)
was used to determine the ammonia concentratiangusiChemWel-T autoanalyser
(Awareness Technology Inc., Palm City, FL, USA -ddeyme Cat. No. D-CHEMT).
Microbial enzymatic activities (carboxymethyl cédlse, xylanase and amylase) of freeze-
dried rumen samples were determined as describd8elanche et al. (2016b). Lipase
activity was determined by a spectrophotometri@apsgth p-nitrophenyl (PNP) butyrate
as a substrate dissolved in acetonitrile at a agratgon of 10 mM (Lee et al., 1999). The
specific activity of carboxymethyl cellulase, xybm® and amylase were expressed as
milligram of sugar released per gram of protein penute while lipase activity was

expressed as millimolar PNP per gram of proteinnp@ute.
3.2.4. Analysis of ruminal fatty acids

Lipid was extracted in duplicate from 200 mg finglpund freeze-dried ruminal digesta
using a mixture of hexane and 2-propanol (3:2,vwad)/as described by Shingfield et al.
(2003). The extracted lipid was dissolved in 2 ndxdne and converted into fatty acid
methyl esters (FAME) using a base-acid catalyzadsesterification procedure (Toral et
al., 2010). The methyl esters were quantified ogaa chromatograph Trace Thermo
Finningam GC equipped with a flame ionization dite(FID; ThermoQuest, Milan, Italy)

and 100 m high polar fused silica capillary colug@r25 mm i.d., 0.2um, film thickness;

SP 2560, Supelco, Bellefonte, PA). Helium was wusethe carrier gas at a constant flow
rate of 1 mL/min. Total FAME profile in a 2 pL satewolume at a split ratio of 1:50 was
determined using the following GC conditions: otemperature was programmed at 50

°C and held for 4 min, then increased to 120 °C0atC/min, held for 1 min, increased up
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to 180 °C at 5 °C/min, held for 18 min, increaspdai200 °C at 2 °C/min, held for 15 min,
and increased up to 230 °C at 2 °C/min, and held®omin. The injector and detector
temperatures were at 270 °C and 300 °C, respegtiVéle identification of FAME was
based on a standard mixture of 52 Component FAME (Mu-Chek Prep Inc., Elysian,
MN, USA) and 77 individual FAME standards (Larodane Chemicals, Malmo, Sweden).
The 18:1 and 18:2 isomers were identified basedcammercial standard mixtures
(Larodan Fine Chemicals) and on chromatograms ghixdi by Kramer et al. (2008) and
Alves and Bessa (2007). For individual FA, respdias¢ors to FID and inter- and intra-
assay coefficients of variation were calculatedubyg a reference standard butter (CRM
164, Community Bureau of Reference, Brussels, Belyji Fatty acids were expressed as

0/100 g of total methylated fatty acids.
3.2.5. DNA extraction and quantitative PCR assay

The extraction of DNA from freeze-dried ruminal esga was performed using the
cetyltrimethylammonium bromide (CTAB) detergent heat (William et al., 2012) except
that cell lysis was achieved by incubation withisad dodecyl sulphate (SDS) buffer for
10 min at 95 °C and potassium acetate was usqudtein removal. The quantification of
DNA yield was carried out by spectrophotometry (bidmop ND-1000 spectrophotometer).
Extracted DNA samples were stored at -80 °C padutther analysis. DNA samples were
guantified for total concentration of bacteria, emdic fungi, methanogens and protozoa
using a LightCyclet 480 System (Roche, Mannheim, Germany) as descop@&tklanche

et al. (2015a). Targeted primers used for quant@®CR (qPCR) analysis of the microbes

are indicated in Table S2.1 (See appendix).
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3.2.6. lon-torrent sequencing and data processing

The V1-V2 hypervariable region of 16S rRNA was aifrgdd in extracted DNA samples
for analysis of the bacterial community as desdribg Belanche et al. (2016a). PCR
amplification was carried out using targeted prisngnown in Table S2.1 (See appendix).
The PCR amplicons were purified using Agencourt AlPXP magnetic beads (Beckman
Coulter Inc., Fullerton, USA) and DNA concentratisras assessed using an Epoch
Microplate Spectrophotometer (BioTek, Potton, URurther purification of amplicon
library was carried out using the E-Gel Safe Imabems-illuminator with E-Gel Size
Select 2% Agarose gels (Life Technologies Ltd.skegi UK). The purified DNA libraries
were quantified for DNA yield and detection of &atds post-PCR amplification using an
Agilent 2100 Bioanalyzer with a high sensitivity BNchip (Agilent Technologies, Ltd.,
Stockport, UK). The emulsion PCR of the DNA samifdearies was performed using the
lon PGM Template OT2 200 Kit (Life Technologies Ltdaisley, UK) following the
appropriate manufacturer’s guide for users. Sequgraf the bacterial amplicon library
was performed on the lon Torrent PGM (Life Techgas Ltd, Paisley, UK) using the lon

PGM sequencing 316TM Chip v2.

The barcodes corresponding to individual samplesevidgentified by multiplexing the
sequences and low-quality datasets and chimerasrergroved by denoising the sequences
using MOTHUR software package (Belanche et al.,6201 The UPARSE pipeline

(http://drive5.com/uparskeivas used to cluster the sequences into operatiaxanomic

units (OTU) at 97% identity (Edgar, 2013). The leaiel OTU table was normalized by
random subsampling according to the sample withrtltmemum number of the sequence.
The taxonomic classification of bacteria was cdroet by comparison of the 16S rRNA

gene sequences against Ribosomal Database PRi2etI().
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3.2.7. Statistical analysis

Data on nutrient intakes, ruminal fermentation &l profiles, and rumen microbial
abundance were analyzed as a one-way ANOVA in SIEE3 Statistics version 22).
Shapiro-Wilk normality test was applied to gPCRadanhd a log transformation was
performed if unequal variances were found. Logdfammed data were subsequently
analyzed by one-way ANOVA. Significance was consadevherP < 0.05 and a tendency
for treatment effect were observed when G®< 0.10. The biodiversity indices of rumen
bacterial community were calculated using the ndimed OTU datasets using PRIMER-
v6 software (PRIMER-E Ltd., Plymouth, UK). The demgram plot of hierarchical cluster
analysis was generated using PRIMER-v6. The Vegakagge in R statistical software
(version 3.2.5) was used to perform principal cowtk analysis (PCoA) on the log-
transformed data using the mean Bray-Curtis dissrand the multivariate analysis of
variance (MANOVA) was used to assess the treatnsegmificance. Heat maps and
rarefaction curves were also constructed usindytgan package in R statistical software.
Treatment effect on the relative abundances ofebbiactvas analyzed using a one-way
ANOVA as indicated for gPCR data. Correlations kewthe rumen bacterial community
and ruminal FA profiles were elucidated on ordioati plots using canonical
correspondence analysis (CCA) generated in R sodtwEhe significance level of the

variables was computed using 999 random permugation
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3.3. RESULTS

3.3.1. Diet composition and nutrient intakes

Chemical composition of experimental diets (CON &MD) are outlined in Table 3.1.
Dietary inclusion of cardoon meal enriched CMD wéhproximately 2.5-fold greater
concentration of phenolic compounds compared to €@itaining dehydrated alfalfa. The
proportion of true soluble protein and total so&ubitrogen were 136.4% and 38.6% greater
in CMD compared to CON. The inclusion of cardoonammm CMD increased the

concentration of oleic (+39.1%) and linoleic adj#88.2%) compared to CON.

Feeding CMD reduced the intake € 0.001) of neutral detergent fibre (NDF, -22.2%dl a
tended to decrease protein intake (-9.3% 5 0.078) compared to CON (Table 3.2).
However, lambs fed CMD exhibited greater intakies<(0.05) of total fat and phenolic
compounds compared to CON-fed lambs (Table 3.2tadby intake of individual fatty
acids differed between the two animal groups. TiWD&ed lambs consumed greater
amount of dietary 18:0P(< 0.001), 18:1n-9 (P = 0.005) and 18:2-6 (P = 0.006), and

lesser amount of 18183 (P < 0.001) than CON-fed lambs (Table 3.2).

3.3.2. Ruminal fermentation

Table 3.3 indicated that lambs fed CON and CMDsdilesplayed similar ruminal pH, total
VFA concentration, and molar proportion of acetaropionate, valerate and
acetate/propionate ratio. However, the concentratioNHs-N tended to be greatel &
0.086) in CMD-fed lambs. Dietary treatment had nibea on the activities of
carboxymethyl cellulose, xylanase, amylase angépaeasured in the rumen of lambs fed

CON and CMD (Table 3.3).
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Table 3.2.Effect of supplementing cardoon meal (CMD) for yliated alfalfa (CON) in a concentrate
diet on the nutrient intakes in lambs.

Dietary treatment?!

Nutrient intakes CON CMD SEM P-value
Total NDF intake, g/d 327.4 254.7 11.90 <0.001
Total protein intake, g/d 168.97 153.34 4.450 8.07
Total phenol intake, g/d 5.62 12.19 0.917 <0.001
Total fat intake, g/d 28.90 35.80 1.250 0.002
C16:0,mg/d 47.0 47.2 1.17 0.934
C18:0 intake, mg/d 4.9 6.6 0.27 <0.001
C18:1n-9 intake,mg/d 41.6 50.0 1.64 0.005
C18:2n-6 intake,mg/d 131.4 157.1 5.07 0.006
C18:3n-3 intake, mg/d 135 9.9 0.55 <0.001

1CON: control diet; CMD: cardoon meal diet
NDF: Neutral detergent fibre

Table 3.3 Effect of supplementing cardoon meal (CMD) fohgdrated alfalfa (CON) in a concentrate
diet on rumen pH, fermentation traits and microbiayme activities in lambs.

Dietary treatment

Item CON CMD SEM P-value
Rumen pH 6.50 6.54 0.125 0.869
NHs-N, mMol/L 13.67 19.82 1.790 0.086
Total VFA, mM 55.15 52.56 7.956 0.878

Molar proportion of VFA

Acetate 50.67 49.16 0.921 0.434
Propionate 32.73 32.76 1.180 0.991
Iso-butyrate 3.68 4.47 0.376 0.307
Butyrate 6.52 6.84 0.321 0.644
Iso-valerate 2.65 3.62 0.384 0.220
Valerate 3.75 3.16 0.317 0.364
Acetate/propionate ratio 1.59 1.52 0.074 0.662

Microbial enzyme activitiés

Carboxymethyl cellulase 34.92 30.85 4,151 0.643
Xylanase 129.15 119.61 16.599 0.786
Amylase 77.80 95.88 18.170 0.638
Lipase 2.46 2.13 0.253 0.545

1CON: control diet; CMD: cardoon meal diet
2Specific activity of carboxymethyl cellulase, xytme and amylase were expressed as mg of sugaseetieer g of protein per
min while lipase activity was expressed as mM PEPgpof protein per min.
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3.3.3. Rumen fatty acid composition

Fatty acid profile in the rumen digesta differeémen dietary treatments when visualized
on a PCoA plot (Figure 3.1a). The fatty acid pexibf the ruminal digesta differed between
lambs fed CON and CMD (Table 3.4). The CMD-fed larekhibited greater concentration
of total SFA (+41.3%;P < 0.001) than CON-fed lambs. The SFA concentrati@s
dominated by C18:0 (stearic acid, SA) which wasagref < 0.001) in CMD-fed lambs.
Also, the proportion of C16:0 was high in all lanthg there was no effect of diets on this
FA. For differences in SFA with minor abundanceglts fed CMD had greater proportion

of C20:0 P < 0.05) compared to CON-fed lambs.

Furthermore, dietary treatment affected the foramatf odd- and branched-chain fatty
acids (OBCFA) in the rumen (Table 3.4). Lambs fe@NC accumulated greater
concentration of total OBCFA (+39.0%, < 0.001) compared to CMD-fed lambs. This
alteration was mainly due to differences in thenbheed-chain FA. Lambs fed CON showed
a greater® < 0.05) abundance a0 C14:0,iso C15:0,anteisoC15:0,iso C16:0 andso

C17:0. Among the branched-chain FA, ordgteiso C17:0 was not affected by diet.
Regarding the odd-chain FA, there was a tendenaygieater accumulation of C15@<%

0.069), C21:0R = 0.063) and C23:((= 0.057) in CON-fed lambs.

Feeding CMD reduced the proportion of total MUFAG:0%;P < 0.001), largely attributed
to changes in totdltans 18:1 isomers (-65.6%? < 0.001) (Table 3.4). Lambs fed CON
displayed greateiP(< 0.05) proportion ofrans-6+8 C18:1trans9 C18:1trans10 C18:1
andtrans11l C18:1 compared to CON-fed lambs. Diet exhibéedhinor effect orcis-
MUFA; CMD decreasedis-6 C18:1 P = 0.035) anatis-13 C22:1 P = 0.001) and tended

to lowercis9 C17:1 P = 0.054) ancis-9 C18:1 P = 0.053).
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There was no effect of diet on the concentratiototaéfl PUFA and long-chain PUFA such
as C18:2n-6, C18:3n-3, C20:5n-3, C22:5n-3 and C22:-3 (Table 3.4). However, the
proportion of C20:4-6 (P = 0.045) was greater in animals fed CMD. Lambs@&N and
CMD had similar proportion of CLA isomersi§-9, trans11 C18:2trans8, cis-10 C18:2
andtrans-10,trans12 C18:2). However, diet caused some differenceisae proportion of
atypical dienoic FA. Lambs fed CON showed greatecentage o€is-9, trans12 C18:2
(P = 0.003) andrans-11, cis-15 C18:2 P = 0.013) but tended to increasans9, cis-13

C18:2 P = 0.056).
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Figure 3.1.Principal coordinate analysis (PCoA) plot of th¢ fatty acid profile in rumen
digesta (B) bacterial community structure in lanfdx$ dehydrated alfalfa diet (CON) and

cardoon meal diet (CMD).
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Table 3.4.Effect of supplementing cardoon meal (CMD) for ylifated alfalfa (CON) in a concentrate
diet on fattty acid composition of rumen digestdaimbs.

Dietary treatment®

Item CON CMD SEM P-value

Fatty acids, g/100 g of total fatty acids

T SFA

C4:0 0.49 0.36 0.060 0.279
C6:0 0.25 0.14 0.034 0.107
C8:0 0.16 0.11 0.016 0.122
C10:0 0.26 0.22 0.024 0.442
C12:0 0.40 0.35 0.047 0.592
C14:0 1.33 1.22 0.093 0.574
C16:0 12.90 12.62 0.275 0.622
C18:0 27.13 46.57 3.140 <0.001
C20:0 0.52 0.66 0.031 0.023
C22:0 0.64 0.70 0.102 0.795
C24:0 0.53 0.46 0.038 0.398
YOBCFA

C5:0 0.79 0.59 0.114 0.349
C9:0 0.28 0.24 0.023 0.448
C11:0 0.10 0.09 0.013 0.671
C13:0 0.20 0.15 0.024 0.259
iso C14:0 0.20 0.11 0.021 0.022
C15:0 0.90 0.67 0.064 0.069
iso C15:0 0.33 0.13 0.042 0.011
anteisoC15:0 1.29 0.60 0.107 <0.001
iso C16:0 0.16 0.06 0.018 0.001
C17:0 0.51 0.37 0.046 0.148
isoC17:0 0.22 0.11 0.026 0.029
anteisoC17:0 0.40 0.20 0.060 0.111
C21:0 0.01 0.00 0.003 0.063
C23:0 0.59 0.32 0.070 0.057
¥ MUFA

cis9 C12:1 0.21 0.14 0.021 0.102
cis9 C14:1 0.18 0.16 0.017 0.494
cis7 C16:1 0.13 0.13 0.018 0.980
cis9 C16:1 0.47 0.40 0.067 0.644
cis9 C17:1 0.08 0.03 0.013 0.054
cis-6 C18:1 1.22 0.87 0.085 0.035
cis9 C18:1 5.45 4.26 0.313 0.053
cis-11 C18:1 0.94 0.78 0.067 0.251
cis-12 C18:1 1.12 0.92 0.084 0.226
cis-13 C18:1 0.13 0.11 0.021 0.694
cis-14 C18:1 0.28 0.29 0.051 0.964
cis-16 C18:1 0.41 0.39 0.061 0.932
cis-11C20:1 0.28 0.20 0.027 0.149
cis-13C22:1 0.21 0.10 0.020 0.001
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Table 4. Continued CON CMD SEM P-value

trans9 C14:1 0.08 0.01 0.019 0.076
trans7 C16:1 0.04 0.03 0.007 0.438
trans5 C18:1 0.30 0.22 0.039 0.330
trans-6+8 C18:1 1.68 0.75 0.173 0.003
trans9 C18:1 1.02 0.70 0.067 0.009
trans10 C18:1 9.43 1.94 1.290 0.001
trans11 C18:1 1.59 0.98 0.154 0.046
trans12 C18:1 0.42 0.38 0.033 0.506
trans11C20:1 0.10 0.12 0.018 0.614
> PUFA

cis-9 trans11 C18:2 0.63 0.44 0.065 0.153
trans-8 cis-10 C18:2 0.05 0.06 0.010 0.560
trans10trans-12 C18:2 0.03 0.05 0.009 0.208
cis-9 trans12 C18:2 0.20 0.06 0.028 0.003
trans-8 cis-13 C18:2 0.08 0.06 0.018 0.560
trans9 cis-12 C18:2 0.30 0.39 0.036 0.236
trans9 cis-13 C18:2 0.13 0.08 0.013 0.056
trans-11cis-15 C18:2 0.23 0.08 0.030 0.013
C18:2n-6 5.10 5.06 0.539 0.976
C18:3n-6 0.08 0.09 0.013 0.895
C18:3n-3 0.39 0.25 0.043 0.104
C20:4n-6 0.11 0.20 0.023 0.045
C20:5n-3 0.32 0.23 0.037 0.264
C22:2n-6 0.09 0.11 0.036 0.809
C22:4n-6 0.08 0.06 0.013 0.590
C22:5n-6 0.24 0.20 0.072 0.771
C22:5n-3 0.03 0.03 0.007 0.688
C22:6n-3 0.12 0.10 0.016 0.690
Summary

¥ SFA 44,77 63.28 3.120 <0.001
> OBCFA 5.98 3.65 0.390 <0.001
Y trans-18:1 14.44 4.97 1.600 <0.001

~ MUFA 25.78 13.91 1.920 <0.001
> PUFA 8.21 7.56 0.651 0.635

ICON: control diet; CMD: cardoon meal diet

SFA: Saturated fatty acids; OBCFA: Odd-and branetten fatty acids; MUFA: Monounsaturated fattyds;iCLA: Conjugated
linoleic acids; AD: Atypical dienoic fatty acids|JFA: Polyunsaturated fatty acids; LC-PUFA: Long-ithpolyunsaturated fatty
acids.
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3.3.4. Rumen microbiome

Quantification of rumen microbial populations shovibat there was no effect of dietary
treatment on the abundance of bacteria, methanpfiemg and protozoa in the rumen
(Table 3.5). High-throughput sequencing of bactedi&S rRNA genes generated
approximately 600,000 raw sequences clustere®2d OTUs across 15 rumen samples.
Normalization of the sequence datasets resulte®1i®,857 high-quality sequences
clustered into 2010 unique OTUs, averaging 21,25yuences per sample. The plateau
attained by the rarefaction curves (See appendguré S3.1) indicated that sampling of
the rumen environment resulted in similar bactesegjuencing depth in lambs fed CON
and CMD. Diet altered (MANOVAP = 0.013) the rumen bacterial population structure
when visualized on a PCoA plot (Figure 3.1b). Thisservation was supported by the
separate clustering of rumen samples from lamb<fetl and CMD on the dendrogram
plot (See appendix: Figure S3.2). The CMD-fed laetsbited a less even distribution of
highly abundant and minor bacterial speckes (0.05) and lower bacterial diversity values

(Shannon’s index and Simpson’s indBx 0.05) compared to CON-fed lambs.

The bacterial community in all samples was domuhaby the phylaProteobacteria
(44.5%),Bacteriodeteg35.7%) andrirmicutes(14.3%) together with minor proportions
of Spirochaeteq1.5%), Actinobacteria(0.5%), Fibrobacteres(2.6%) and unclassified
sequences (0.6%) (Table 3.6). Furthermore, dietutatedd the abundance of bacterial
phylogenetic taxa. At the phylum level, lambs fetM@ had greater abundance of
ProteobacterigP < 0.01) and loweBacteriodetegP < 0.01) andribrobacteregP < 0.05).
This bacterial shift was obvious at the family tasaCMD-fed lambs exhibited a greater
abundance oSuccinivibrionaceagP < 0.05) and a decreased abundarite (0.05) of

Prevotellaceaeand Fibrobacteraceae The distribution of bacterial genera in rumen
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samples presented few differences between dietsbasrved on the heat map (See
appendix: Figure S3.3PrevotellaandRuminobacteare the most dominant genera in all
animals andribrobacter clearly appeared to be less abundant in CMD-fedbta The
significance of the effect of diet on bacterial gen showed that CMD specifically
increased the abundanceRafminobacte(P < 0.01) and decreasé&tbrobacter(P < 0.05).
Moreover, CMD tended to decredeevotella(P = 0.070) andilloprevotella(P = 0.096)

in phylumBacteriodeteandSolobacteriun{P = 0.054) in phyluntirmicutes

The correlation between the rumen bacterial comtyusnnd ruminal FA profiles was
elucidated on the CCA ordination plot (Figure 3B)ere was a clear clustering between
rumen samples from lambs fed CON and CMD. The batteommunity in CON-fed
lambs positively correlated wiitis-16 C18:1 P = 0.009) trans10 C18:1 P = 0.038) and
C18:3n-3 (P = 0.009), with a tendency to correlate with C1&& (P = 0.083) (Figure 3.2
and Table S3.1 — See appendix). In contrast, 9:0(.085) andrans-8, cis-10 C18:2 P

= 0.081) tended to correlate with the bacterial samity in CMD-fed lambs. Moreover,
cis-11 C20:1 tended?(= 0.075) to correlate with the bacterial commurity not clearly

related to either CON or CMD.
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Table 3.5.Effect of supplementing cardoon meal (CMD) for yl#tated alfalfa (CON) in a concentrate diet on
rumen microbial numbers and bacterial biodiversitlices in lambs.

Dietary treatment?!

Item CON CMD SEM P-value
Microbial number$

Bacteria 8.83 8.82 0.034 0.869
Methanogens 6.63 6.18 0.205 0.276
Fungi 3.19 2.78 0.460 0.668
Protozoa 8.37 7.36 0.376 0.189
Bacterial diversity indices

Number of OTUY 441.25 436.57 32.316 0.946
Pielou’s evenness index 0.58 0.53 0.010 0.007
Shannon’s index 3.55 3.20 0.084 0.031
Simpson’s index 0.91 0.86 0.009 0.002

1CON: control diet; CMD: cardoon meal diet;
2Data were log-transformed to achieve normality eesdilts expressed as log copy/mg DM of freeze-dtieten content;

30TU: Operational taxonomic unit
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Figure 3.2. Canonical correspondence analysis (CCA) describireg correlations between the rumen
bacterial community structure and the fatty acidfifes in rumen digesta. The arrows indicate thedgmt
direction and their length is relative to the prdjmm of correlation. Arrows longer than the dotteiccle
signify correlation significance (P < 0.05). Coledrdots represent distribution pattern of the laifes

control diet (CON) and cardoon meal diet (CMD).

1LA: Linoleic acid; ALA: a-linolenic acid; CLA: Conjugated linoleic acid.
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Table 3.6.Effect of supplementing cardoon meal (CMD) for détayed alfalfa (CON) in a concentrate diet ontretaabundance (%) of rumen
bacteria taxaX 0.2% of average abundance) in lambs

Dietary treatment!

Phylum Class Family Genus CON CMD SEM P-value
Proteobacteria 37.72 51.25 2775 0.009
Gammaproteobacteria 37.02 50.80 2.879 0.011
Succinivibrionaceae 34.51 46.76 2567 0.011
Ruminobacter 20.84 33.05 2.254 0.002
Succinivibrio 0.16 0.50 0.198 0.416
Anaerobiospirillum 6.20 2.01 1.596 0.201
Alphaproteobacteria 0.50 0.17 0.185 0.404
Bacteroidetes 40.10 31.26 1.810 0.009
Bacteroidia 39.02 30.31 1.822 0.011
Porphyromonadaceae 3.14 3.56 0.408 0.625
Barnesiella 2.75 3.04 0.421 0.746
Prevotellaceae 31.38 22.57 2.150 0.035
Prevotella 28.30 20.46 2.177 0.070
Paraprevotella 0.51 0.30 0.108 0.350
Hallella 0.45 0.26 0.105 0.405
Alloprevotella 0.35 0.09 0.077 0.096
Rikenellaceae 1.99 2.60 1.068 0.788
Rikenella 1.99 2.60 1.068 0.788
Firmicutes 14.47 14.14 0.659 0.811
Clostridia 6.74 6.49 0.459 0.791
Ruminococcaceae 4.11 3.81 0.383 0.707
Ruminococcus 1.40 0.99 0.228 0.386
Acetivibrio 0.27 0.29 0.123 0.934
Clostridium IV 0.15 0.29 0.115 0.547
Lachnospiraceae 2.06 1.95 0.162 0.747
Lachnospiracea incertae sedi§.22 0.30 0.065 0.532
Roseburia 0.89 0.54 0.139 0.221
Butyrivibrio 0.39 0.27 0.082 0.509
Negativicutes 4.69 5.42 0.299 0.237
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Table 3.6. Continued

Phylum Class Family Genus CON CMD SEM P-value
Veillonellaceae 1.81 2.34 0.326 0.433
Dialister 0.93 0.69 0.256 0.647
Mitsuokella 0.26 0.13 0.071 0.379
Selenomonas 0.13 0.30 0.074 0.247
Erysipelotrichia 2.89 1.76 0.452 0.226
Erysipelotrichaceae 2.89 1.76 0.452 0.226
Bulleidia 0.37 0.31 0.052 0.593
Sharpea 0.71 0.86 0.265 0.798
Solobacterium 0.55 0.08 0.124 0.054
Kandleria 1.05 0.45 0.331 0.381
Acidaminococcaceae 2.88 3.03 0.398 0.859
Succiniclasticum 2.39 2.61 0.355 0.774
Acidaminococcus 0.34 0.34 0.064 0.988
Spirochaetes 1.48 1.54 0.368 0.942
Spirochaetia 1.48 1.54 0.368 0.942
Spirochaetaceae 1.16 1.33 0.321 0.795
Treponema 0.64 0.81 0.226 0.711
Sphaerochaeta 0.49 0.33 0.136 0.584
Actinobacteria 0.49 0.44 0.118 0.823
Actinobacteria 0.49 0.44 0.118 0.823
Coriobacteriaceae 0.48 0.43 0.119 0.830
Olsenella 0.47 0.42 0.120 0.839
Fibrobacteres 493 0.36 1.027 0.020
Fibrobacteria 493 0.36 1.027 0.020
Fibrobacteraceae 4.93 0.36 1.027 0.020
Fibrobacter 4.93 0.36 1.027 0.020
Unclassified 0.47 0.71 0.101 0.238
Unclassified 1.62 2.13 0.331 0.460
Unclassified 7.70 8.56 0.999 0.685
Unclassified 20.19 25.39 1.834 0.165

ICON: control diet; CMD: cardoon meal diet
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3.4. DISCUSSION

To our knowledge, the present study is the firsht@stigate the rumen function response
in lambs fed a concentrate diet supplemented wéitdaon meal as a substitute for
dehydrated alfalfa. It was hypothesized that redighhenolic compounds and unsaturated
FA in cardoon meal might modulate the rumen miartzbiand ruminal metabolism
including inhibition of RBH. In agreement with preus data reported by Genovese et al.
(2015), the nutritive value of cardoon meal is elatgrized by a high content of protein,
fibre, phenolic compounds and unsaturated FA m®filThe predominance of oleic and
linoleic acids in the FA profile of cardoon meat@nsistent with the relative proportion of
these FA in cardoon seed (Cajarville et al., 208 oil (Curt et al., 2002). Moreover,
cardoon meal has a nutritional composition comgartdb sunflower meal (Heuzé et al.,

2015), which has been widely used as a dietaryceoirprotein in animal diets.

3.4.1. Ruminal fermentation and microbial populatio

Microbial fermentation of feed substrates in thenem produces VFA and microbial
proteins that supply ruminant animals with energyd ahighly digestible proteins,
respectively for maintenance and production purpdkeor et al., 2016). In the present
study, no effect of diet on rumen pH, total VFAe tmolar proportion of individual VFA,
microbial enzymatic activities nor abundance of emnbacteria, methanogens, fungi and
protozoa was observed. Similarly, it has been shinanfeeding up to 25% whole cardoon
seeds did not impair rumen fermentation, nutridgestibility and fibrolytic activity in
sheep (Cajarville et al., 2000). However, diet riedi the structure of the bacterial
community without affecting ruminal fermentationpAssible explanation could be related

to the fermentative redundancy of the rumen miawoig (Weimer, 2015), which allow the
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rumen ecosystem to maintain similar digestive fiamctlespite differences in microbial

communities (Taxis et al., 2015).

Ruminal proteolysis influences the nitrogen uttliaa efficiency in ruminants with
possible consequences for decreased animal periocemand increased emission of
nitrogen into the environment (Calsamiglia et 2010). Despite higher protein intake in
lambs fed CON, the tendency for a greater concemtraf ruminal NH-N in CMD-fed
lambs suggests that cardoon meal protein may be swmceptible to ruminal proteolysis
compared to dehydrated alfalfa protein. This okes#on is contrary to the expectation that
the high phenolic content in cardoon meal wouldicedprotein degradation in the rumen.
Phenolic compounds can inhibit the growth and &gtof proteolytic bacteria or react with
dietary proteins in the rumen to form complexeg #ra resistant to ruminal degradation
(Makkar, 2003). However, this effect can be incstgsit as demonstrated by the lack of
effect on ruminal protein degradation in cattle ahdep supplemented with dietary tannin
extracts (Pifieird/azquez et al., 2017; Wischer et al., 2014). Thereband rate of ruminal
proteolysis vary with different dietary protein soess. Dehydrated alfalfa protein has been
shown to exhibit a slower rate of vitro ruminal proteolysis compared to soybean meal
protein (Loerch et al., 1983). On the contrary,etevated level of ruminal N&-N was
found in sheep fed up to 25% whole cardoon seedgesting that cardoon seeds may
contain a high amount of rumen degradable proteajaville et al., 2000). In agreement
with this hypothesis, we found a greater amouriotal soluble nitrogen fraction in CMD
compared to CON (Table 3.1), which may explain skhistantial ruminal proteolysis
resulting in higher N&IN concentration in CMD-fed lambs. Moreover, iisclear if the
modulatory effect of diet on the rumen bacteriamoaunity could contribute to the
difference in NH-N concentration. In particular, feeding CMD medata shift from

Prevotella, AlloprevotellandFibrobacterto RuminobacterHowever, dietary amino acids
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are degraded by extensive bacterial interactiodlsiding proteolytic bacteria strains that

belong toPrevotellaandRuminobactegroups (Wallace, 1996).

Differences in diversity indices indicate that datered the taxonomic composition of the
rumen bacterial community. Considering the crumé of bacteria in ruminal digestion,
the effect of diet on the bacterial community maffuience other ruminal fermentation
activities not measured in this study. Antimicrdlpioperty of cardoon polyphenols (Kiki
et al., 2008) could account for the inhibitory etf@f CMD on the fibrolytic bacterium
(Fibrobacten, which may negatively affect fibre digestion lhetrumen (Makkar, 2003).
Furthermore, the higher abundanc@uofteobacteriapredominanthysuccinivibrionaceae

in CMD-fed lambs may be linked to reduced {jioduction in the rumen. Previous studies
have consistently shown that the dominance Rroteobacteria belonging to
Succinivibrionaceaés closely associated with low GEmission in dairy cows (Danielsson
et al., 2017), beef cattle (Wallace et al., 201%) dammar wallabies (Pope et al., 2011).
Decreased Clproduction may be related to the functional attieif Succinivibrionaceae
to synthesize succinate which serves as a metgirelicirsor for propionate, a fermentation
product that does not producefdr CHsformation (Danielsson et al., 2017). Thus, it would
be interesting for future studies to investigaie éffect of dietary cardoon meal on other

ruminal fermentation activities such as nutriemgediibility and methanogenesis.

3.4.2. Ruminal biohydrogenation and bacterial commnity

Ruminal biohydrogenation (RBH) of unsaturated FAEA reduce the ruminal outflow of
health-promoting unsaturated FA for subsequent raisa and incorporation into
ruminant meat or milk. However, RBH also producagesal intermediates (mainly C18:1
and C18:2 isomers) includitigans 11 C18:1 andis-9, trans-11 CLA that exhibit potential

health benefits in humans when incorporated in mami foods (Lourenco et al., 2010). As
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expected, dietary cardoon meal increased the irdbkmsaturated fatty acids (oleic and
linoleic acids) and phenolic compounds. Howeves gktent of RBH was greater in CMD-
fed lambs as evidenced with greater accumulatidnstemaric acid, SFA, and lower
concentrations of oleic acittans11 C18:1 and MUFA. This observation contradicts ou
hypothesis that high phenolic content in cardooralnceuld reduce RBH compared to
dehydrated alfalfa. However, the inhibition of RBiy dietary phenolic compounds is
inconsistent across studies due to the interactidactors such as structural complexity,
dosage, type of diets, animal species and physaabgtatus, as well as characteristics

inherent to the basal diet (Vasta and Bessa, 2012).

The main phenolic compounds in cultivated cardon feavonoids (luteolin, apigenin,
guercetin etc.) and caffeoylquinic acid derivativeswhich chlorogenic acid andans
cinnamic acid are abundant (Falleh et al., 2008dP® et al., 2011; Ramos et al., 2014).
Indeed, there is limited information on the effigad these compounds in inhibiting RBH.
It has been shown that hydroxycinnamic acids inalgidaffeic and chlorogenic acids can
be metabolised by the gut microflora (Gonthiede2®906). This suggests that the phenolic
compounds present in CMD might have been metalablise the rumen microbiota,
resulting in a lack of efficacy of CMD in inhibithRBH. A previous study showed that
dietary addition of quercetin or triterpene sapaitracts did not inhibit RBH assessed in
dual-flow continuous culture fermenters (Lourentale 2008). Moreover, extract from
flower leaves of artichoke&Cfynara scolymus.), a botanical relative of cultivated cardoon,
exhibited high polyphenol oxidase activity but wed effective in inhibitingn vitro RBH

of a-linolenic acid (Gadeyne et al., 2016). In contrdbe presence of saponins and
flavonoids in alfalfa may partly explain its inhibiy effect onin vitro RBH compared to
phenolic-rich plant species such as birdsfoot tkethicory and English plantain (Petersen

and Jensen, 2014). Moreover, heat treatment obfeffs, as applied in the production of
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dehydrated alfalfa, causes changes in the protatrbmsurrounding the fat droplets
resulting in a simultaneous reduction in ruminabtpolysis and RBH (Kennelly, 1996;

Lashkari et al., 2017). This theory is consistemthva tendency for reduced ruminal
proteolysis and RBH inhibition found in lambs fe®®8 compared to CMD-fed lambs. The
inhibitory effect of dietary alfalfa on RBH may aamt for increased PUFA and CLA
contents in ruminant milk and meat (Benchaar e8l07; Realini et al., 2017). Thus, the
application of feed processing methods such as theatment can be useful to protect
proteins and unsaturated fats in cardoon meal sigauminal proteolysis and RBH,

respectively.

Bacteria are thought to be the main microbes resptenfor RBH but there is limited
knowledge on the complexity of bacterial specidsteel to the production of several RBH
intermediates. In this study, high-throughput segueg of 16S rRNA genes revealed that
changes in the rumen bacterial community coulcheeaunderlying mechanism responsible
for observed differences in RBH. The bacterial tshofvards Proteobacteria mainly
Succinivibrionaceaecould account for the substantial RBH in CMD-fechlss. This is
consistent with previous studies that linked theiralance ofSuccinivibrionaceado
increased RBH in cattle, sheep and goat fed watady lipid supplements (Castro-Carrera
et al., 2014; Toral et al., 2016). However, it aggethat the present study is the first to
classify that increased abundance of fan8lyccinivibrionaceaespecifically occurs in
genusRuminobacterMoreover, increased RBH in CMD-fed lambs was eiséed with a
lower abundance ofPrevotella, Alloprevotella, Solobacteriurand Fibrobacter In
agreement with our observation, Huws et al. (20d&icated that decreased abundance of
Prevotellaand Fibrobacter correspond to substantially increased RBH in theen of

cattle fed a grass silage diet supplemented wath dil. This suggests that these bacterial
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genera may be preferentially suppressed at the negpeof bacteria (e.g.

Succinivibrionaceaeinvolved in complete biohydrogenation of FA.

Feeding CON inhibited the terminal step of RBHradigated by a lower concentration of
C18:0 and a greater proportion of toti@ns 18:1 isomers includingrans11 C18:1 and
trans-10 C18:1Trans11 C18:1 is the main precursor desaturateddistd, trans11 CLA

in the muscle tissues or mammary gland, known tlopotential human health benefits
when incorporated into meat or milk (Palmquistlet2005). On the other hand, increased
concentration of ruminatrans10 C18:1 has been implicated in the modificatidn o
mammary lipogenesis, causing a reduction of milk dgnthesis in dairy ruminants
(Shingfield and Griinari, 2007). Feeding high camicate diets induce the accumulation of
trans-10 C18:1 in the rumen (Shingfield and GriinaripZPbut it is unclear if the formation
of trans-10 C18:1 occur as a competing intermediatesios 11 C18:1 (Bessa et al., 2015).
In the present study, simultaneous accumulatiotrasfs11 18:1 andrans10 18:1 in
CON-fed lambs suggested that the production of bdémmediates may have occurred via
different RBH pathways (Vlaeminck et al., 2015)péssible explanation may relate to the
fact that ruminal digesta in CON-fed lambs contdiaggreater proportion tfans-11, cis-

15 18:2, a major non-conjugated 18:2 isomer fronclvirans-11 18:1 could be formed
via an alternative pathway forlinolenic acid hydrogenation (Honkanen et al., @0Dn
the other handrans-10 18:1 could be formed via isomerisation of ok@ted or reduction
of trans-10, cis-12 18:2 (Shingfield and Griinari, 2007). The retilore pathway is unlikely

in the present study becausens-10,cis-12 18:2 was not identified in the rumen of lambs.
However, a greater concentration of oleic acid i@N=fed lambs could enable an

isomerisation pathway for the productionti@ns-10 18:1.

Bacterial strains belonging ®utyrivibrio spp. are believed to be mainly responsible for

the hydrogenation of unsaturated FA (linoleic awmdinolenic acids) via C18:2
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intermediates tdrans-11 C18:1 and eventually to C18:0 (Paillard et2007). However,
the abundance d@utyrivibrio spp. was not affected in this study, in agreememetent
molecular studies that linked other several asuyetiltured bacteria to RBH (Castro-
Carrera et al., 2014; Toral et al., 2016). The Gfedination plot indicated that the rumen
bacterial community in CON-fed lambs favoured theumulation ofx-linolenic acid and
trans-10 C18:1, and tended to promote oleic acid cdnagon, suggesting a possible link
of the bacterial community with incomplete RBH.domparison to CMD-fed lambs, the
rumen of lambs fed CON was characterized by a l@abendance dbuccinivibrionaceae
(Ruminobacterand greater abundanceRrevotellaceagPrevotellg andAlloprevotelld,
SolobacteriumandFibrobacteraceadFibrobactel). However, there is limited knowledge

on the metabolic role of these bacterial group=iation to RBH.
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3.5. CONCLUSIONS

The inclusion of 15% cardoon meal to replace dedigdr alfalfa in a concentrate diet
resulted in differences in nutrient intakes withoaffecting ruminal fermentation
characteristics in lambs. However, dietary inclassbcardoon meal increased RBH which
may reduce the accumulation of health-promotingturated FA in ruminant meat or milk.
The dietary effect on RBH was accompanied by a fitadion of the rumen bacterial
community. Feeding CMD mediated a specific shifinfr Prevotellg Alloprevotella,
SolobacteriumandFibrobacterto RuminobacterFuture studies should assess the role of
these bacteria genera in RBH so as to enhancenttexstanding of strategies required for
manipulating specific bacteria groups related te flormation of important RBH
intermediates such asans-11 C18:1 andrans10 C18:1. Moreover, further investigation
is required to understand if the effect of dietagrdoon meal on the rumen bacterial
ecology could affect other ruminal activities indilng nutrient digestibility and

methanogenesis.
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ABSTRACT

The fatty acid composition and oxidative stabildf meat [ongissimus lumborum et
thoracis LTL) was determined in lambs fed a concentra¢t cibntaining 15% dehydrated
alfalfa (CON,n = 8) or cardoon meal (CMD = 7). Furthermore, the antioxidant activity
of a phenolic-rich cardoon meal extract (1.32 GA§m) in 25% LTL homogenates (0,
0.5, 1, 5% v/w) subjected to iron/ascorbate-indulggid oxidation following incubation
for 4 h at 4 °C was examined. Feeding CON incredBedproportion R < 0.05) of
intramuscular vaccenic and rumenic acids and lodvetearic acid compared to CMD.
Dietary treatment did not affect the oxidative dtgbparameters of raw and cooked lamb
meat stored at 4 °C for 7 and 4 days, respectividig. addition of 5% cardoon extract
increased (+114.3% = 0.03) the total phenolic content and reduced.6%;P < 0.01)
lipid oxidation in LTL homogenates relative to tbentrol, demonstrating the antioxidant

potential of compounds present in cardoon meal.

Keywords: Lamb meat, Growth performance, Fatty acids, Lipiddation, Cardoon,

Polyphenol
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4.1. INTRODUCTION

Meat from ruminant animals (cattle, sheep, goatlarfthlo) can be a viable dietary source
of bioactive lipids including conjugated linoleicids (CLA), monounsaturated fatty acids
(MUFA) and n-3 long-chain polyunsaturated fatty acids (PUFAs®&e et al., 2015).
However, ruminant meat also contains high levelsatfirated fatty acids (SFA) atrdns
fatty acids (TFA) linked to increased risk of carainetabolic diseases in humans (McAfee
et al., 2010). The fatty acid profile of ruminargéatis significantly influenced by extensive
conversion of dietary PUFA to SFA during biohydroggon of lipids that occur in the
fore-stomach (rumen) (Shingfield et al., 2013). loer, feeding strategies that inhibit
ruminal biohydrogenation might increase the depwsiof PUFA and CLA and reduce

SFA levels in ruminant meat (Bessa et al., 2015).

Lipid oxidation is the main chemical process asstec with oxidative deterioration of
meat, resulting in undesirable rancid off-flavoadaolour deterioration that limit shelf-
life and negatively impact consumer acceptabilitynat (Morrissey et al., 1998). The
balance between antioxidant and pro-oxidant commsnén muscle tissues mainly
influences lipid stability. Animal diets could iatnce the biochemical components of
muscle tissues through enrichment with antioxidarhpounds, such as vitamin E, that

enhance the oxidative stability of meat (Lucianalet2013; Salami et al., 2016).

Phenolic compounds are secondary metabolites thattaquitous in several plant species
and may be found in considerable amounts in agtastial by-products (AIBP;
Balasundram et al., 2006). The AIBP can be a vdduaid economical resource for animal
feeding or for the extraction of bioactive phenaliempounds used in functional food
applications. Feeding phenolic-rich AIBP improvies fatty acid composition of ruminant

meat through inhibition of ruminal biohydrogenatitvanza et al., 2015) and enhances the

139



oxidative stability of meat by increasing the depos of antioxidant compounds in the
muscle (Gravador et al., 2014; Luciano et al., 20Moreover, phenolic-rich extracts
obtained from AIBP have been directly incorporategd meat products during processing
to inhibit oxidative deterioration and extend sHé# (Balzan et al., 2017; Kanatt et al.,

2005; Rodriguez-Carpena et al., 2011).

Cardoon meal is a by-product retained after theaetibn of oil from the seeds of cultivated
cardoon Cynara cardunculuwar. altilis), a perennial herb native to the Mediterranean
region and widespread in parts of Europe, AmericasOceania. Cardoon meal has been
proposed as an alternative feed resource because mdtential as a valuable source of
fibre, protein, amino acids and bioactive compousuish as polyphenols and unsaturated
fatty acids (Genovese et al.,, 2015). Moreover, aetér obtained from different
morphological parts (leaf, seed, stem and flowémavdoon have demonstratedvitro
antioxidant and antimicrobial activities attributéal the phenolic constituents present
(Falleh et al., 2008; Pandino et al.,, 2011; Rantoal.e 2014). To our knowledge, no
information has been published on the effect ofadlyecardoon meal or cardoon extract on
meat quality. Therefore, the first objective ofstlstudy was to determine the effect of
dietary cardoon meal on the fatty acid composiéind oxidative stability of lamb meat. In
addition, the antioxidant potential of a phenolahrcardoon meal extract on lipid oxidation

in an ovine muscle model system was investigated.

140



4.2. MATERIALS AND METHODS

4.2.1. Animals, diets and experimental design

The experimental protocol was approved by the stbmmmittee of the University of
Catania and the feeding trial was conducted indaorthe experimental farm of the
University. The animals were handled by trainedspenel according to the European
Union legislation for the protection of animals dder scientific purposes (2010/63/ EU
Directive). Fifteen male Sarda x Comisana lambe (&5 d and average weight 19.58 +
2.01 kg) were randomly assigned to two experimegralips. Each animal was reared in
an individual pen and adapted to the experimenéds dor a period of 9 d by progressive
substitution of the weaning feed with the experitakfeeds until a total replacement of the
weaning diet was achieved. The control group (CON,8), was raised on a commercial
concentrate-based diet containing the followingeagents &s-fedbasis): barley (48.0%),
dehydrated alfalfa (15.0%), wheat bran (23.0%)bsay meal (10.0%), molasses (2.0%)
and vitamin premix (2.0%). The cardoon meal gra@pID, n = 7), received the same diet
as the CON lambs except that the 15% dehydratedfeaMvas completely replaced by
cardoon meal. The chemical composition of the erpartal diets is outlined in Table 4.1.
The CON and CMD diets were supplied in form of @islland lambs haatl libitumaccess

to feeds and water for 75 days pre-slaughter. Bxatal feed samples were collected at
two-week intervals during the feeding trial andretbin vacuum packs at -30 °C prior to
chemical analysis. Diets were supplied daily amdaitmount of refusal was measured before
morning feeding to calculate dry matter intake (Mlhe body weight (BW) of the lambs
was measured at the start of the experiment anorded weekly (at 09:00 h before

providing fresh feed) to calculate average daiiyaDG).
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4.2.2. Slaughter, and carcass sampling and measurent

The lambs were slaughtered (stunned by captive before exsanguination) in a
commercial abattoir, where they had free accesset@xperimental diets and water until
approximately 3 h before slaughter. Carcass weigistrecorded following removal of the
visceral organs and dressing percentage was caddwda the percentage of carcass weight
to final BW. Visual appraisal of hot hanging casms was performed by a certified meat
grader to determine the conformation and fat cacmres according to the European
Union’s EUROP carcass classification system (CorsimnsRegulation (EC) No 823/98,
1998) . Carcass conformation and fatness scoreslvesed on a five-point scale and each
score class was further classified into high, medand low to obtain a 15-point score for
a more precise description of carcass traits. Gassawere stored at 4°C for 24 bst-
mortemand ultimate pH (pH24) was measured onldingissimus thoracismuscle using a
pH-meter (Orion 9106). Colour descriptors lightnésy, redness (a*), yellowness (b*),
Chroma (C*), and Hue angle (H*) were recorded aidhgissimus thoracimuscle, using
Minolta CM-2022 spectrophotometer (d/8° geometryndita Co., Ltd. Osaka, Japan) on
specular components excluded (SCE) mode, illumiraaind a 10° standard observer.
After 24 h of storage at 4 °C, the entioagissimus lumborum et thoradisTL) from the
right half-carcass was removed, packed under vaandrstored at -80 °C for analyses of
intramuscular fatty acids and tocopherols. TherertirL from the left half-carcass was

vacuum-packed and stored at 4 °C for 3 days, pgruiidative stability measurements.

4.2.3. Feed analysis

4.2.3.1. Analysis of chemical composition, fattyideand vitamin E

Dry matter (DM), crude protein, ether extract arsth @ontent were determined in the

experimental diets following the method of AOAC 989. The neutral detergent fibre, acid
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detergent fibre and acid detergent lignin wereys®al according to Van Soest et al. (1991).
The fatty acid composition of the experimental sli@tas determined by a one-step
extraction—transesterification procedure using ritom (Sukhija and Palmquist, 1988)
and 2% (v/v) sulfuric acid in methanol (Shingfieldal., 2003). Gas chromatographic (GC)
analysis of fatty acid methyl esters (FAME) wad@ened as described later (section 4.2.4)
for fatty acid profile of lamb meat. Individual fgatacids of experimental diets were

expressed as mg/g of DM.

Vitamin E (-, y- andé-tocopherols) was analysed in the experimentakdistdescribed
by Cherif et al. (2018). Briefly, freeze-dried sdegpwere homogenized and saponified
with ethanolic KOH stabilized with BHT. Tocopheroi®re extracted using hexane/ethyl
acetate (9/1, v/v), dried undep BInd dissolved in acetonitrile. Vitamin E was asely by
HPLC (Perkin Elmer series 200), equipped with alesampler (model AS 950-10, Tokyo,
Japan) and a Synergy Hydro-RP columnu@, 4.6 x 100 mm; Phenomenex, Bologna,
Italy). Tocopherols were eluted at a flow rate ofnmin and identified using a
fluorescence detector (model Jasco, FP-1525) setexcitation and emissiarof 295 nm
and 328 nm, respectively. Quantification was baseéxternal calibration curves of pure

standard compounds (Sigma-Aldrich, Bornem, Belgisollibilised in ethanol.
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Table 4.1. Chemical composition of experimental diets

Diets!
Parameter CON CMD
Dry matter, %as-fed 89.65 89.63
Crude protein, % DM 15.67 16.45
Ether extract, % DM 2.68 3.84
Ash, % DM 7.01 6.31
NDF, % DM 30.36 27.32
ADF, % DM 15.97 12.39
ADL, % DM 3.62 4.15
Total phenolic content 5.21 13.08
Fatty acids (mg/g DM)
C14:0 0.034 0.034
C16:0 4.357 5.062
cis9 C16:1 0.035 0.034
C18:0 0.454 0.705
C18:1n-9 3.855 5.362
cis-11 C18:1 0.209 0.206
C18:2n-6 12.190 16.852
C18:3n-3 1.255 1.065
C20:0 0.088 0.086
Vitamins (pg/g DM)
a-Tocopherol 5.267 20.877
y-Tocopherol 0.155 0.119
d-Tocopherol 0.012 0.005

1CON: control diet; CMD: cardoon meal diet
2Expressed as grams gallic acid equivalents/kg DM
NDF: neutral detergent fibre; ADF: acid detergebtd; ADL: acid detergent lignin

4.2.3.2. Analysis of total phenol content and irirai antioxidant activity

Phenolic compounds were extracted from cardoon ,mdahydrated alfalfa and
experimental diets using agueous methanol (5050,and acetone (70:30, v/v) solvents
(JiménezEscrig et al., 2001). Polyphenol-rich extracts waralysed for total phenol
content (TPC) using the Folin-Ciocalteu method ¢&ton et al., 1999) with minor
modifications. Briefly, extracts (0.5 ml) were mikevith Folin-Ciocalteu reagent (2.5 ml,
20% in distilled water) and sodium carbonate (2 Th% in distilled water) was added
after 5 min. The mixture was stored in the darkXdrat room temperature and absorbance
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measurements were recorded at 750 nm using a USpeistrophotometer (Cary 300 Bio,
UV-vis spectrophotometer, Varian Instruments, CAA) against a blank containing all
reagents and distilled water. A calibration curgeng standard solutions of aqueous gallic
acid (20 — 10@ug/ml) was plotted and results were expressed &gallac acid equivalents

(GAE)/kg of DM feed.

In vitro antioxidant activity of polyphenol-rich extract@asvmeasured using 1,1-diphenyl-
2- picrylhydrazyl (DPPH) free radical scavengingefivYand Wu, 1999) and ferric reducing
antioxidant power (FRAP) total antioxidant assaysnzie and Strain, 1999), with minor
modifications. For the DPPH assay, extract (0.6and) distilled water (2.4 ml) was mixed
with 0.2 mM DPPH in methanol (3 ml) and storedtia tlark for 1 h at room temperature.
Absorbance measurements were recorded at 517 mg asuV-vis spectrophotometer
(Cary 300 Bio) against a methanol blank. An assagkocontaining distilled water (3 ml)

and 0.2 mM DPPH in methanol (3 ml) was used focwation purposes. A calibration

curve using standard solutions of methanolic Trdldx— 50ug/ml) was plotted and results

were expressed as g of Trolox equivalents (TE)fKgM feed.

For the FRAP assay, extract (0.45 ml) was mixetl @55 ml FRAP reagent (a mixture of
30 mM acetate buffer (pH 3.6), 10 mM 2,4,6—Trigf2idyl)-s-triazine in 40 mM HCIl and
20 mM FeC3.6H.0 in distilled water in the ratio 10:1:1, respeetivincubated at 37 °C
for 10 min prior to use). The mixture was stomethie dark for 30 min at room temperature
and absorbance measurements were recorded at 588imgra UV-vis spectrophotometer
(Cary 300 Bio) against a blank containing all reageA calibration curve using standard
solutions of methanolic Trolox (0.033 — 0.1 mg/ms plotted and results were expressed

as g of Trolox equivalents (TE)/kg of DM feed.
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4.2.4. Analysis of fatty acids and vitamin E in larh meat

Intramuscular fat was extracted from 10 g of mint&d with a mixture of methanol and
chloroform (2:1, v/v) according to the method ofdFoet al. (1957). Lipids (30 mg) were
converted to FAME by base-catalysed transestetibicgChristie, 1982) using 0.5 mL of
sodium methoxide in methanol 0.5 N and 1 mL of Imexaontaining 1mg /mL
nonadecanoic acid (C19:0) as an internal standaad. chromatographic analysis was
conducted as described by Valenti et al. (2018)guaiGC 8000 Top ThermoQuest (Milan,
Italy) gas-chromatograph equipped with a flame Zation detector and a high polar
column (WCOT-fused silica CP-Select CB for FAME WMar, Middelburg, the
Netherlands; 100mx0.25mm i.d.; film thickness QuB%). Helium was the carrier gas at a
constant flow of 1 ml/min. Total FAME profile in AuL sample volume (2L for feed
samples) at a split ratio of 1:80 was determinadguthe following conditions: the oven
temperature was programmed at 40 °C and held foin4 then increased to 120 °C at 10
°C/min, held for 1 min, then increased up to 180at& °C/min, held for 18 min, then
increased up to 200 °C at 2 °C/min, held for 15,mamd then increased up to 230 °C at 2
°C/min, held for 19 min. The injector and detedtamperatures were set at 270 °C and 300
°C, respectively. FAME identification was basedaostandard mixture of 52 Component
FAME Mix (Nu-Chek Prep Inc., Elysian, MN, USA) anddividual FAME standards
(Larodan Fine Chemicals, Malmo, Sweden). Fattysasidre expressed as g/100 g of total
methylated fatty acids. The dietary risk for cawdiscular diseases was assessed by
calculating the atherogenic index (the relationdkepveen FA with pro-atherogenic and
anti-atherogenic properties) and thrombogenic infeg relationship between FA with
pro-thrombogenic and anti-thrombogenic properti@d)e atherogenic index (Al) and

thrombogenic index (TI) were calculated as outlibgdJlbricht and Southgate (1991):

146



_ C12:0+ (4 xC14:0 + C16:0
" n-6 PUFA+ n-3 PUFA+ MUFA

C14:0+ C16:0+ C18:0
(0.5 xMUFA) + (0.5 xn-6 PUFA + (3 xn-3 PUFA + (

Tl =

n-3 PUF
n-6 PUFA:

Vitamin E (-, y- andd-tocopherols) and retinol were extracted from lamiscle according

to the method of Schiiep and Rettenmaier (1994)or@atographic analysis of vitamin E
was performed as described in section 4.2.3.1efedd. Retinol was analyzed in the same
chromatographic run and identified using the UV-\d&ector set at 325 nm (Cherif et
al., 2018). Identification and quantification wexghieved using external calibration curves

of standard compounds (Sigma-Aldrich) solubilise@thanol.

4.2.5. Measurement of lamb meat oxidative stability

Oxidative stability parameters were measured inaad cooked lamb meat, as well as in
LTL homogenates incubated with pro-oxidant catalysts described by Valenti et al.
(2018). Briefly, for analyses on raw and cooked tméaslices (2 cm thickness) were cut
from the LTL which was previously stored under watuat 4 °C as described in section
4.2.2. Three slices were placed in polystyrenestragvered with PVC film and stored at 4
°C. Each slice was used for measuring lipid oxatatind colour stability at one of three-
time points: day 0 (after 2 hours of blooming), alays 4 and 7. The remaining 3 slices
were packed under vacuum and cooked for 30 miQ4dE T a water bath. After cooling

in a cold-water bath, one slice was used immediditel measurement of lipid oxidation,

while the other 2 slices were stored at 4°C indhme conditions described for the raw
meat samples, and lipid oxidation was measured afi@nd 4 days. For both raw and
cooked meat, lipid oxidation was measured as thimhaic acid reactive substances

(TBARS) values according to the procedure of Sid Bmaper (1978) and results were
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expressed ggg malonaldehyde (MDA)/g of meat. Colour was measungaw meat using
a Minolta CM-2022 spectrophotometer (d/8° geometfinolta Co., Ltd. Osaka, Japan)
set in the specular components excluded (SCE) mthdeinant A and a 10° standard
observer. The colour descriptors lightnesy,(tedness (3, yellowness (), Chroma (C),
and Hue angle (B were recorded, as well as the reflectance sp&oma400 to 700 nm.
The ratio (K/Sg72 + (K/S)25 was calculated to monitor the accumulation of nystghobin
(MetMb) on the meat surface over time, with valokthe ratio decreasing with increasing
proportion of MetMb. The ratio (K/S) between thesatption (K) and the scattering (S)

coefficients at the selected wavelengths was catiedlas: (K/S)= (1 — R)?/ 2R.

The resistance of meat to lipid and myoglobin otiata was also assessed in LTL
homogenates incubated in the presence éf &Bed ascorbate (Fe/Asc) as catalysts of
oxidative reactions. Briefly, the minced LTL (7.bwas homogenized with 37.5 g of MES
buffer (pH 5.6). Homogenates were equilibrated2d@ and two aliquots (3 ml and 4 ml)
were collected for measuring the initial extentigfl and myoglobin oxidation (O minutes).
Ferric chloride hexahydrate and L-sodium ascorbyvate added at equimolar concentration
to reach the final concentration of 48M. The homogenates were incubated under
continuous stirring in a temperature controlled IK&-4000 orbital shaker (IKA-Werke
GmbH & Co. KG, Staufen, Germany) set at 37°C arfiirptn. After 30 and 60 minutes of
incubation, two aliquots (3 ml and 4 ml) were colésl for lipid and myoglobin oxidation
analyses. Lipid oxidation was measured in the aliguots using the method of Siu and
Draper (1978). The 4 ml aliquots were centrifuge®&00 xg at 4 °C, filtered through
Whatman 541 filter paper and directly scanneditVaVIS spectrophotometer (UV-1601,
Shimadzu Co., Milan, Italy). The absorbances at 5@8, 557, 582, and 730 nm were used

to calculate the proportion of metmyoglobin (MetRM) Tang et al., 2004).
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4.2.6. Determination of antioxidant potential of cadoon extract in a muscle model

system
4.2.6.1. Preparation of cardoon extract

Phenolic compounds were extracted in triplicatsuspending finely-ground cardoon meal
(0.5 g) in 100% methanol (20 ml) and incubatedoanr temperature in an orbital shaker
(Max Q 6000 Shaker Thermo Fisher Scientific, Irdlaat 200 rpm for 4 h. After 4 h, the

mixture was filtered through Whatman No. 1 filteaper. Pooled solvent extracts were
concentrated by placing in a 50 ml round-bottomlegdkf and solvent (methanol) was
removed by rotary evaporation (Labo-Rota C-3110Raslechnics, Switzerland) for 1 h

at 55 °C. The dried extract was re-suspended ml2@iethanol and analysed for TPC using
the Folin-Ciocalteu reagent as described for expental feeds (section 4.2.3.2.). Result

was expressed as mg GAE/mI extract.
4.2.6.2. Preparation of muscle homogenates

Fresh lamb LTL 1§ = 3) was obtained from a meat retail outlet (Cdrland) and stored
at 4 °C prior to analysis. Muscle homogenates (2&%4 prepared in triplicate following
a minor modification of the method described by QWY et al. (2001). Briefly, LTL (15
g) was chopped and homogenised in 0.12 M KCL 5 n@¥ddine (45 ml), pH 5.5, using
an Ultra-turrax T25 homogeniser (Janke & Kunkel GIntKA® Labortechnik, Staufen,
Germany) at 24,000 rpm for 5 min. The muscle tissné buffer were surrounded by
crushed ice to control the temperature during hansgtion. Cardoon extract (stock
concentration of 1.32 GAE mg/ml) was added to thmbgenates (39.2 g) at 0, 0.5, 1 and
5% v/w of the final volume (40 ml). Lipid oxidatian muscle homogenate samples was
initiated by the addition of equimolar FefSbdium ascorbate (48V) pro-oxidants. The

TPC and lipid oxidation in muscle homogenate weeasared after 4 h of storage at 4 °C.
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4.2.6.3. Measurement of TPC and lipid oxidationimuscle homogenate

The total phenolic content in muscle homogenates mveasured in triplicate by mixing
10% TCA (0.5 ml), 0.05 M phosphate buffer (3 mldanuscle homogenate (2 g). The
mixture was centrifuged at 7800 xg for 10 min &C4using an Avanti J-E Centrifuge
(Beckman Coulter Inc., Palo Alto, CA, USA). The sumatant was filtered through
Whatman No. 1 paper and the filtrate was analysedlPC using the Folin-Ciocalteu
reagent as described for experimental feeds (sedtix3.2). Results were expressed as g
GAE/g muscle. Lipid oxidation was measured in tcgle following the TBARS assay

described by Siu and Draper (1978) and results exgpeessed as pg MDA/g meat.
4.2.7. Statistical analysis

One-way ANOVA test was used to analyse the efféatlietary treatment on growth
performance parameters, carcass traits, intramasfatty acids and fat-soluble vitamins,
using individual lambs as the experimental unitstalon the oxidative stability parameters
(raw, cooked and muscle homogenates) were analysbda full-repeated measures
ANOVA. Effects of diet represented the ‘betweenjsats’ factor and the effect of storage
time/incubation was measured using the ‘within-eaty’ factor and the interaction
between diet and storage time/incubation was testdd/idual lambs were considered as
the experimental units in all the statistical asaly performed for the effect of dietary
cardoon meal on growth performance and meat qualitglyses relating to the effect of
cardoon extract addition on TPC and lipid oxidatfdBARS) in LTL homogenates was
performed in triplicate and mean sample valmes §) for each of the four treatment groups
(CON, CEO0.5, CE1.0 and CE5.0) were subjected tonerveay ANOVA. Pearson’s
correlation analysis was performed to assess thgamship between the TPC and TBARS

in LTL homogenates. Significance was declared wh€10.05, while a tendency for effects
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were considered when 0.05R< 0.10. All statistical analyses were performed ggime

SPSS software (IBM Statistics version 22).
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4.3. RESULTS AND DISCUSSION

The functional effect of bioactive-rich agricultutay-products can be exploited in meat
production through direct feeding to livestock grforther processing to obtain phenolic-
rich extracts that can be added directly to frasprocessed meat products. Cardoon meal
is a by-product obtained after the extraction bfrom the seeds of cultivated cardoon and
is rich in phenolic compounds. Recent investigatibave shown that feeding animals with
diets high in phenolic contents (e.g. tannins) rnmagrove the fatty acid composition of
ruminant meat and enhance the antioxidant statmseatt againgbost-mortenoxidative
deterioration (Vasta and Luciano, 2011). Therefare,the present study, it was
hypothesized that high concentration of phenolimgounds in dietary cardoon meal may
improve the fatty acid composition and oxidativabgity of lamb meat. Furthermore, the
antioxidant effect of phenolic-rich extract obtairfeom cardoon meal was examined in an
ovine muscle model system in order to highlightgbtential of cardoon extract as a natural
antioxidant for use in the development of functianaat products. To our knowledge, this
is the first study to report the effect of cardaoeal or cardoon extract on lamb meat

quality.

4.3.1. Antioxidant activity of experimental feedstifs and diets

The TPC of cardoon meal was 4-fold higher<{0.01; 60.4/s15.5 g GAE/kg DM) than
dehydrated alfalfa, which may explain the 2.5-folkctease in TPC when dehydrated alfalfa
was replaced by cardoon meal in CMD, compared tcNGDable 4.1). The phenolic
concentration of cardoon meal was 5-fold highen {hx@viously reported for cardoon press
cake (Genovese et al., 2015), a similar by-prodbtdined from the mechanical extraction
of oil from cardoon seeds. Variation in the TPCafdoon extracts may be related to factors

such as plant geographical origin, varieties antlrig stage, agricultural methodologies,
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and phenol extraction procedures (Ramos et al4)2@k expected, assessment ofithe
vitro antioxidant activities showed that cardoon medilaied a higher®R < 0.01) DPPH
free radical scavenging activity and FRAP totali@atlant activity compared to
dehydrated alfalfa (Figure 4.1a). Similarly, re@aent of dehydrated alfalfa with cardoon
meal in the experimental diets resulted in higlfex (0.01) antioxidant activities in CMD

compared to CON (Figure 4.1b).

Flavonoids and hydroxycinnamic acids are the miisses of phenolic compounds, which
contribute to the antioxidant effect of extractsameed from cardoon leaf, seed, stem and
flower (Falleh et al., 2008; Pandino et al., 20Rihelli et al., 2007; Ramos et al., 2014). It
has been shown that the TPC of cardoon extracisgyr correlated with DPPH antiradical
activity (Falleh et al., 2008; Ramos et al., 20a4d FRAP total antioxidant capacity
(Pandino et al., 2011). In additiatocopherol is another potent antioxidant which loan
found in high residual levels in cardoon meal asl@an oil has been shown to contain
considerable amounts of vitamin E (Maccarone etl8PR9). This is consistent with the 4-

fold increase ini-tocopherol content found in CMD compared to COMEMIE 4.1).
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Figure 4.1. Antioxidant activity of(a) dietary test ingredients (feedstuff): dehydrat#fdlfa (ALF) and
cardoon meal (CM)b) experimental diets: control (CON) and cardoon naiat (CMD). Values are
presented as means with standard error bars.

abFor antioxidant activity assay, bars with differétters are significantly differenP(< 0.05).

DPPH: 2,2-diphenyl-1-picrylhydrazyl assay (freeicatiscavenging activity); FRAP: Ferric reducing
antioxidant power assay (total antioxidant actvifyE: trolox equivalent.

4.3.2. Growth performance and carcass traits

Lambs fed CMD exhibited loweP(< 0.05) DMI compared to CON-fed lambs. Lower DMI
in lambs fed CMD may be related to low feed paléitslniue to the high content of dietary
phenolic compounds. Cajarville et al. (1999) repdra similar decrease in the voluntary
intake of sheep fedd libitumgreen forage of cardoon possibly due to the presehhigh
concentration of phenolic compounds in cardoondsafKukt et al., 2008). Phenolic
compounds, such as tannins, may confer unpleaaate br bind to salivary proteins
forming a polyphenol-protein complex that inductiagency sensations and trigger low
feed intake in animals (Makkar, 2003). Howevertatgtreatment did not affed® & 0.05)
growth performance parameters in terms of final AN and feed efficiency (Table 4.2).
Similarly, there was no effect of dietary treatmentcarcass characteristics such as carcass
weight, dressing percentage, carcass conformdtatress scores, muscle ultimate pH and
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colour characteristics (Table 4.2). The valuesabduar variables are within the satisfactory
range for average consumer acceptance of fresh paatitularly in terms of lightnest’(

) and rednessa() (Khliji et al., 2010).

Table 4.2. Effect of dietary treatment on the growth perfarmoe and carcass
characteristics of lambs

Dietary treatment!

Item CON CMD SEM P-value
Growth performance

Dry matter intake, g/d  1078.3 932.2 31.15 0.013
Initial body weight, kg  20.1 20.1 0.54 0.974
Final body weight, kg 35.5 33.9 0.74 0.303
Average daily gain, g/d 204.5 184.0 8.04 0.215
Feed efficiency 190.8 198.7 8.24 0.649

Carcass traits

Carcass weight, kg 17.1 16.1 0.41 0.264
Dressing percent, % 48.1 47.5 0.29 0.333
Conformation score 2.3 1.9 0.13 0.102
Fatness scofe 2.5 2.4 0.04 0.738
Ultimate pH 5.91 5.83 0.04 0.310
Lightness, L 37.95 38.72 0.58 0.528
Rednessa’ 11.90 12.53 0.43 0.481
Yellownessp’ 6.93 7.32 0.34 0.588
SaturationC’ 13.78 14.51 0.53 0.512
Hue angleH’ 29.96 30.23 0.56 0.817

1CON: control diet; CMD: cardoon meal diet

2Calculated as: g BW gain/kg DMI

3Conformation score: E = 5, excellent shape and masty; U = 4; R = 3; O = 2; P = 1, poor shape
and muscularity.

4Fatness score: 1 = low, 5 = very high
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Table 4.3. Effect of dietary treatment on the intramuscuégrdontent, fatty acid composition and fat
soluble vitamins in thongissimus thoracis et lumborumuscle of lambs

Dietary treatment:

Parameter CON CMD SEM P-value
IMF (g/100g of muscle) 2.07 2.06 0.117 0.946
Fatty acids (g/100 g of total fatty acids)

C12:0 0.13 0.13 0.007 0.920
C14:0 2.90 2.81 0.121 0.727
cis9 C14:1 0.11 0.10 0.007 0.367
C15:0 0.36 0.36 0.011 0.848
iso C15:0 0.07 0.06 0.002 0.146
anteisoC15:0 0.11 0.11 0.005 0.907
C16:0 23.60 22.81 0.245 0.110
cis9 C16:1 1.77 1.57 0.075 0.174
C17:0 1.15 1.22 0.052 0.544
iso C17:0 0.37 0.33 0.010 0.065
anteisoC17:0 0.49 0.45 0.011 0.060
C18:0 12.13 13.80 0.267 <0.001
cis9 C18:1 38.78 39.56 0.447 0.403
cis11 C18:1 1.58 1.58 0.047 0.994
trans9 C18:1 0.26 0.22 0.011 0.066
trans-10 C18:1 1.58 0.72 0.149 0.001
trans-11 C18:1 0.75 0.48 0.055 0.006
cis9cis12 C18:2 6.85 6.89 0.323 0.944
cis9trans11 C18:2 0.43 0.30 0.024 0.002
trans-8 cis-10 C18:2 0.01 0.01 0.002 0.792
cislltrans13 C18:2 0.02 0.01 0.002 0.064
cis9 cis12cis-15 C18:3 0.53 0.47 0.015 0.070
C20:0 0.09 0.10 0.004 0.183
C20:3n-6 0.15 0.15 0.013 0.992
C20:4n-6 1.40 1.39 0.136 0.963
C20:5n-3 0.08 0.07 0.010 0.589
C22:4n-6 0.13 0.15 0.014 0.624
C22:5n-6 0.04 0.04 0.005 0.541
C22:5n-3 0.22 0.21 0.024 0.878
C22:6n-3 0.05 0.06 0.006 0.577
Summary

¥ SFA 41.80 42.59 0.255 0.128
> MUFA 47.21 46.35 0.444 0.357
> PUFA 10.71 10.67 0.524 0.975
> OBCFA 2.80 2.80 0.060 0.978
¥ n-6 /£ n-3 PUFA 8.16 8.92 0.197 0.052
Atherogenic index 0.62 0.61 0.014 0.716
Thrombogenic index 1.24 1.29 0.019 0.196
Fat soluble vitamins, ng/g muscle

Retinol 229.05 311.21 21.131 0.048
a-Tocopherol 276.94 365.51 34.200 0.207
y-Tocopherol 1.99 1.48 0.191 0.191
d-Tocopherol 19.90 26.54 1.970 0.093

CON: control diet; CMD: cardoon meal diet
IMF: intramuscular fat; SFA: saturated fatty acitl8)FA: monounsaturated fatty acids; PUFA: polyunsatted fatty acids;
OBCFA: Odd-and branched-chain fatty acids
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4.3.3. Effect of dietary cardoon meal on lamb medatty acid composition and fat-

soluble vitamin levels

The effects of dietary cardoon meal on ruminal pdvbgenation of fatty acids were
reported in Chapter 3. In summary, results showet feeding CMD significantly
increased daily dietary intakes of stearic acidb(¥30), oleic acid (+20.2%), linoleic acid
(+19.6%) and polyphenols (+116.9%) and reducedkentaf o-linolenic acid (-26.7%)
compared to CON. Despite the higher intake of wmattd FA and polyphenols in CMD-
fed lambs, CMD promoted ruminal biohydrogenatiorfaify acids due a modification of
rumen bacterial community. In comparison to CON#&edbs, the ruminal digesta of lambs
fed CMD was characterized by higher levels of steacid and total SFA, and lower
concentrations of oleic acidrans-10 C18:1,trans11 C18:1 and total MUFA. The
observed effects of diet on ruminal biohydrogematiare helpful in explaining

intramuscular fatty acid results reported in thesent study.

Intramuscular fat, fatty acid profile and fat-sdrilvitamin contents in LTL muscle from
lambs fed CON and CMD diets are presented in T&l3leln general, dietary treatment did
not influence P > 0.05) intramuscular fat content or the total position of SFA, MUFA,
PUFA, odd- and branched- chain fatty acids (OBCEAgtary treatment did not influence
(P > 0.05) the concentration of individual SFA (C12@14:0 and C16:0) that results in
hypercholesterolemic effects in humans (Mensink520This could in part explain why
meat from lambs fed CON and CMD had simiRRr(0.05) nutritional indices (atherogenic
index and thrombogenic index) for risk of cardiauaar diseases. However, increased
ruminal biohydrogenation in lambs fed CMD was cetesit with the observed higher
concentration® < 0.05) of intramuscular C18:0 (stearic acid), &owder proportionsR <

0.05) oftrans10 C18:1,trans11 C18:1 (vaccenic acid) ammis-9 trans11 C18:2 CLA
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(rumenic acid) compared to CON-fed lambs. In additihe proportion of C18:8-3 (o-
linolenic acid) tendedR = 0.070) to be greater in the muscle of lambsdé&N compared
to CMD-fed lambs. Consequently, thes:n-3 PUFA ratio tended to be lowd? € 0.052)
in CON-fed lambs compared to CMD-fed lambs. Regaydat-soluble vitamins in LTL,
the concentration of retindP(= 0.048) was greater in muscle from lambs fed Qfel@tive
to CON but diet did not affecP(> 0.05) vitamin Ed-, y- ands-tocopherols) concentration

(Table 4.3).

The present study showed that dietary treatmemifgigntly affected the intramuscular
concentration of individual fatty acids (steatrans-10 C18:1, vaccenic and rumenic acids)
with potential nutritional implications. Stearicidds the predominant saturated fatty acid
found in ruminant meat or milk as the main end poa@f ruminal biohydrogenation (Bessa
et al., 2015). It has been suggested that dietargumption of stearic acid does not increase
plasma low-density lipoprotein and cholesterol Iswe humans in contrast to the negative
effect of other SFA that are risk factors for cardietabolic diseases (Mensink, 2005).
Thus, the greater amount of stearic acid in laredSIMD may not have detrimental effects
on human health. On the other hand, a lower coratgomn of trans10 C18:1, a
biohydrogenation intermediate, in CMD-fed lamb me#y be viewed as a positive
outcome from a nutritional perspective due to thieptial cytotoxic effect of this fatty acid
at higher concentrations (Vahmani et al., 2016)séleli from lambs fed CON exhibited a
higher proportion of vaccenic and rumenic acids #ra known for their potential health
benefits in humans (Bessa et al., 2015). Both vacand rumenic acids are intermediate
FA synthesized during ruminal biohydrogenation lutnenic acid can be further
synthesized in muscle tissues through endogencsetudation of vaccenic acid by the
enzyme A-9-desaturase (Corl et al., 2001). Notably, ourviowes results on ruminal

biohydrogenation showed that the concentrationagtenic acid was higher in CON-fed
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lambs but there was no dietary effect on the camagon of rumenic acid. Thus, it could

be explained that higher concentration of intramalescrumenic acid in CON-fed lambs

was related to greater ruminal outflow and absorptf vaccenic acid that serves as the
main precursor for the endogenous synthesis of mareeid in muscle tissues. Rumenic
acid is the major naturally occurring CLA isomeumal in ruminant meat and milk (Bessa
et al., 2015) and dietary consumption of this FAeptally prevent human diseases
including cancers, cardiovascular diseases, obebitye density loss, and diabetes

(McGuire and McGuire, 2000).

Indeed, the current results contradict our hypaghiest a high concentration of phenolic
compounds in dietary cardoon meal would inhibit inahbiohydrogenation and enhance
the incorporation of health-promoting fatty aci@®JEA, MUFA and CLA) in lamb meat.
A number of factors may account for the lack ofifnes effect of CMD on ruminal
biohydrogenation and intramuscular fatty acidss jpossible that hydroxycinnamic acids,
the major cardoon phenolic compounds, were metsdablby the consortium of microbes
residing in the fore-stomach (rumen) of lambs asamshwith human faecal microbiota
(Gonthier et al., 2006). In support of this spetiatg it was observed that the rumen
bacterial community significantly differed betwekrmbs fed CON and CMD (data not
shown), suggesting that possible differences irrobhial metabolism may exist between
the two diets. Furthermore, positive effects otalig phenolics on the fatty composition of
ruminant meat have been largely reported for dietstaining a high concentration of
tannins (Vasta et al., 2008). Though the tanninternof diets was not measured in the
present study, it has been shown that cardoonatxttantain a very low concentration of
tannins (Falleh et al., 2008). Thus, results frbm present study emphasized the variation
in the effect of diets containing a high concembrabf bioactive compounds, which may

be dependent on the type and/or concentration @figdic compounds present.
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In contrast, alfalfa fed in various processed fo(fresh, hay, dehydrated, silage) has been
documented to enrich lamb muscle and offal withdo®FA and higher content of PUFA
and rumenic acid (Cerci et al., 2011, Ciftci ef 2010; Realini et al., 2017). The presence
of saponins and flavonoids in alfalfa may explaihywieeding CON inhibited ruminal
biohydrogenation and enhanced the fatty acid graffllamb meat in the present study.
These results support the hypothesis that posfieets of dietary alfalfa on the fatty acid
profile of ruminant meat may be more attributedit® inhibitory effect on ruminal
biohydrogenation (Petersen and Jensen, 2014) asdréuenced by its effect on lipid

metabolism in muscle tissues (Gonzalez-Calvo gpall5).
4.3.4. Effect of dietary cardoon meal on meat oxidave stability

The results of oxidative stability of raw meat, ked meat and muscle homogenates are
presented in Table 4.4. There was no effect of ahelipid oxidation of raw and cooked
lamb meat stored aerobically for up to 7 and 4 deespectively (Table 4.4). As expected,
lipid oxidation significantly increasedP(< 0.05) in raw and cooked meat as a function of
storage time. A significant interaction betweentatg treatment and storage time was
observed for lipid oxidation in raw meat. The iatgron indicated that meat from lambs
fed CMD exhibited higher lipid oxidation on day@nspared to CON. Although meat from
lambs fed CON and CMD had similar total PUFA contenhigher level of CLAdis-9
trans11 18:2) in the meat from CON-fed lambs may bdaagble reason of the lower
TBARS value as CLA is an oxidative-stable compormémuscle PUFA. The CLA present
in meat does not participate in oxidation procesmad thus reduce the formation of
oxidative fatty acid free radicals resulting in uedd lipid oxidation (Hur et al., 2004). In
addition, dietary treatment did not influence tb&ar stability of raw lamb meat measured
using instrumental colour descriptors (lightnessredness’, saturatiorC” and hue angle

H") and an index for metmyoglobin accumulation ((K#8¥ (K/S)szs). Over the storage
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period of raw lamb meat, redness and colour sabmrateclined P < 0.05) while colour
hue increasedP(< 0.05). However, colour stability parameters weo¢ affected by the
interaction between diet and storage time. In gdnéeeding CMD did not affect the
oxidative stability of aerobically stored fresh acdoked meat despite the higher
antioxidant activities exhibited by CMD comparedd®N (Figure 4.1b). The antioxidant
effect of dietary phenolics in meat depends omrfiisctive absorption and deposition into
muscle tissues, which in turn is influenced by $iee of the phenolic molecules and/or
potential metabolism in the gastrointestinal tréa.previously highlighted in this study,
possible microbial metabolism of cardoon phenalicthe gut of lambs may account for

the lack of positive effect of CMD on meat fattydacomposition and oxidative stability.

Post-mortenoxidative changes occur naturally in meat and @aadzelerated by several
factors during processing, storage or retail digglBekhit et al., 2013). In the current
experiment, intensed lipid oxidation was inducedrimpbating muscle homogenates with
FeCk/sodium ascorbate pro-oxidants. There was no stgmnif interaction ® > 0.05) of
treatment x time on TBARS and metmyoglobin coneditn (indicative of formation of

brownish pigment) values measured up to 60 mimaibation.
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Table 44. Effect of dietary treatment and time of storagécubation on oxidative stability
parameters of lamb meat

Storage /incubation time Effect (P-value)

Item Diet (T)?
(D)} 1 2 3 SEM D T DxT

Raw meat
CON 0.18 0.87 1.7¢°

TBARS® CMD 0.18 0.7¢8 2.4 0.136 0.129 <0.001 0.036
CON 4423 43.93 42.95

LightnessL” CMD 43.46 42.82 42.61 0.299 0.2290.364 0.872
CON 14.49 12.40 10.44

Rednessa’ CMD 15.77 12.97 10.82 0.340 0.07%0.001 0.635
CON 12.03 12.17 11.27

Yellownessp' CMD 12.87 12.11 11.61 0.194 0.033.098 0.626
CON 18.84 17.38 15.39

SaturationC" CMD 20.36 17.75 15.88 0.356 0.146<0.001 0.630
CON 39.49 4453 47.32

Hue angleH" CMD 39.15 42.99 47.05 0.550 0.183%0.001 0.549

CON 1.00 091  0.88
(KIS)s72+ (KISk2s CMD 0.99 091  0.87 0.009  0.392<0.001 0.880

Cooked meat
CON 1.36 3.73 5.64
TBARS? CMD 1.48 3.97 5.89 0.281 0.33%0.001 0.930

Muscle homogenates
CON 0.09 3.48 3.73
TBARS® CMD 0.15 3381 4.22 0.271 0.037 <0.001 0.437

CON 12.84 64.60 88.78
Metmyoglobin CMD 11.29 65.67 89.71 4911 0.925 <0.001 0.747

1CON: control diet; CMD: cardoon meal diet

abTreatment effect: Mean values bearing differenessqripts are significantly differen® (< 0.05)
2Times 1, 2, 3 correspond to: 0, 4, 7 days (raw relézes stored at 4°C under aerobic conditions); 0,
2, 4 days (cooked meat slices stored at 4°C ureteba& conditions); 0, 30 and 60 minutes (muscle
homogenates incubated with Fe/Asc at 37°C undefremus stirring)

SExpressed agg MDA/g meat
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Figure 4.2. Effect of cardoon extract (CE) addition aj total phenolic contents (TPC, GAE/g of muscle)
(b) lipid oxidation (TBARS ug MDA/g of muscle) of ovindongissimus thoracis et lumborufiaTL) muscle
homogenates after 4 h of incubation with a B&sGHium ascorbate pro-oxidant system. Treatmertasr
follows: CON, CEO0.5, CE1.0 and CE5.0 representtamdof 0, 0.5%, 1.0%, and 5.0% of cardoon exttact
muscle homogenates, respectively. Values are psbers means with standard error bafsor each
treatment, bars with different letters are sigmifitty different P < 0.05).

GAE: gallic acid equivalents; TBARS: thiobarbituecid reactive substances.

4.3.5. Effect of cardoon extract on lipid oxidationn a muscle-based system

Antioxidant effect of the phenolic-rich extract alsted from cardoon meal was tested in
LTL homogenates subjected to Fg€bdium ascorbate-induced oxidation by incubating
with iron/ascorbate pro-oxidants for 4 h. Additioh 5% cardoon extract significantly
increased (+114.3%P < 0.05) the total phenolic content (TPC) in LTLnhmgenates
compared to the control (Figure 4.2a). Similarlydidion of 5% extract inhibited (-77.6%;
P < 0.001) lipid oxidation (TBARS values) relativethe control (Figure 4.2b). Pearson’s
correlation analysis showed that TPC negativelyatated = -0.724;P = 0.008) with
TBARS values, suggesting that cardoon phenolicdribaned to the inhibition of lipid

oxidation in LTL homogenates. The present studygests that the antioxidant effect of
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cardoon extract in an ovine muscle system is depedent as only the addition of 5%
cardoon extract significantly inhibited lipid oxittan relative to the control. Similarly,
Falleh et al. (2008) demonstrated that cardoonaetdrexhibitedin vitro antioxidant
activities (DPPH radical and superoxide anion sogiwey activities) in a concentration-

dependent manner.

Several plant extracts have been shown to exhittibyadant efficacy with potential
application as natural alternatives to potentigdyic synthetic antioxidants in meat
products (Jiang and Xiong, 2016). Indeed, the mtesteidy is the first to demonstrate the
antioxidant potential of cardoon extract in musdledel systems. Moreover, the addition
of a cardoon extract can enhance the healthinesgaft products as cardoon phenolics may
exert functional therapeutic properties such asimaotobial, antimutagenic,
hepatoprotective, choleretic and anti-cholestatitoas in humans (Adzet et al., 1987;
Falleh et al., 2008). Therefore, further reseascrequired to examine the use of cardoon
extract as a natural additive for developing fumtdl meat products with extended shelf

life and health-promoting properties.
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4.4. CONCLUSIONS

The present study demonstrated that cardoon meaich source of phenolic compounds
with potent antioxidant activity. The inclusion 5% cardoon meal replaced dehydrated
alfalfa in a concentrate diet without adverse dfteclamb performance and carcass traits.
Dietary cardoon meal did not influence the intraouar composition of SFA, MUFA,
PUFA and nutritional indices (atherogenic index #mombogenic index) but presented a
lower concentration of potentially health-promotifagty acids (vaccenic and rumenic
acids) in lamb meat. Moreover, dietary inclusiorcafdoon meal had no negative effects
on the oxidative stability of raw and cooked meated aerobically at 4 °C for up to 7 and
4 days, respectively. In addition, a phenolic-rigktract obtained from cardoon meal
exhibited potent antioxidant activity against lipictidation in an ovine muscle model
system. Further research is required to evaluatarkioxidant effect of cardoon extract on

the shelf-life and quality parameters of meat potslu
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CHAPTER 5 — Concentrate supplementation with driedcorn gluten
feed improves the fatty acid profile of beef from &ers offered grass

silage

Saheed A. Salami, Michael N. O’Grady, Giuseppe &ngj Alessandro Priolo, Mark

McGee, Aidan P. Moloney and Joseph P. Kerry

This chapter is in preparation in the form of a osmipt for submission tbood

Chemistry.
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ABSTRACT

This study examined the chemical composition, fattid profile, oxidative stability and
sensory attributes of bedbgissimus thoracismuscle) from steers offered grass silage and
concentrate supplements containing varying lev@ds, (25%, 50%, 75%) of dried corn
gluten feed (CGF) substituted for barley/soybeamlmieeeding 50%CGF decreased the
protein content and increased intramuscular fafpaoed to 25%CGF. Total phenol content
and iron-reducing antioxidant power followed thdar 0% CGF > 50%CGF and 25%CGF
> 0%CGF = 50%CGF, respectively. Compared to 0%CE3%CGF and 75%CGF
decreased C14:0 and increased C2@3,5C22:5:-3and totah-3 polyunsaturated fatty acids
whereas 75%CGF increased conjugated linoleic a@e® t-11+-9, c-11 18:2) and
C18:3-3. Diet did not affect the oxidative stability asensory attributes of beef patties.
The inclusion of up to 75%CGF in a supplementanycentrate for steers increased the
proportion of health-promoting unsaturated fattidaavithout negatively influencing the

shelf-life and eating quality of beef.

Keywords:corn gluten feed, beef antioxidant potential, fattyd, eating quality
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5.1. INTRODUCTION

Concentrate supplementation of a grass silage-lthses a typical practice employed for
indoor winter finishing of beef cattle in many teenate countries including Ireland (Keane
et al., 2006). Replacement of conventional feeflst{guch as corn, barley and soybean
meal) in concentrate diets with less-expensive-agtastrial by-products, is one strategy
for reducing feed cost in this type of productigstem. Corn gluten feed (CGF) is a by-
product of a wet milling process containing brad ateep liquor obtained after the removal
of germ, gluten and starch from corn kernel (Steichl., 2000). The rapid expansion of the
corn milling industry has increased the use of @Sk dietary source of energy and protein

for beef cattle without negatively influencing amihperformance (Domby et al., 2014).

Animal diet has a significant impact on meat gwatiaits including those related to
nutritional value, shelf-life, and sensory chardst&s, which influence consumer
preference and acceptability (Hocquette et al. 220Related to these traits, research into
the fatty acid composition of beef has attractedlsaterable attention in recent years due
to its nutritional significance and relationshipaiher meat quality attributes (e.g. flavour
and oxidative stability) which in turn influencdag value and eating quality (Wood et al.,
2008). Microbial transformation of dietary unsatechfatty acids to saturated fatty acids
(SFA) in the rumen is a major factor limiting thecamulation of polyunsaturated fatty
acids (PUFA) in ruminant meat and dietary strategiesigned to alter this process are of

interest to animal/food scientists and the meaishy (Bessa et al., 2015).

Grass silage-based diets, compared to concentastibdiets, have been particularly
effective in reducing ruminal biohydrogenation antproving beef nutritional value by
increasing the content of PUFA and conjugated diicohcid (CLA) while decreasing SFA

levels in beef (Scollan et al., 2014). In additigrass silage-based diets may enhance the
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antioxidant capacity and extend the shelf-life gitglof beef by increasing the deposition
of antioxidant compounds, such as vitamin E, imtluscle (Scollan et al., 2014). However,
supplementation of grass-based diets with condentti@ts has a varied effect on meat
guality indices depending on several factors whiatiude the nutrient composition of
concentrate ingredients that influence the metalveponse of animals and the ultimate
composition of the meat (Luciano et al., 2011; Pescet al., 2013). The lower starch and
higher fibre content in CGF, compared to graingreleses the negative effects of starchy
concentrate-based feeds on ruminal pH and fibrestiign in cattle fed forage-based diets
(Boddugari et al., 2001; Stock et al., 2000). Ipisposed that feeding CGF, compared to
high-starch grains, in combination with grass ®laguld increase ruminal outflow of
PUFA for absorption into the muscle tissue and owprthe fatty acid profile of meat.
Moreover, CGF consists of bran and steep liquot #Hra rich sources of phenolic
antioxidants such as protocatechuic acid, varaliid,p-coumaric acid, ferulic acid, sinapic
acid and quercetin (Inglett and Chen, 2011; Ro@dgudpez et al., 2016). Ingestion and
deposition of phenolic compounds in muscle tissnag ultimately enhance the oxidative

stability of meat (Salami et al., 2016).

Previous studies have shown that replacement afsmybean meal with CGF (25% of dry
matter, DM) in a concentrate feedlot diet had aimah effect on the fatty acid profile,
retail shelf-life, sensory attributes and accepitgbof beef from steers fed corn silage
(Segers et al., 2011; Stelzleni et al., 2016). To lmowledge, there is no information
available to date on the quality of meat from beattle fed a grass silage-based diet
supplemented with concentrate diets containing CErefore, the objective of this study
was to examine the chemical composition, fatty acafile, oxidative stability and sensory
attributes of beef from steers fad libitum grass silage and a concentrate supplement in

which barley/soybean meal was replaced by vargnmgls (0, 25, 50, 75%) of dried CGF.

169



5.2. MATERIALS AND METHODS

5.2.1. Animals, diets and experimental design
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The experimental procedures used in this study eygpeoved by the Teagasc animal ethics
committee and conducted under license from thé Esvernment Department of Health
and Children. The animals were managed by trairesiopnel according to the European
Union legislation for the protection of animals dder scientific purposes (2010/63/EU
Directive). Forty-eight weaned, spring-born Chamoland Limousin-sired suckler bulls
were purchased directly from suckler farms at ~hiti® of age and assembled at Teagasc
Animal & Grassland Research and Innovation Cen@eange, Ireland. Following
assembly, the bulls were castrated and offered gitegead libitumplus 2 kg of a barley-
based concentrate and 60 g of a mineral-vitamirpleapent per head daily for a 187-d

back-grounding period. All animals had libitumaccess to clean water.

Steers were subsequently blocked by breed andvarght (424.0 £ 39.0 kg) and, from
within each block, randomly assigned to one of famancentrate dietsn(= 12
steers/treatment) offered separately as a suppteimed libitum grass [(olium perenng
silage. Concentrate diets contained either 0% CédhRt(ol, barley/soybean meal-based
diet), or 25% CGF, 50% CGF or 75% CGF as a replaceiior the barley/soybean meal
(as-fedbasis). The ingredient and chemical compositiothefexperimental concentrate
diets are outlined in Table 5.1. The concentratesewprepared as coarse mixtures.
Representative samples of the concentrate diets ol@ained twice weekly and stored at -
20 °C prior to chemical analysis. The steers wearashd in a slatted-floor building in
groups of five or six animals per pen with a Cajate feeding system (American Calan
Inc., Northwood, NH, USA) allowing individual feedtake of steers to be recorded. Due
to individual animal-feeding facility constraintk] steers were later assigned to the 50%
CGF treatment, rather than 12 steers assignecetothier dietary treatments. Steers were
individually offered 4.0 kg DM daily (2 kg in theaming and afternoon feeding sessions)

of their respective supplementary concentrated 2drdays pre-slaughter.
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Animals were slaughtered in a commercial abattoitwo consecutive weeks (balanced
for treatment) to facilitate sample collection anéasurements. Sampleslohgissimus

thoracismuscle (LT) were removed from the left side of tiagcass at 48 h post-mortem,
vacuum-packed and aged for 14 days at 4 °C, ansegukntly stored at -20 °C prior to
further analysis. Information pertaining to aninnatibke, growth, carcass traits, LT drip
loss, and colour (lightness, redness” and yellownesb*) of subcutaneous fat and LT is

presented in Kelly et al. (2018)
5.2.2. Chemical analysis of feed

Representative samples of concentrate diets waakyzad for dry matter (DM), crude
protein, ash, neutral detergent fibre, acid detg#rdire and starch concentrations as
described by O'Kiely (2011). Total fat concentratuw Oil-B (acid hydrolysis/ether extract)

was measured using a Soxtec instrument (Tecataahis, Sweden).

Phenolic compounds were extracted from samplesontentrate diets using aqueous
methanol (50:50, v/v) and acetone (70:30, v/v) eols (JiméneEscrig et al., 2001).
Polyphenol-rich extracts were analysed for totadmui content (TPC) using the Folin-
Ciocalteu method (Singleton, Orthofer, & Lamuelar&®&ds, 1999) and absorbance
measurements were recorded at 750 nm using a USpeistrophotometer (Cary 300 Bio,
UV-vis spectrophotometer, Varian Instruments, PAl, CA, USA). Results were

expressed as g of gallic acid equivalents (GAEYKDM feed.

The fatty acid composition was determined in fregzed samples of concentrate diets by
a one-step extraction—transesterification procedusing chloroform (Sukhija and
Palmquist, 1988) and 2% (v/v) sulfuric acid in naatbl (Shingfield et al., 2003), with 19:0

nonadecanoate (Larodan, Solna, Sweden) added asintamal standard. Gas
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chromatographic analysis of fatty acid methyl es{6tAME) was performed as described

by Cherif et al. (2018). Individual fatty acids wexpressed as g/kg of DM feed.

Table 5.1.Ingredient and chemical composition of experimeatacentrate diets

ltem 0% CGF  25% CGF 50% CGF 75% CGF
Ingredient (as-fed basis,

g/kg)

Rolled barley 862 673 424 175
Soybean meal 60 - - -
Dried corn gluten feed - 250 500 750
(CGF)

Cane molasses 50 50 50 50
Minerals and vitamins 28 27 26 25
Chemical composition

Crude proteih 131 136 162 191
Asht 58 67 80 82
Total fat 28 30 26 35
Neutral detergent fibfe 201 184 245 314
Acid detergent fibré 62 76 88 100
Starch 502 422 341 211
Total phenol content 6.55 10.16 13.60 14.69
Fatty acid (g/kg dry matter (DM))

C12:0 0.10 - 0.20 0.10
C14:0 0.10 0.10 0.10 0.10
C16:0 3.30 4.60 5.70 6.70
C18:0 0.20 0.40 0.50 0.80
c-9 C18:1 1.90 3.30 4.90 7.10
c-9,12 C18:2 6.50 10.40 13.7 16.9
c-9,12,15 C18:3 0.60 0.80 0.90 0.80

‘Expressed as g/kg DM

2Expressed as gram gallic acid equivalents/kg DM

5.2.3. Determination of muscle pH and proximate coposition

The LT muscle was thawed and trimmed of visibleaial connective tissue and minced

twice through a plate with 4 mm holes (Model P1184lsa, Valencia, Spain). Raw minced
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LT samples (5 g) were homogenised for 3 min at@3/@m in 45 ml distilled water using
an Ultra Turrax T25 homogeniser (Janke and Kurk&l;Labortechnik, GmbH and Co.,
Staufen, Germany). The pH of the beef homogenasssmeasured at 20 °C using a pH
meter (Seven Easy portable, Mettler-Toledo GmbHw&izenbach, Switzerland). Minced
LT samples were analysed for moisture and fat custesing a SMART Trac rapid
moisture/fat analyser (CEM Corporation, Matthews;,NJSA). The ash content was
determined using a muffle furnace (550 °C for &udl protein content was determined by

the Kjeldahl method (AOAC, 1996).

5.2.4. Analysis of vitamin E in LT muscle

The a-tocopherol (vitamin E) content in minced LT sansplgas determined by high-
performance liquid chromatography (HPLC) followithge extraction procedure described
by Buttriss and Diplock (1984). HPLC analysis wasried out on a ProStar liquid
chromatograph (Varian Analytical Instruments, PAlto, CA, USA) equipped with a
ProStar autosampler (Model 410, Varian Instrumer@8mple injection volume (partial
loop fill) was 20ul. Thea-tocopherol was separated on a 250 x 4.6 mm P&di8sA 5u
column (Metachem, Ans§sTechnologies, CA, USA) and detected using a Prap¢aVis
detector (Varian Instruments) at 292 nm. The mqgtiilase was methanol/water (97:3) and
isocratic elution took place at 2ml/min for a tatah time of 10 min. A personal computer
and Star LC workstation software (version 6.20,i&fainc.) was used for calculation of
peak areas. A standard curve was generated usantga ofa-tocopherol concentrations
(7, 14, 21ug/ml) and the concentration aftocopherol in beef was expressedugig of
beef muscle. The percentage recovery of vitaminrdinfbeef samples, through the
extraction procedure, was determined by includitgnwin E (0.2 ml of 22.81ig/ml) as an

internal standard. The percentage recovery (92v4s)calculated by comparison of peak
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areas of vitamin E recovered through the extragtimeedure with those obtained by direct

injection of the vitamin E standard (22.8/ml) onto the column.

5.2.5. Analysis of fatty acids in LT muscle

The lipid fraction in minced LT samples was exteactollowing the procedure of Bligh
and Dyer (1959). The lipid fraction was transe&tstito fatty acid methyl esters (FAME)
using BRin methanol as a catalyst following the method dbed by Park and Goins
(1994). FAMEs were dissolved in isooctane, driedranhydrous sodium sulphate (0.3 g)
for 15 min and stored at -20 °C prior to gas chrwgeaphy analysis. FAMEs were
separated using a Varian 3800 gas chromatograpra(vVaValnut Creek, CA, USA) using
a WCOT fused silica capillary column (Varian CP-8&.Tailor Made FAME, 60 m x 0.25
mm i.d. x 0.20 um film thickness) and a flame iatisn detector. The column oven
temperature was held at 180 for 25 min and programmed to increase from 156°240

°C at 4 °C/min and held for 2 min. The injector aledector temperatures were 270 °C and
260 °C respectively. Helium was used as the qagas at a pressure of 30 psi. The
injection was carried out using a Combi PAL (CTCalics AG, Zwingen, Switzerland)
auto-injector. The injection volumes and split atfor FAMEs were 1 pl and 1:2 spilit,
respectively. Individual fatty acids were identtfiby comparing relative retention times
with pure FAME standards (a mixture of Supleco 8mponent FAME mixtrans11
vaccenic acid methyl ester and conjugated lin@eid methyl ester; Sigma-Aldrich Ireland
Ltd., Vale Road, Arklow, Wicklow, Ireland). Resuligere reported as individual FA
expressed as a percentage of the total fatty §gdak area of individual FAME/total peak
area of FAME examined) x 100). The atherogenicxn@d) and thrombogenic index (TI)

were calculated according to Ulbricht and South¢gd®91) as follows:

Al = C12:0+ (4 xC14:0 + C16:0
" n-6 PUFA+ n-3 PUFA+ MUFA
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C14:0+ C16:0+ C18:0
(0.5 xMUFA) + (0.5 xn-6 PUFA) + (3 xn-3 PUFA) + (

Tl =

-3 PUFA
n-6 PUFA)

where MUFA is monounsaturated fatty acids.
5.2.6. Determination of total phenol content and iwvitro antioxidant activity
5.2.6.1. Preparation of muscle homogenates

Beef homogenates (10% w/v) were prepared as deskchip Qwele et al. (2013) for the
determination oin vitro antioxidant activities. In brief, minced LT (5whs homogenised

in 0.05 M phosphate buffer (45 ml) using an Ulnarix T25 homogeniser at 24,000 rpm
for 3 min. Muscle homogenates were centrifuged8&07g for 10 min at 4 °C using an
Avanti® J-E Centrifuge (Beckman Coulter Inc., Palo Alté,, ©’'SA). The supernatant was
filtered through Whatman No. 1 paper and the f#trevas analysed for ferric reducing
antioxidant power (FRAP) and ferric ion chelatirggivaty (FICA). For the determination

of TPC and 1,1-diphenyl-2-picrylhydrazyl (DPPH) i@l scavenging activity assays, 10%
trichloroacetic acid (5 ml) was added to muscle bgemates and the mixture was
centrifuged at 7800 g for 10 min at 4 °C. The sop&nt was filtered through Whatman

No. 1 paper and analysed for TPC and DPPH activity.
5.2.6.2. Measurement of the total phenol content

Muscle extracts were analysed for TPC using thenFdiocalteu method (Singleton et al.,
1999) with minor modifications. Briefly, extrac8.5 ml) were mixed with Folin-Ciocalteu
reagent (2.5 ml, 20% in distilled water) and sodzarbonate (2 ml, 7.5% in distilled water)
was added after 5 min. The mixture was storederdtrk for 2 h at room temperature and
absorbance measurements were recorded at 750 anU¥rvis spectrophotometer (Cary

300 Bio, UV-vis spectrophotometer, Varian InstrumserCA, USA) against a blank

176



containing all reagents and distilled water. Alwadtion curve using standard solutions of
aqueous gallic acid (20 — 1@@/ml) was constructed and results are expresseugasf

gallic acid equivalents (GAE)/g of muscle.

5.2.6.3. Measurement of in vitro antioxidant activs

Radical scavenging activity in muscle was measuisadg the DPPH assay following a
minor modification of the method described by Yer &/u (1999). Muscle extract (0.6
ml) and distilled water (2.4 ml) were mixed witt2nM DPPH in methanol (3 ml) and
incubated in the dark for 1 h at room temperatdbsorbance measurements were recorded
at 517 nm on a UV-vis spectrophotometer (Cary 3@) Bgainst a methanol blank. An
assay blank containing distilled water (3 ml) an2l @M DPPH in methanol (3 ml) was
used for calculation purposes. A calibration cumgeng standard solutions of methanolic
Trolox (10 — 50ug/ml) was constructed and results were expressetiga®f Trolox

equivalents (TE)/g of muscle.

Total antioxidant activity in muscle was determinessing FRAP assay following a minor
modification of the method described by Benzie 8trdin (1999). Briefly, muscle extract
(0.45 ml) was mixed with 8.55 ml FRAP reagent (xtome of 30 mM acetate buffer (pH
3.6), 10 mM 2,4,6—Tris (2-pyridyl)-s-triazine in 40M HCI and 20 mM FeGI6H20 in
distilled water in the ratio 10:1:1, respectivatgubated at 37 °C for 10 min prior to use).
The mixture was incubated for 30 min in the dart ahsorbance was recorded at 593 nm
on a UV-vis spectrophotometer (Cary 300 Bio) agamblank containing all reagents. A
calibration curve using solutions of methanolicl®xo(0.033 — 0.1 mg/ml) was constructed

and results are expressed as mg TE/g of muscle.

The iron chelating activity of muscle was measuwrsithg a minor modification of FICA

assay described by Yen and Wu (1999). Muscle ex{@as ml) was mixed with Fe€l(2
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mM in distilled water, 0.1 ml), ferrozine solutigh mM in distilled water, 0.2 ml) and
distilled water (4.2 ml). The assay control congaifreCl (0.1 m), ferrozine solution (0.2
ml) and distilled water (4.7 ml). The mixture waubated for 1 h in the dark at room
temperature and absorbance measurements wereed@ir62 nm against a water blank
on a UV-vis spectrophotometer (Cary 300 Bio). Ctwedp activity was calculated as

follows:

Chelating activity (%) = [1 — (absorbance of sanyfédsorbance of control)] x 100.

5.2.7. Determination of the oxidative stability andsensory properties of beef

5.2.7.1. Measurement of lipid oxidation and oxymyolgin in muscle homogenates

Muscle homogenates (25%) were prepared by homaggriis g of LT in buffer (0.12 M
KCL 5 mM histidine, pH 5.5) surrounded by crushed using an Ultra Turrax T25
homogeniser. Lipid oxidation in muscle homogen&®8s2 g) was initiated by the addition
of pro-oxidants (45uM FeCk/sodium ascorbate, 1:1) (O'Grady et al., 2001).idLip
oxidation (2-thiobarbituric acid reactive substa)CEBARS) and oxymyoglobin (OxyMb)
content in muscle homogenate were measured at 4 araf storage at 4 °C as described

by Hayes et al. (2009).

5.2.7.2. Beef processing and packaging

The LT muscles were thawed overnight at 4 °C, trednof visible fat and connective
tissue, and minced twice through a plate with 4 hates (Model P114L, Talsa, Valencia,

Spain). The minced muscle was formed into beefigga{tlO0 g portions) using a meat
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former (Ministeak burger maker, O.L Smith Co. Lttaly). For the fresh beef study, patties
were individually placed in a low oxygen permealflel cn?/m?24 h at STP)
polystyrene/ethyl vinyl alcohol/polyethylene (PEgyts and flushed with 80%6x(20% CQ
(modified atmosphere packs, MAP) using a vacuunlirgeanit (VS 100, Gustav Muller
& Co. KG, Homburg, Germany) equipped with a gaseni@Vitt-Gasetechnik GmbH &
Co. KG, Witten, Germany). Trays were covered andtBealed using a low oxygen
permeable (3 c#m%24 h at STP) laminated barrier film with a polyfaleheat-sealable
layer. Fresh beef patties in MAP were stored fotaf4 days under fluorescent lighting
(660 Ix) at 4 °C. The gas atmosphere (%a@d % CQ) in MAP was measured using a
CheckMate 9900 (PBI-DanSensor, Denmark). The aeegag composition in MAP was
79.53 + 0.39% @and 20.77 + 0.23% Cn day 1 of storage and 74.03 £ 0.77%aDd

25.85 + 0.73% Ceon day 14 of storage.

For the cooked beef study, minced patties weresiddally placed on an aluminium foil-
lined trays and cooked at 180 °C for 20 min in m-dasisted convection oven (Zanussi
Professional, Model 10 GN1/1, Conegliano, Italyjiluan internal temperature of 72 °C
was reached. Cooked beef patties were placed inrdB over-wrapped with oxygen

permeable film and stored for up to 6 days at 4 °C.

5.2.7.3. Measurement of lipid oxidation and surfacelour of beef patties

Lipid oxidation was measured in fresh beef pattiesdays 1, 4, 7, 11, and 14 of storage
and on days 1, 3, and 6 in cooked beef pattiesd lapidation measurements were carried
out following the method described by Siu and Drgfi®78). Results were expressed as

TBARS in mg malondialdehyde (MDA)/kg meat.

The surface colour of fresh beef patties on days 1, 11, and 14 of storage was measured

using a Konica Minolta CR-400 Chroma-Meter (Mindtamera Co., Osaka, Japan). The
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Chroma-Meter consisted of a measuring head (CR;£0) an 8 mm diameter measuring
area, a 2° standard observer, and a data proc@3se400). The Chrom-Meter was
calibrated on the CIE LAB color space system usinghite tile (: L = 97.79, a = -0.11,

b = 2.69). Thel”, ‘a” and ‘b’ value represents lightness, redness and yellosynes
respectively. Colour measurements were averagece&alings taken from four different

locations on the surface of beef patties.

5.2.7.4. Measurement of textural properties of bpetties

The texture profile analysis (TPA) of fresh beeftiea stored in MAP was measured on
days 2 and 7 of storage. The TPA parameters (hasdhg, springiness (mm), cohesiveness
(dimensionless), gumminess (N), chewiness (N x naafesiveness (N)) were measured
using a 30 kg load cell texture analyser (TA.XT2klure Analyser, Stable Micro Systems,

UK) as described by Moroney et al. (2013).

5.2.7.5. Sensory analysis of beef patties

Sensory acceptance testing of fresh beef pattie8(treatment) stored in MAP was carried
out by 40 untrained panellists in 2 sessions (2@fhats/session) on days 2 and 7 of storage
as described by O'Sullivan et al. (2003). Beefigatvere cooked for sensory analysis in a
Zanussi oven at 180 °C for 20 min until an intertemhperature of 72 °C was reached.
Following cooking, patties were cooled to room temypure and cut into 2 cm x 2 cm
cubes, identified with random three-digit codes. g&ah day of evaluation, beef samples
were served to panellists in two separate sesgmaming and afternoon sessions). Prior
to serving to panellists, beef samples were reeeiata microwave for 10 s to release the
meat odour and flavour. Sensory evaluation wasop®agd in the panel booths of the

University’s sensory laboratory according to inaronal standard regulations (ISO, 2007).
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Panellists were provided with water to cleanse thalates between samples. Each panellist
received beef samples presented in a randomisext trgprevent any flavour carryover
effects (MacFie et al., 1989). Panellists were ddkeindicate their degree of liking for
appearance, odour, texture, juiciness, flavourcedall acceptability on a 10 cm line scale

ranging from O (extremely dislike) to 10 (extrembke).

5.2.8. Statistical analysis

All analyses were performed in duplicate. Data tine¢p to proximate composition,
antioxidant capacity and fatty acid profile anak/seere analysed using a general linear
model including dietary treatment as a fixed fadad block as a random factor. The
intramuscular fat content was included as a cotemathe model used for the analysis of
fatty acid profiles in the muscle. The orthogonalypomial contrast was used to determine
the linear, quadratic, and cubic responses foradieinclusion levels of CGF. Linear
discriminant analysis was employed to determine rithescle FA variables that best
differentiate the dietary treatments. The sta@étsignificance of the discriminant model
was assessed using Wilks’ lambda test and theaxgof the model in assigning individual
animals to their respective dietary group was crkadslated using the “leave-one-out”

classification method.

Data on the oxidative stability and sensory attesuvere analysed using a full-repeated
measures ANOVA. Effects of dietary treatment repnésd the ‘between-subjects’ factor
and the effect of storage/incubation time was meakusing the ‘within-subjects’ factor
and the interaction between diet and storage/incubaime was tested. The effects of
panellist and session were included as random terrtiee model used for the analysis of
sensory eating attributes. Tukey’s HSD test wad tmemultiple comparisons of treatment

means when significance was detected at0.05 and a tendency for treatment effect was
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observed when 0.05 R < 0.10. All data analysis was performed using SPafstcal

software (IBM Statistics version 22).
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5.3. RESULTS AND DISCUSSION

The nutrition of animals plays a significant role iegulating physicochemical and
metabolic traits of muscles which in turn influesceeat quality. Corn gluten feed (CGF)
is a co-product of wet milling of corn that is irasingly used in concentrate diets for
finishing beef cattle (Stock et al., 2000). Theyao information on the impact of dietary
CGF on beef quality when included in a concentsafgplement for finishing beef cattle
fed grass silage. In this regard, the present studgstigated quality indices of beef from
steers fed grass silage and a concentrate supplemernich barley/soybean meal was
replaced with different levels (0%, 25%, 50% an@oy®f CGF. The inclusion of 25%,

50% and 75% CGF in concentrate supplement correlsfwoh0.9%, 21.5% and 33.7% of

the total dietary DM intake (grass silage + conagntsupplement), respectively.

5.3.1. pH and proximate composition of muscle

The pH and proximate composition of LT muscle isgented in Table 5.2. Values of
muscle pH in all treatments (5.47 — 5.53) were withe normal range (5.4 — 5.8) for beef
(Faustman and Cassens, 1990). The moisture, IMPBatein content of LT muscles from
the CGF treatments was not significantly differom the control (0% CGF). Similarly,

it has been reported that proximate compositiodifbérent muscles obtained from steers
fed CGF (25% dietary DM) was not different from sleded corn/soybean meal (Segers et
al., 2011; Stelzleni et al., 2016). In compariso®m®% CGF, muscles from steers fed 25%
CGF had greater protein content and lower IMF auni{@able 5.2). The observed
differences in IMF may not be related to the lesfdieed intake as steers had a similar DM
intake (grass silage and concentrate) and growghacxoss the dietary treatments (Kelly et
al., 2018). Considering that the diet containinge8DGF had a lower starch level compared

to 25% CGF (Table 5.1), this observation contraditie theory that high starch diets
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increase the supply of glucose for tissue lipogenedich enhances IMF deposition
(Vasconcelos et al., 2009). However, it is possibét variation in IMF content is related
to differences in the ruminal fermentation pattepnpducing more of a glucogenic
precursor (propionate), and/or extent of starclestign in the small intestine (Pethick et
al., 2004). In addition, the ash content in LT mMesiecreased quadratically € 0.015) as
CGF inclusion increased, with 25% CGF being lowk(0.05) than 0% CGF. Overall,
the present results showed that inclusion of 75% @Gsupplementary concentrate diet
did not affect the muscle protein level, IMF, margt, and ash values compared to the

control and other CGF treatments.

5.3.2. Antioxidant capacity of muscle

The antioxidant status of muscle was assessed hguriag the concentration of vitamin
E and TPC. Dietary treatment did not affect thecemtration of vitamin E in LT muscle
as shown in Table 5.2. Muscle vitamin E levelssang@lar to those reported for beef cattle
grazed entirely on pasture (Luciano et al., 20ddg to the inclusion of grass silage in the
diet fed in the present study. The inclusion lew#I€EGF decreasedP(< 0.05) the TPC in
muscle in a quadratic manner, with a significadtiywer TPC in steers fed 50% CGF
compared to those fed 0% CGF. This observation cgasrary to the higher amount of
TPC found in CGF diets (Table 5.1), suggesting @@F phenolics were not deposited in
the muscle. This may be due to a low bioavailabdit CGF phenolics as shown in rats fed
phenolic compounds from corn bran, a major coratitwof CGF (Zhao et al., 2005).
Moreover, the deposition of dietary phenolics imnuant meat is influenced by the
interaction of polyphenols with other dietary compnts, microbial metabolism in the
digestive tract or limitations for the absorptidrpbenolic compounds into muscle tissues

(Vasta and Luciano, 2011)
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Regardless of the differences in muscle TPC, digtaatment did not influenc® @ 0.05)
the DPPH-radical scavenging activity and chelaiotyvity of the LT muscle (Table 5.2).
However, the FRAP value was greater in cattle f8% ZGF compared to those fed 0%
and 50% CGF, which was inconsistent with the pattdrdietary effects observed for
muscle TPC. The FRAP is an indicator of total antlant capacity estimated via the
reduction of F& to F&* (Benzie and Strain, 1999). Beef muscle is a complelogical
system comprising of enzymatic (glutathione peragel catalase, superoxide dismutase
etc.) and non-enzymatic (selenium, vitamins E, @ Anetc.) factors contributing to the
overall total antioxidant activity of meat (Salami al., 2016). Thus, the discrepancy
between the pattern of dietary effect on TPC andFRalues may be related to the
contribution of other compounds, apart from polyp#ie, to the overall antioxidant
capacity of muscle. This speculation may be suppldoly a lack of significant correlation
(r =-0.16;P = 0.288) between TPC and FRAP values. Nonethelkesgurrent results
demonstrated that dietary inclusion of up to 75%FGGthe concentrate supplement did

not compromise the antioxidant capacity of muscle.
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Table 5.2. Effect of feeding steers with grass silage andppkementary concentrate containing varying leeéldried corn gluten feed
(CGF) on the pH, proximate composition, antioxidstatus and antioxidant activity lmngissimus thoracisuscle

Dietary treatment (% CGF)

Contrast effect

ltem 0 25 50 75 SEM P-value Linear Quadratic Cubic
Muscle pH 5.4% 5.53 5.50" 557 0.007 0.002 0.052 0.045 0.006
Proximate compositior(g/100 g wet weight)

Protein 23.6% 2387 22.7% 2364 0.139 0.020 0.297 0.191 0.006
Intramuscular fat 2.5% 2.1P 2.84 2.26% 0.089 0.016 0.786 0.709 0.002
Moisture 73.12 73.19 72.59 73.04 0.102 0.170 0.361 0.348 0.062
Ash 1.17F 1.03 1.05¢ 1.05¢ 0.009 0.006 0.040 0.017 0.082
Antioxidant status

o-tocopherol ig/g muscle)  2.38 2.59 2.66 2.66 0.065 0.397 0.129 0.433 0.877
TPC (mg GAE/g muscle) 0.94 0.88" 0.72 0.85¢ 0.025 0.015 0.049 0.037 0.069
Antioxidant activity

DPPH (mg TE/g muscle) 0.25 0.25 0.25 0.25 0.002 2D.6  0.584 0.228 0.997
FRAP (mg TE/g muscle) 0.88 0.44 0.38 0.4F¢ 0.007 <0.001 0.446 0.070 <0.001
Iron-chelating activity (%) 55.22 57.87 56.01 62.34 1.284  0.199 0.088 0.469 0.270

ahvieans within the same row bearing different supgtsare significantly differentf( < 0.05).

SEM: Standard error of mean

TPC:Total phenol content; DPPH: 1,1-diphenyl-2- picgdhazyl; FRAP: Ferric reducing antioxidant power;
GAE: gallic acid equivalent; TE: trolox equivalent
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Table 5.3.Effect of feeding steers with grass silage andppementary concentrate containing varying levels
of dried corn gluten feed (CGF) on the fatty a¢té composition ofongissimus thoracismuscle

Fatty acid (% of Dietary treatment (% CGF) Contrast effect

total fatty acids) 0 25 50 75 SEM P-value L Q C

C12:0 0.07 0.04 0.06 0.07 0.007 0.241 0.669 0.179.158
C14:.0 251 159 2.2F 1.66 0.076 <0.001 <0.001 0.095 <0.001
c-9Cl4:1 0.44 0.37 0.35 0.36 0.026 0.483 0.223 0®.5 0.484
C15:0 0.39 094 0.45 0.56 0.077 0.073 0.960 0.143 0.032
C16:0 2299 14.44 20.23 1712 1.124 0.074 0.222 0.202 0.052
Cie6:1 1.85 0.39 0.54 0.42 0.107 <0.001 <0.001 <0.001 0.004
C17:0 0.86 0.54 0.88 0.63 0.031 <0.001 0.076 0.471 <0.001
c9C17:1 0.50  0.09 0.4% 0.0# 0.035 <0.001 <0.001 0.499 <0.001
C18:0 13.32 14.13 1395 13.13 0.268 0.379 0.805 560.1 0.362

t-9 18:1 207 125 172 099 0.132 0.037 0.014 0.811 0.113
t-11 C18:1 0.95 0.77 0.97 0.98 0.036 0.080 0.363 19M. 0.045
c-9Ci18:1 29.11  29.64 3177 2983 0.710 0.507 0.5300.375 0.268
t-9,12 C18:2 0.28 0.11 0.29 0.37 0.060 0.475 0.4310.326 0.376
c-9,12 C18:2 2.29 1.83 1.47 2.50 0.208 0.328 0.886 .0810  0.507
C20:0 0.02 01°F 0.1* 0.08 0.012 0.024 0.111 0.008 0.916
c-11 C20:1 0.46 0.55 0.40 0.51 0.386 0.371 0.169 18€.3 0.645
c-9,12,15C183 0.34 035 035 045 0.014 0.032 0.013 0.115 0.554
CLA2 014 033" 01 037 0.030 0.015 0.038 0.955 0.010
C22:0 0.52 0.42 0.41 0.61 0.034 0.116 0.340 0.026 .838)
C20:4n-6 1.10 0.98 1.01 0.89 0.038 0.176 0.140 0.238 <0.201
C20:5n-3 0.18 0.4 0.3¢ 0.44 0.031 0.002 0.003 0.054  0.043
C22:5n-3 0.44 077 049 0.79 0.045 0.021 0.041 0.679 0.015
Summary

Y SFA 41.15 3298 3851 3434 1.200 0.128 0.157 0.369.091
YMUFA 36.98 33.02 36.19 3312 0.750 0.138 0.235 ©.78 0.045
YPUFA 497  5.59 4.32 5.61 0.254 0.067 0.157 0.161 0.059
Total trans 3.02 202 2.69¢ 197 0.129 0.015 0.020 0.518 0.025
> n-6 PUFA 3.87 3.74 2.97 4.35 0.245 0.177 0.623 0.086.182

> n-3 PUFA 096 152 1.18 1.68 0.033 <0.001 <0.001 0.229 0.021
n-6:n-3 4.03 2.46 2.52 2.59 0.487 0.091 0.221 0.042 53.7
PUFA:SFA 0.12 0.17 0.11 0.16 0.012 0.245 0.565 3.28 0.098

Al 0.82 0.57 0.76 0.63 0.035 0.098 0.212 0.334  0.053
T 1.78 1.45 1.70 1.47 0.061 0.346 0.217 0.615 D.22

ahVleans in the same row bearing different superscep significantly differentf(< 0.05).

SEM: Standard error of mean.

Contrast effect: L: Linear; Q: Quadratic; C: Cubic.

ICLA: ¢-91-11 18:2 #-9¢-11 18:2

CLA: conjugated linoleic acid; SFA: saturated faityds; MUFA: mono-unsaturated fatty acids; PUF8lypunsaturated fatty acids.
Al: Atherogenicity index; Tl: Thrombogenicity index.
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5.3.3. Fatty acid composition of muscle

5.3.3.1. Effect of diet on the fatty acid profilé bT muscle

Results of FA composition in LT muscle are presgémeTable 5.3. Dietary treatment did
not affect P > 0.05) the relative amount of total SFA in LT ralesbut influenced the
proportion of individual SFA with nutritional sigicance. Muscle from steers fed 25% and
75% CGF had decreasd@l< 0.05) percentages of C14:0 and C17:0 compartdtbse fed
0% and 50% CGF. In addition, CGF diets tended (0.074) to decrease C16:0 in a cubic
manner, with 25% CGF displaying the greatestehes® (-37.2%) compared to 0% CGF.
Notably, the consumption of elevated levels of aigtC14:0 and C16:0 increases low-
density lipoprotein cholesterol, linked to incredsisk of cardiovascular diseases (CVD),
obesity and insulin resistance in humans (Caldei5B). Thus, it can be deduced that

feeding 25% and 75% CGF decreased the proportibgpadrcholesterolemic SFA in beef.

The proportion of total MUFA was unaffected ¥ 0.05) by feeding CGF and no dietary
effect was observed®( 0.05) on the relative amount@® C18:1, the predominant MUFA
in beef (Dinh et al., 2010). Compared to the C@Ratments, steers fed 0% CGF had higher
(P < 0.05) C16:1 ana-9 C17:1, monounsaturated derivatives of C16:0 @id:0,
respectively. The accumulation of C16:1 areiC17:1 suggests thée novdipid synthesis
may play a role in the alteration of LT muscle yadicid profile in this study. A linear
decrease in the percentage of totahsfatty acids (TFA) was mainly influenced by a linea
decreaseH < 0.05) oft-9 18:1. However, the proportion b1 18:1 {rans-vaccenic acid)
was not affectedq > 0.05) by dietary treatment. The observed chamgesiscle TFA may
be of minimal implication because current evidesgggests that dietary consumption of
ruminant TFA may have a limited health impact imtcast to the increased CVD risks

associated with industrial TFA (Calder, 2015b; ookt al., 2014).
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Dietary treatment tende® & 0.063) to influence the percentage of total PUfrA cubic
response, with the highest increase (+37.6%) obdarvthe 75% CGF compared to those
fed 0% CGF. Feeding CGF diets increasBd<(0.05) C20:5-3 in cubic manner with
correspondingly higheP(< 0.01) totah-3 PUFA. In comparison to 0% CGF, feeding 75%
CGF increased CLA cf9t-11+#-9,c-11 18:2) andoa-linolenic acid (C18:8-3) and
docosapentaenoic acid (C22183). Ruminant meat and milk represent the mainadyet
source ofc-9t-11 CLA in the human diet, where CLA is the majsomer synthesized
during ruminal biohydrogenation and from endogerdesaturation dfansvaccenic acid

in muscle or mammary tissues (Bessa et al., 2iiS)well-documented that consumption
of dietary PUFA and CLA exhibit biological activas that prevent CVD, cancer and
metabolic syndromes in humans (Calder, 2015b). Tthes effect of dietary CGF in
increasing the proportion of these fatty acidsTmhuscle can be considered as a promising

feeding strategy for enhancing the proportion d@iting fat in beef.

Different FA indices were used to evaluate theitairal importance of beef fat and the
contribution to healthy human diets. Dietary treamindid not influenceR > 0.05) PUFA
to SFA ratio and the thrombogenic index. Howevsent6:n-3 ratio tended to be lowelP (
=0.093) in the CGF treatments, with values of 26% 50% CGF desirably lower than the
maximum nutritional recommendation of 4.0 (HMSQ094p The inclusion levels of CGF
tended to favourably decrease< 0.098) muscle atherogenicity index in a cubspomse,

due to a lower proportion of C14:0 and C16:0, aigthérn-3 PUFA.

Overall, it is noteworthy that dietary CGF favousahltered the FA composition of beef
in the present study contrary to a previous stutlickvreported that CGF had a minimal
impact on the fatty acid profile dbngissimus lumborummuscle (Segers et al., 2011).
Differences in feed fatty acid composition coulddoe of the reasons for the discrepancies

between the results presented and those of Segalrs2011). The present study showed
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that increasing the inclusion levels of CGF reslitecorresponding increases in dietary
PUFA (oleic acid and linoleic acid) in experimerdéts (Table 5.1) whereas information
on feed fatty acid composition was not reportedSmgers et al. (2011). In addition,
inclusion of CGF in the present study decreasethdiestarch levels which may mitigate
the impairment of ruminal digestion that can octam supplementation of forage with
cereals (Stock et al., 2000). Thus, it is posditde CGF exhibited a complementary effect

in protecting dietary unsaturated fatty acids agfaiaminal biohydrogenation.

5.3.3.2. Multivariate analysis of muscle fatty aguofile

The application of multivariate statistical anatysd chemical constituents (such as fatty
acids) in muscle tissues can be used to discrimimatat from different feeding provenance,
geographical origins or production systems (Monadtaad., 2018). This approach may be
relevant to authenticate meat produced from susbtenfeeding systems that promote the
substitution of by-products for cereals in animabtsl In the present study, linear
discriminant function analysis was performed toniifg the fatty acids that better
contribute to the differentiation of beef from amils fed diets in which barley/soybean
meal was replaced by CGF in concentrate dietsfefix acids (C15:0, C16:1, C17:69
C17:1t-11 C18:1 and C22:0) were retained as the bestitatare predictor variables after
a stepwise selection procedure was applied to tnecla fatty acid dataset. The predictor
variables follow a similar observation that a conabion of fatty acids derived from
ruminal biohydrogenation intermediates atelnovofatty acid synthesis contribute to the
discrimination of the feeding provenance of beeffgid et al., 2009). The predictor
variables were linearly combined to obtain threeocecal discriminant functions (CAN).
The first two CAN described 97.1% (CAN 1 = 89.1%ldDAN 2 = 8.0%) of the total

variance associated with the multivariate structore the CAN plot (Figure 5.1).
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Discriminant power of the canonical model was digant (P < 0.01) based on Wilks’

lambda test of significance.

The scattered distribution on the CAN plot indicateat muscles from animals fed 25%
and 75% CGF (located on the left side of the qu#iikgere not clearly differentiated from
each other but were discriminated by CAN 1 fronsthted 0% and 50% CGF (located on
the right side of the quadrant). The discriminamiver of CAN 1 was maximized b9
Cl1l7:1, C17:0,t-11 C18:1 and C22:0 as shown with higher valuesstahdardized
coefficients of variables (Table 5.4). However, CANistinguished beef from animals fed
0% CGF and 50% CGF, located on the upper and lowét side of the quadrant,
respectively. The discriminant power of CAN 2 waghlly influenced by C16:1 and9
C17:1 (Table 5.4). Cross-validation of the discriamt model revealed that 10 steers were
correctly classified to each of 0%, 25% or 50% GM@fe 9 steers were correctly assigned
to 75% CGF. The model inaccuracy showed that stedosnging to 0%r(= 2), 25% ( =

2), 50% (= 1) and 75%r( = 3) CGF were wrongly assigned to 50%, 75%, 75%025%06
CGF, respectively, indicating that none of the Cié steers was wrongly assigned to the
control (0% CGF) group. Therefore, this data sutggsat muscle fatty acid profile may
be a potential chemical marker for discriminatiregbfrom cattle finished on a forage-
based diet and concentrate supplement containing. @0, among the entire set of the
identified fatty acids, the discriminant analydiswas for highlighting fatty acids which are

more linked to feeding CGF.
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Figure 5.1.Plot showing the discrimination of dietary treatrsefollowing canonical
discriminant function (CAN) analysis of the fattgié profiles oflongissimus thoracis
muscles from steers offered grass silage and desupptary concentrate containing
varying levels (0%, 25%, 50% and 75%) of dried ogluten feed (CGF).

Table 5.4 Summary of standardized coefficient of variabled gariance structure
described by the canonical discriminant functioARY

Variables CAN 1 CAN 2 CAN 3
C15:.0 -.505 -.043 -.456
Cl6:1 297 1.028 -111
C17:.0 .804 -.127 441
c-9C17:1 1.310 -.564 -.260
t-11 C18:1 -.710 .018 .710
C22:.0 .709 223 .692
Statistics

Eigen value 15.242 1.370 0.498
Variance (%) 89.1 8.0 2.9
Cumulative variance (%) 89.1 97.1 100
Canonical correlation 0.969 0.760 0.577
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5.3.4. Oxidative stability of beef

Feeding CGF diets did not affe& % 0.05) lipid oxidation (TBARS) and colour (liglgss

L", rednesst’, yellowness") stability of fresh beef patties stored in highyg&n modified
atmosphere packs (MAP) for up to 14 days at 4 °a@bld 5.5). Significant effect$(<
0.01) of storage time was observed on measuredngtess for lipid and colour stability.
However, the interaction between treatment ancagotime did not affecP(> 0.05) the
lipid and colour stability parameters. In agreemetith the current results, previous
research has shown that substitution of corn/saybesal with CGF (25% dietary DM) did
not affect lipid oxidation and subjective coloucaptance of aerobically-stored fresh beef

steaks subjected to refrigerated retail display ev@-d period (Segers et al., 2011).

Furthermore, dietary treatment did not affedetX 0.05) the levels of lipid oxidation in
cooked beef patties stored in aerobic packs fdoupdays at 4 °C (Table 5.5). The effect
of storage time on the level of lipid oxidation wady significant P < 0.05) in 75% CGF
beef patties, with an increase occurring betwegrs daand 6 of storage (Table 5.5).
However, there was no diet x storage time effecthenlipid oxidation of cooked beef
patties. As observed with higher TBARS values is #tudy, the combination of cooking
and aerobic storage increased the susceptibilippd{ patties to lipid oxidation compared
to MAP storage of fresh meat patties (Moroney gt24115). Therefore, the current results
demonstrate that feeding CGF did not negativelluérfce the stability of beef patties

evaluated under different oxidative conditions (M&RJ aerobic packs).

Indeed, dietary CGF did not negatively influence txidative stability of beef patties
stored in MAP and aerobic packs despite the ineskasnount of highly-peroxidizable
PUFA in meat from steers fed 25% and 75% CGF. Euntre, the extent of lipid

oxidation and OxyMb oxidation were simila® & 0.05) among dietary treatments when
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muscle homogenates were subjected to a more vigaxadative condition by incubating
with iron/ascorbate pro-oxidants (Table 5.5). Tabservation further confirms that dietary
CGF did not enhance the oxidative stability of beedsibly due to the lack of deposition
of antioxidant phenolics in the muscle of CGF-fezkss. Similarly, it has been shown that
dietary supplementation of ferulic acid, a majorempblic compound in CGF, did not

enhance the oxidative stability of beef (Torrealgt2016).

5.3.5. Instrumental texture properties and sensorgating attributes of beef

Dietary treatment did not influenc® & 0.05) texture profile analysis (TPA) parameters
(hardness, springiness, cohesiveness, gummineswindss and adhesiveness) of beef
patties on days 2 and 7 of storage in MAP (Tal#¢. A significant effect of storage time
(P < 0.05) was observed on hardness, gumminess andingsswwhile springiness,
cohesiveness and adhesiveness did not differ (0.05) over the storage time. No
significant interaction® > 0.05) was found between diet x storage time. iBusvstudies
have demonstrated that inclusion of CGF in a camaenfinishing diet of steers did not
affect the instrumental texture (Warner-Bratzleeahforce) of beef (Segers et al., 2011,

Stelzleni et al., 2016).

Sensory naive panellists did not detect differerfees0.05) between dietary treatments in
the eating quality characteristics (appearanceygdexture, juiciness, flavour, and overall
acceptability) of beef patties at days 2 and 7tofagie in MAP (Table 5.6). Storage time
did not influenceR > 0.05) eating quality characteristics except thimgjlof texture which
was decreased(< 0.05) in 50% CGF beef patties between days 2 7awnd storage.
Moreover, no significant effecP(> 0.05) of diet x storage time was observed on all th
eating quality attributes rated by the panellitdhas been shown that TPA parameters

correlate with the assessment of subjective serieaderness of beef (Caine et al., 2003),
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which may explain why the lack of dietary effect BRA parameters was consistent with
the similarity in consumer liking for beef textu@verall, the current results indicate that
dietary inclusion of CGF did not negatively inflwenthe consumer acceptance of beef in
accordance with a similar result reported withrtegi sensory panellists (Stelzleni et al.,

2016).
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Table 5.5.Effect of feeding steers with grass silage andppEmentary concentrate containing varying
levels of dried corn gluten feed (CGF) on the otiigastability of beef pattieddngissimus thoracimuscle)

Parameter Diet (% Storage/incubation timée
CGF) 1 2 3 4 5
Fresh beef patties
TBARS? 0 0.4@" 0.66M 1.46v 1.60v 6.25%
25 0.253" 0.7 1.36 2.00v 3.94
50 0.44" 0.75% 1.64" 1.99" 5.93w
75 0.33 0.86™ 179 2.3 7.28"
SEM 0.027 0.053 0.133 0.143 0.559
LightnessL” 0 48.02 48.86Y 48.46" 49.24" 51.65"
25 47.86" 48.20" 48.64" 48.22" 52.15%
50 46.62" 48.23" 49.17 47.86" 52.9"
75 48.13' 48.73" 49.27 49.16v 51.89"
SEM 0.401 0.299 0.317 0.435 0.349
Redness’ 0 22.4% 20.86% 18.98% 15.44Y 5.90*
25 22.86" 20.8' A" 18.2pw 15.3%* 6.8
50 22.49 20.89" 18.74" 14.98* 575
75 23.66" 2118 18.42 14.09* 573
SEM 0.181 0.152 0.186 0.515 0.244
Yellownessh® 0 16.46' 16.00" 15.12wW 14.158% 14.45%
25 16.758" 15.93w 14.88" 14.08* 14.00*
50 16.3% 15.75wW 15.09% 13.92% 14.50Y
75 16.98" 15.8A 15.06"* 13.67 14.56Y
SEM 0.142 0.110 0.089 0.168 0.146
Cooked beef patties
TBARS? 0 1.93v 2.38v 2.55Y
25 1.65" 2.04 2.6
50 1.63 1.9 2.5
75 1.18 1.45w 2.00"
SEM 0.111 0.129 0.173
Muscle homogenates
TBARS? 0 2.23" 6.19"
25 1.95 5.62%
50 2.36" 6.26™"
75 2.558 6.46"
SEM 0.108 0.152
OxyMb? (%) 0 85.5% 4512
25 85.24" 51.75%
50 87.0% 50.79"
75 86.42" 47 58"
SEM 0.547 1.991

#ffect of dietary treatment: within each parametafues in the same column are not significantifedént (° > 0.05).
vwxyEffect of storage time: values in the same row ibgatifferent superscripts are significantly dittet (° < 0.05).

SEM: Standard error of mean

Times 1, 2, 3, 4, 5 correspond to: 1, 4, 7, 10hdays (fresh beef patties stored at 4°C in mediifitmosphere packs); 1, 3, 6 days
(cooked beef patties stored at 4°C under aerolnidittons); 1 and 4 hours (muscle homogenates irtedbaith Fe/Ascorbate at 4°C)

2TBARS: Thiobarbituric acid reactive substances egped as mg malondialdehyde/kg meat
30xyMb: Oxymyoglobin, % of total myoglobin
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Table 5.6 Effect of feeding steers with grass silage andppEementary concentrate containing varying leeéldried corn
gluten feed (CGF) on texture profile parameterstaedeating quality of beef pattidsrfgissimus thoracimuscle) stored in

modified atmosphere packs at 4 °C for up to 7 days

Storage time (day)/dietary treatment (%CGF)

Day 2 Day 7

Parameters 0% 25% 50% 75% 0% 25% 50% 75%

CGF CGF CGF CGF SEM CGF CGF CGF CGF SEM
Textural attributes
Hardness 15.G7 18.24* 17.64* 18.4F 0.614 25.4%  245%* 26.3F 23.72 0.842
Springiness 0.83 0.85" 0.86™ 0.86" 0.006 0.8% 0.85" 0.86" 0.8 0.003
Cohesiveness 0.39 0.59" 0.5 0.58% 0.009 0.6¥ 0.58% 0.60% 0.59" 0.008
Gumminess 8.88 10.86>* 9.98* 10.77  0.449 1559 14.36* 1582 1397 0.641
Chewiness 7.32 9.2 8.5™ 9.2 0.401 13.3%  12.24* 1367 1212 0.548
Adhesiveness -1.59 -0.64* -1.52 -094* 0.172 -1.36° -1.18> -1.22> -1.15* 0.12
Eating quality
Appearance 5.38 6.27 597 6.10" 0.182 6.06" 6.4 6.28" 6.26" 0.165
Odour 5.8% 6.0 6.10~ 6.10% 0.155 6.1 6.13"* 6.04" 6.19" 0.142
Texture 458 4,98 5.08" 5.08" 0.182 4.3% 4.90% 432 4.7 0.162
Juiciness 3.47 4.07 3.95" 3.50% 0.181 3.1& 3.8 3.5 3.60™ 0.155
Flavour 5.8 5.85* 6.14" 5.6 0.168 57% 6.09"* 5.81* 5.7F 0.146
Overall
acceptability 5.10% 5.60% 5.5 5.17 0.160 5.04% 5.63% 5.23% 5.3 0.135

aeffect of dietary treatment: within each parameted storage day, values in the same row are noifisently different P > 0.05).
*YEffect of storage time: within each dietary treaminend between storage time (days2day 7), values in the same row bearing differepesscripts

are significantly differentf < 0.05); SEM: Standard error of mean

197



5.4. CONCLUSIONS

The replacement of barley/soybean meal with CGFEdncentrate supplement had a
minimal effect on the chemical composition and @qitlant capacity of beef from steers
offered grass silage. The inclusion of up to 75%~0& supplementary concentrate diet
improved the fatty acid profile of beef by decregsithe proportion of undesirable
hypercholesterolemic SFA (C14:0) and increasindthgaomoting PUFA (CLA, C18:3
n-3 and C20:B-3). Moreover, the muscle fatty acid profile has potential to discriminate
beef from cattle finished on a grass silage-bagsdadd a concentrate supplement in which
barley/soybean meal was replaced with CGF. Theoxgat fatty acid profile of LT muscle
did not negatively influence the oxidative staljlitextural attributes, and sensory eating

guality of beef patties.
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CHAPTER 6 — Fatty acid composition, shelf-life anaating quality of beef
from steers fed corn or wheat dried distillers’ grans with solubles in a

concentrate supplement to grass silage

Saheed A. Salami, Michael N. O’Grady, Giuseppe &ngj Alessandro Priolo, Mark

McGee, Aidan P. Moloney and Joseph P. Kerry

This chapter is in the form of a manuscript thahipreparation for submission kdeat

Science.
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ABSTRACT

Thirty-six steers were randomly assigned to onthiade dietary treatments fed libitum
grass silage and concentrate supplements contagitimgy barley/soybean meal (control),
80% corn (CDGS)- or 80% wheat (WDGS)-dried distdlegrains with solublesaé-fed
basis) for 124 days pre-slaughter. Chemical anty fatid composition, shelf-life, and
eating quality ofongissimus thoracisnuscle was determined. Dietary CDGS and WDGS
increased the proportion of conjugated linoleicdadP < 0.05) and tended to increase
C18:-3 (P = 0.075) and total polyunsaturated fatty aciBs=(0.060) relative to the
control. Feeding distillers’ grains decreased tpa&lland colour stability of beef patties
stored in modified atmosphere packs (MAP), with CDé€xhibiting an intermediate effect
between CON and WDGS. Diet did not negatively ieflce the texture profile parameters
and eating quality attributes of beef stored in MARe inclusion of CDGS or WDGS in
supplementary concentrates may improve the fatty@ofile but decreased the shelf-life

of beef.

Keywords:Distillers’ grains, beef, oxidation, fatty acidgrsory attributes
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6.1. INTRODUCTION

Rapid expansion of the global bioethanol industag hesulted in an increased biomass
availability of co-products such as distillers’ g with solubles (DGS, a blend of wet
grains and condensed distillers’ solubles), obthiater the removal of starch from the
grains. DGS are often dehydrated to enhance staadehandling characteristics for
utilization in livestock diets. Dried DGS has besttensively studied as a valuable source
of energy, protein and fibre in cattle feed (Klaopdtein et al., 2008). Typically, winter-
finishing of beef cattle in temperate countrieselikeland is accomplished by feeding
medium to high quality grass silage supplemented goncentration diets (McGee, 2005).
The inclusion of starch-rich grains in concentrdiets fed with forages increases the
susceptibility of diets to rapid ruminal fermentatithat may impair fibre digestion and
negatively affect animal performance (Dixon andc&tiale, 1999). In addition to the low-
cost of DGS, its lower starch and higher fibre eobtrepresent an ideal replacement for

high-starch grains in concentrate diets fed wittages (Schoonmaker et al., 2010).

Previous studies have examined the effect of DG&oircentrate-based feedlot diets on
quality indices in beef (Buttrey et al., 2013; DelM et al., 2018; Domenech-Pérez et al.,
2017). The interaction of dietary DGS with forageay exert a contrasting digestion
pattern and carcass composition (Schoonmaker, &Cdl0); however, limited information
exists on subsequent effects on beef quality. Suinager et al. (2010) demonstrated that
replacing corn/soybean meal with up to 40% DM of distillers’ grains in a low-forage
(12% DM hay) diet increased the polyunsaturatetly fatids (PUFA) content in the
longissimusmuscle of steers but not in those fed a high-forég® DM hay) diet.

Therefore, it is proposed that the impact of DG8 grass silage on nutrient metabolism
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might contribute to variation in the physicocherhiaad metabolic traits of muscle that

could influence beef quality attributes.

Furthermore, dietary wet or dried DGS may exhibried effects on meat quality attributes,
particularly the fatty acid composition, dependorgthe fermentation substrate. Corn and
wheat are the major grains used as fermentatiostrstibs for bioethanol production
depending on their relative availability in diffetecountries (Klopfenstein et al., 2008;
Yang and Li, 2017). Few studies have examinedectisomparison of the effect of corn
(CDGS)- and wheat (WDGS)-distillers’ grains withlig@les on ruminant meat quality.
Aldai et al. (2010b) reported that beef from stdes 40% DM of WDGS exhibited a
healthiertrans-fatty acid profile compared to animals fed 40% CR2Glowever, there was
no difference in the fatty acid profile of lamb mednen 20% DM of CDGS or WDGS was
substituted for barley grain and canola meal otal mixed ration (McKeown et al., 2010).
Additionally, feeding up to 40% DM of CDGS may inope the tenderness and palatability
of beef compared to a barley-based diet while nireeh steers fed WDGS possessed
intermediate sensory characteristics (Aldai et2010a). Therefore, the objective of the
current study was to examine the chemical compositfatty acid profile, shelf-life
stability, and sensory eating quality of beef fret@ers fed grass silage and supplementary
concentrates containing CDGS or WDGS compared toardey/soybean meal-based

concentrate.
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6.2. MATERIALS AND METHODS

6.2.1. Animals, diets and experimental design

The experimental procedures used in this study aj@peoved by the Teagasc animal ethics
committee and conducted under license from thl Esvernment Department of Health
and Children. The animals were managed by traieesiopnel according to the European
Union legislation for the protection of animals dder scientific purposes (2010/63/EU
Directive). Thirty-six weaned, spring-born Charsland Limousin-sired suckler bulls were
purchased directly from suckler farms at ~7 mormdh@ge and assembled at Teagasc
Animal & Grassland Research and Innovation Cen@eange, Ireland. Following
assembly, the bulls were castrated and offered gitegyead libitumplus 2 kg of a barley-
based concentrate and 60 g of a mineral-vitamimpleapent per head daily for a 187-d

back-grounding period. All animals had libitumaccess to clean water.

Steers were subsequently blocked by breed andverght (421.9 + 38.9 kg) and, from
within each block, randomly assigned to one of géhi@ncentrate dietsn(= 12
steers/treatment) offered separately as a supptetmad libitumgrass [Lolium perenng
silage. Concentrate diets contained either badgissan meal (control, CON), 80% CDGS
or 80% WDGS &s-fedbasis) as a replacement for the barley/soybeah ([@&dedbasis).
The ingredient and chemical composition of the expental concentrate diets are
presented in Table 6.1. The concentrates were @@ coarse mixtures. Representative
samples of the concentrate diets were obtainectweekly and stored at -20 °C prior to
chemical analysis. The steers were housed in ge@tfioor building in groups of five or
six animals per pen with a Calan gate feeding syg&merican Calan Inc., Northwood,

NH, USA). Steers were individually offered 4.0 k¢/Ddaily (2 kg in the morning and
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afternoon feeding sessions) of their respectivelempentary concentrates for 124 days

pre-slaughter.

Animals were slaughtered in a commercial abattoitwo consecutive weeks (balanced
for treatment) to facilitate sample collection anéasurements. Sampleslofgissimus

thoracismuscle (LT) were removed from the left side of tiaxecass at 48 h post-mortem,
vacuum-packed and aged for 14 days at 4 °C, ansegukntly stored at -20 °C prior to

further analysis.

6.2.2. Feed analysis

Representative samples of concentrate diets waakyzad for dry matter (DM), crude
protein, ash, neutral detergent fibre, acid detgrdire and starch concentrations as
described by O'Kiely (2011). Total fat concentratuw Oil-B (acid hydrolysis/ether extract)

was measured using a Soxtec instrument (Tecataahis, Sweden).

Phenolic compounds were extracted from samplesontentrate diets using aqueous
methanol (50:50, v/v) and acetone (70:30, v/v) aols (JiméneEscrig et al., 2001).
Polyphenol-rich extracts were analysed for totaéruit content (TPC) using the Folin-
Ciocalteu method (Singleton, Orthofer, & Lamuelar®ads, 1999) and absorbance
measurements were recorded at 750 nm using a Uspeistrophotometer (Cary 300 Bio,
UV-vis spectrophotometer, Varian Instruments, PAlo, CA, USA). Results were

expressed as g of gallic acid equivalents (GAEYkDM feed.

The fatty acid profile was determined in freezeedrsamples of concentrate diets by a one-
step extraction—transesterification procedure usihigroform (Sukhija and Palmquist,
1988) and 2% (v/v) sulfuric acid in methanol (Shielgl et al., 2003), with C19:0 (Larodan,

Solna, Sweden) added as an internal standard. lsashatographic analysis of fatty acid
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methyl esters (FAME) was performed as describe@hmrif et al. (2018). Individual fatty

acids were expressed as g/kg of DM feed.

Table 6.1. Ingredient and chemical composition of experimeoteicentrate
dietscontaining corn or wheat dried distillers’ grainghwsolubles

Item CON CDGS WDGS
Ingredient (as-fed basis,

g/kg)

Rolled barley 862 127 127
Soybean meal 60 - -
CDGS - 800 -
WDGS - - 800
Cane molasses 50 50 50
Minerals and vitamins 28 23 23
Chemical composition

Crude proteih 131 241 295
Ash! 58 77 82
Total fat 28 81 75
Neutral detergent fibfe 201 328 352
Acid detergent fibré 62 112 125
Starch 502 127 100
Total phenol conteAt 6.55 10.61 9.52
Fatty acid (g/kg dry matter (DM))

C12:.0 0.10 0.20 0.10
C14:0 0.10 0.10 0.10
C16:0 3.30 1.90 8.40
c18:0 0.20 1.40 0.80
c-9 C18:1 1.90 13.90 7.40
c-9,12 C18:2 6.50 315 21.0
c-9,12,15 C18:3 0.60 1.10 1.10

'Expressed as g/kg DM

2Expressed as gram gallic acid equivalents/kg DM

CON: control; CDGS: corn distillers’ grains withlsbles; WDGS: wheat distillers’ grains
with solubles
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6.2.3. Measurement of muscle pH and proximate compition

The LT muscle was thawed and trimmed of visibleafadl connective tissue and minced
twice through a plate with 4 mm holes (Model P1184alsa, Valencia, Spain). Raw minced
LT samples (5 g) were homogenised for 3 min at@3/@m in 45 ml distilled water using
an Ultra Turrax T25 homogeniser (Janke and Kurke\;Labortechnik, GmbH and Co.,
Staufen, Germany). The pH of the beef homogenatssmeasured at 20 °C using a pH
meter (Seven Easy portable, Mettler-Toledo GmbHw&izenbach, Switzerland). Minced
LT samples were analysed for moisture and fat castesing a SMART Trac rapid
moisture/fat analyser (CEM Corporation, MatthewsC,NUSA). Ash content was
determined using a muffle furnace (550 °C for &uh)l protein content was determined by

the Kjeldahl method (AOAC, 1996).

6.2.4. Determination of vitamin E in muscle

The a-tocopherol (vitamin E) content in minced LT sanspigas determined by high-
performance liquid chromatography (HPLC) followithge extraction procedure described
by Buttriss and Diplock (1984). HPLC analysis wasried out on a ProStar liquid
chromatograph (Varian Analytical Instruments, PAlto, CA, USA) equipped with a
ProStar autosampler (Model 410, Varian Instrumer@8mple injection volume (partial
loop fill) was 20ul. Thea-tocopherol was separated on a 250 x 4.6 mm P&di8sA 5u
column (Metachem, Ans§g echnologies, CA, USA) and detected using a Prd$#vis
detector (Varian Instruments) at 292 nm. The mqgtiilase was methanol/water (97:3) and
isocratic elution took place at 2ml/min for a tatah time of 10 min. A personal computer
and Star LC workstation software (version 6.20,i&fainc.) was used for calculation of
peak areas. The percentage recovery of vitaminrdmn foeef samples, through the

extraction procedure, was determined by includitgwin E (0.2 ml of 22.81ig/ml) as an
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internal standard. The percentage recovery waslledédc by comparison of peak areas of
vitamin E recovered through the extraction procedwith those obtained by direct

injection of the vitamin E standard (22.8/ml) onto the column. A standard curve was
generated using a range aftocopherol concentrations (7, 14, 2/ml) and the

concentration ofi-tocopherol in beef was expresseqigig of beef muscle.

6.2.5. Determination of fatty acids in muscle

The Lipid fraction in minced LT samples was extegictollowing the procedure of Bligh
and Dyer (1959). The lipid fraction was transe&tstito fatty acid methyl esters (FAME)
using BRin methanol as a catalyst following the method dbed by Park and Goins
(1994). FAMEs were dissolved in isooctane, driedranhydrous sodium sulphate (0.3 g)
for 15 min and stored at -20 °C prior to gas chrwgaphy analysis. FAMEs were
separated using a Varian 3800 gas chromatograpra(vVaValnut Creek, CA, USA) using
a WCOT fused silica capillary column (Varian CP-8&.Tailor Made FAME, 60 m x 0.25
mm i.d. x 0.20 um film thickness) and a flame iatisn detector. The column oven
temperature was held at 180 for 25 min and programmed to increase from 15@°240

°C at 4 °C/min and held for 2 min. The injector aledector temperatures were 270 °C and
260 °C respectively. Helium was used as the gagas at a pressure of 30 psi. The
injection was carried out using a Combi PAL (CTCalics AG, Zwingen, Switzerland)
auto-injector. The injection volumes and split @atfor FAMEs were 1 pl and 1:2 spilit,
respectively. Individual fatty acids were identifiby comparing relative retention times
with pure FAME standards (a mixture of Supleco 8mponent FAME mixtrans11
vaccenic acid methyl ester and conjugated lin@eid methyl ester; Sigma-Aldrich Ireland
Ltd., Vale Road, Arklow, Wicklow, Ireland). Resuli®re reported as individual fatty acid

expressed as a percentage of the total fatty §gdak area of individual FAME/total peak
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area of FAME examined) x 100). Indices of atherogéy and thrombogenicity were

calculated according to Ulbricht and Southgate {199
6.2.6. Measurement of total phenol content anith vitro antioxidant activity

Beef homogenates (10% w/v) were prepared as deskchipp Qwele et al. (2013) for the
determination ofin vitro antioxidant activities. In brief, raw minced LT @& was
homogenised in 0.05 M phosphate buffer (45 ml) gisin Ultra-turrax T25 homogeniser
at 24,000 rpm for 3 min. Muscle homogenates wengrifeged at 7800 g for 10 min at 4
°C using an Avanti J-E Centrifuge (Beckman Coulter Inc., Palo Altg),@JSA). The
supernatant was filtered through Whatman No. 1 papd the filtrate was analysed for
ferric reducing antioxidant power (FRAP) and feran chelating activity (FICA). For the
determination of TPC and 1,1-diphenyl-2-picrylhyda (DPPH) radical scavenging
activity assays, 10% trichloroacetic acid (5 mlsveaded to muscle homogenates and the
mixture was centrifuged at 7800 g for 10 min aC4 The supernatant was filtered through

Whatman No. 1 paper and the filtrate was analysedded for these assays.

Muscle extracts were analysed for TPC using thenFdiocalteu method (Singleton et al.,
1999) with minor modifications. Briefly, extrac3.5 ml) were mixed with Folin-Ciocalteu
reagent (2.5 ml, 20% in distilled water) and sodzarbonate (2 ml, 7.5% in distilled water)
was added after 5 min. The mixture was storederdtrk for 2 h at room temperature and
absorbance measurements were recorded at 750 anU¥rvis spectrophotometer (Cary
300 Bio, UV-vis spectrophotometer, Varian InstrumserCA, USA) against a blank
containing all reagents and distilled water. Almation curve using solutions of aqueous
gallic acid (20 — 10@g/ml) was constructed and results are expressedyas gallic acid

equivalents (GAE)/g of muscle.
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Radical scavenging activity in muscle was measuisadg the DPPH assay following a
minor modification of the method described by Yen &Vu (1999). Muscle extract (0.6
ml) and distilled water (2.4 ml) were mixed witt2nM DPPH in methanol (3 ml) and
incubated in the dark for 1 h at room temperatdbsorbance measurements were recorded
at 517 nm on a UV-vis spectrophotometer (Cary 3@) Bgainst a methanol blank. An
assay blank containing distilled water (3 ml) an2l @M DPPH in methanol (3 ml) was
used for calculation purposes. A calibration cumgeng standard solutions of methanolic
Trolox (10 — 5Qug/ml) was plotted and results were expressed asffigplox equivalents

(TE)/g of muscle.

Total antioxidant activity in muscle was determinessing FRAP assay following a minor
modification of the method described by Benzie &trdin (1999). Briefly, muscle extract
(0.45 ml) was mixed with 8.55 ml FRAP reagent (atome of 30 mM acetate buffer (pH
3.6), 10 mM 2,4,6—Tris (2-pyridyl)-s-triazine in 40M HCI and 20 mM FeGI6H20 in
distilled water in the ratio 10:1:1, respectivatgubated at 37 °C for 10 min prior to use).
The mixture was incubated for 30 min in the darf ahsorbance was recorded at 593 nm
on a UV-vis spectrophotometer (Cary 300 Bio) agagnblank containing all reagents. A
calibration curve using solutions of methanolicl®ra(0.033 — 0.1 mg/ml) was constructed

and results are expressed as mg TE/g of muscle.

The iron-chelating activity of muscle was measwethg a minor modification of FICA
assay described by Yen and Wu (1999). Muscle extfas ml) was mixed with Fe€[2
mM in distilled water, 0.1 ml), ferrozine solutigh mM in distilled water, 0.2 ml) and
distilled water (4.2 ml). The assay control conggifreCl (0.1 m), ferrozine solution (0.2
ml) and distilled water (4.7 ml). The mixture waubated for 1 h in the dark at room

temperature and absorbance measurements wereed@ir62 nm against a water blank
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on a UV-vis spectrophotometer (Cary 300 Bio). Ctwedp activity was calculated as

follows:

Chelating activity (%) = [1 — (absorbance of sanyfédsorbance of control)] x 100.

6.2.7. Analysis of shelf-life and sensory attributeof beef

6.2.7.1. Determination of lipid oxidation and oxyraglobin in muscle homogenates

Muscle homogenates (25%) were prepared by homaggriis g of LT in buffer (0.12 M
KCL 5 mM histidine, pH 5.5) surrounded by crushed using an Ultra Turrax T25
homogeniser. Lipid oxidation in muscle homogen&®8s2 g) was initiated by the addition
of pro-oxidants (45uM FeCk/sodium ascorbate, 1:1) (O'Grady et al., 2001).idLip
oxidation (2-thiobarbituric acid reactive substa)CEBARS) and oxymyoglobin (OxyMb)
content in muscle homogenate were measured at 4 araf storage at 4 °C as described

by Hayes et al. (2009).
6.2.7.2. Preparation and packaging of beef patties

The LT muscles were thawed overnight at 4 °C, trednof visible fat and connective
tissue, and minced twice through a plate with 4 hules (Model P114L, Talsa, Valencia,
Spain). The minced muscle was formed into beefigg({tLl00 g portions) using a meat
former (Ministeak burger maker, O.L Smith Co. Lita)y). For the fresh beef study, beef
patties individually placed in low oxygen permealjel cn¥/m%24 h at STP)
polystyrene/ethyl vinyl alcohol/polyethylene (PE9yts and flushed with 80%6x20% CQ
(modified atmosphere packs, MAP) using a vacuunlirgeanit (VS 100, Gustav Muller
& Co. KG, Homburg, Germany) equipped with a gaseni@Vitt-Gasetechnik GmbH &
Co. KG, Witten, Germany). Trays were covered andtgealed using a low oxygen

permeable (3 c#m%24 h at STP) laminated barrier film with a polyfaleheat-sealable
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layer. Fresh beef patties in MAP were stored fotafp4 days under fluorescent lighting
(660 Ix) at 4 °C. The gas atmosphere (%a@d % CQ) in MAP was measured using a
CheckMate 9900 (PBI-DanSensor, Denmark). The agegag composition in MAP was

79.94 + 0.97% @and 20.67 £ 0.19% Cn the first day of storage and 73.41 £ 1.33% O

and 26.53 + 1.27% Cf@n day 14 of storage.

For the cooked beef study, minced patties weresiddally placed on an aluminium foil-
lined trays and cooked at 180 °C for 20 min in m-dasisted convection oven (Zanussi
Professional, Model 10 GN1/1, Conegliano, Italyjiluan internal temperature of 72 °C
was reached. Cooked beef patties were placed itrdB over-wrapped with oxygen

permeable film and stored for up to 6 days at 4 °C.
6.2.7.3. Measurement of lipid oxidation and surfacelour of beef patties

Lipid oxidation was measured in fresh beef patfres 12/treatment) on days 1, 4, 7, 11,
and 14 of storage and on days 1, 3, and 6 in coddesd patties. Lipid oxidation
measurements were carried out following the mettextribed by Siu and Draper (1978).

Results were expressed as TBARS in mg malondiattee(iMDA)/kg meat.

The surface colour of fresh beef pattias=(12/treatment) was measured on days 1, 4, 7,
11, and 14 of storage using a Konica Minolta CR-@6@oma-Meter (Minolta Camera Co.,
Osaka, Japan). The Chroma-Meter consisted of auriegsead (CR-400), with an 8 mm
diameter measuring area, a 2° standard observdraamata processor (DP-400). The
Chrom-Meter was calibrated on the CIE LAB color@paystem using a white tile {00
=97.79,a=-0.11, b = 2.69). THe" ‘a” and ‘b” value represents lightness, redness and
yellowness, respectively. Colour measurements axgeaged for readings taken from four
different locations on the surface of beef patt@sroma €’) and hue angleH’) were

calculated as [(&+ b?)Y3 and [tan'b’/a’], respectively.
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6.2.7.4. Sensory analysis of beef patties

On storage days 2 and 7, texture profile analy@A) was measured in fresh beef patties
(n = 12/treatment) stored in MAP. The TPA parametkaesdness (N), springiness (mm),
cohesiveness (dimensionless), gumminess (N), cleswi(N x mm), adhesiveness (N))
were measured using a 30 kg load cell texture aealifT A.XT2i Texture Analyser, Stable

Micro Systems, UK) as described by Moroney et2013).

Fresh beef pattieqn (= 8/treatment) stored in MAP were randomly selédta sensory
evaluation, carried out by 40 naive panellists gg&sions (20 panellists/session) on days 2
and 7 of storage following the method describedtfyullivan et al. (2003). Beef patties
were cooked for sensory analysis in a Zanussi atdi80 °C for 20 min until an internal
temperature of 72 °C was reached. Following coqkipafties were cooled to room
temperature and cut into 2 cm x 2 cm cubes, idedtiith random three-digit codes. On
each day of sensory analysis, beef patties wereddo panellists over two 2 separate
sessions (morning and afternoon sessions). Pre@riong to panellists, beef samples were
re-heated in a microwave for 10 s to release that m@our and flavour. Sensory analysis
was performed in the panel booths of the Univessigensory laboratory according to
international standard regulations (ISO, 2007).efets were provided with water to
cleanse their palates between samples. Each smeteived beef samples presented in a
randomised order to prevent any flavour carryovieces (MacFie et al., 1989). Panellists
were requested to indicate their degree of likiogappearance, odour, texture, juiciness,
flavour and overall acceptability on a 10 cm limale ranging from 0 (extremely dislike)

to 10 (extremely like).
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6.2.8. Statistical analysis

All analyses were performed in duplicate. Proxineateposition, antioxidant potential and
fatty acid profile data were analysed using a ganknear model including dietary
treatment as a fixed factor and block as a ranagmtof. A full repeated measures ANOVA
was used to analysed the data relating to shelfdippid and colour stability) and sensory
attributes (TPA parameters and eating quality kaitas). Effects of dietary treatment
represented the ‘between-subjects’ factor and tfeeteof storage /incubation time was
measured using the ‘within-subjects’ factor and fhéeraction between diet and
storage/incubation time was tested. For eatingityuaitributes, grouped effect (panellist
number and session number) of “sensory panel” Vgascluded in the model as a random
term, and its interaction with treatment and sterdgys was tested. Tukey’s HSD test was
used for multiple comparisons of treatment meansnngignificance was detectedRak
0.05 and a tendency for treatment effect was olksewhen 0.05 € < 0.10. All data

analysis was performed using SPSS statistical soft\{lBM Statistics version 22).
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6.3. RESULTS AND DISCUSSION

In the scientific literature, limited informatiorxists on the quality of meat from cattle
finished on a grass silage-based diet in a combmatith supplementary concentrate
containing distillers’ grains. Feeding distillergrains with a forage-based diet may
influence ruminal and post-ruminal digestion dua tower starch level and, higher PUFA
and fibre contents, compared to grains (Schoonnwtladr, 2010). The variation in nutrient
metabolism profile might contribute to differendashe physicochemical and metabolic
traits of muscle that could influence meat quadittyibutes. Current evidence suggests that
dietary CDGS and WDGS markedly influence beef dqualarameters, in particular fatty
acid profiles (Aldai et al., 2010a). Thus, the eatrstudy examined the quality traits of
beef from steers offered grass silage and condergrgplements containing 80% CDGS
or WDGS as substitutes for barley/soybean meal.ifi¢clasion of 80% CDGS or WDGS
in concentrate supplement represents 35% of tla degtary DM intake (grass silage +

concentrate), respectively.

6.3.1. Chemical composition and antioxidant poterai of LT muscle

The pH and proximate composition of LT muscle drevw in Table 6.2. Beef pH values
ranged from 5.47 to 5.54 and were not influencedlibyary CDGS or WDGS relative to
the control. The beef pH values are in agreemetiit the normal pH values (5.4 — 5.8) for
post-mortemmuscle (Faustman and Cassens, 1990). In compaiess®DGS, dietary
CDGS increasedP(< 0.05) the protein content and decreased thecastent in LT. A
similar decrease in protein content was found énlth of steers fed WDGS compared to a
barley-based control diet while that of CDGS watenmediate (Aldai et al., 2010a).
However, the moisture and intramuscular fat costevdre not influenced?(> 0.05) by

dietary treatments. In general, previous studienatestrated that inclusion of CDGS or
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WDGS in concentrate-based feedlot diets had litleo impact on the pH and proximate
composition ofongissimusnuscle (Aldai et al., 2010a; De Mello et al., 20D®menech-

Pérez et al., 2017; Koger et al., 2010).

The concentration ai-tocopherol (vitamin E) and phenolic compounds umsnote tissues
is dependent on dietary intakes (Salami et al.6p(2ried distillers’ grains, compared to
the corresponding cereal, contains a consideragheh amount ofi-tocopherol (Nade et
al., 2013) and phenolic compounds such as valloaiffeic,p-coumaric, ferulic and sinapic
acids, with potent antioxidant activity (Luthriaadt, 2012). However, there is limited data
on the effect of feeding DGS on the concentratibthese compounds in beef. Despite
higher TPC levels in CDGS and WDGS diets compaved@N (Table 6.1), feeding DGS
did not influence R > 0.05) the TPC in LT muscle (Table 6.2). Thisexyation suggests
that phenolic compounds from dietary DGS were rpodited in the muscle possibly due
to factors such as molecular complexity and miabbietabolism in the rumen, limiting
their bioavailability and absorption into musclesties (Vasta and Luciano, 2011).
Similarly, dietary treatment did not influende ¥ 0.05) thex-tocopherol concentration in
LT muscle. Previous research has also shown tleatirfg 15 — 30% wet or dried corn
distillers grains to steers did not significanthflience thex-tocopherol concentration in
plasma (Nade et al., 2013) atlmhgissimusmuscle (Chao et al., 2017c). Moreover, the
antioxidant capacity of LT muscle (DPPH, FRAP ah@A-assays) was not influenced (

> 0.05) by dietary treatment. Similarly, the inctrsof up to 25% CDGS as a replacement
for corn/soybean meal in broiler diets did not erdgaantioxidant enzyme activities and
the total antioxidant capacity of breast muscle laret tissues (Min et al., 2012). Results
from the present study suggest that feeding CDGSVBGS does not enhance the

antioxidant potential of beef.
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Table 6.2 Effect of including corn or wheat dried distillegsains with solubles in
supplementary concentrate diets of steers on th@mtimate composition,
antioxidant status and antioxidant activitylafgissimus thoracismuscle

Item Dietary treatment

CON CDGS WDGS SEM  P-value
Muscle pH 5.4% 5.54 5525 0.011 0.009
Proximate compositior{g/100 g wet weight)
Protein 23.6F 2434 2260 0.234 0.006
Intramuscular fat 2.57 2.76 2.76 0.142 0.828
Moisture 73.12 72.52 72.42 0.150 0.122
Ash 1.1% 1.0%° 1.13 0.009 0.001

Antioxidant status
a-tocopherol ig/g muscle) 2.38 2.62 2.70 0.072 0.180
TPC (mg GAE/g muscle) 0.94 0.85 0.76 0.032 0.074

Antioxidant activity

DPPH (mg TE/g muscle) 025  0.25 0.25 0.002  0.720
FRAP (mg TE/g muscle) 038 041 0.41 0.007  0.110
FICA (%) 55.22 60.26 6123  1.410 0.176

ahvieans within the same row bearing different sup@tscare significantly differentf( < 0.05).
SEM: Standard error of mean.

CON: Control; CDGS: Corn distillers’ grains withlsbles; WDGS: Wheat distillers’ grains with
solubles;

TPC: Total phenol content DPPH: 1,1-diphenyl-2-yitydrazyl; FRAP: Ferric reducing antioxidant
power; FICA:Ferric ion chelating activity; GAE: Gallic acid agalent; TE: Trolox equivalent.

6.3.2. Fatty acid profiles of LT muscle

The protection of dietary PUFA from ruminal biohgdenation is a significant strategy for
improving the fatty acid composition of ruminantahand milk (Bessa et al., 2015). There
is evidence that dietary DGS may increase dietrdifjestibility and increase the amount
of unsaturated fatty acids reaching the distal gulicative of decreased susceptibility of
dietary PUFA to ruminal biohydrogenation (Vanded Bbal., 2007; Xu et al., 2014).

Previous studies have examined the fatty acid lprofibeef from cattle fed DGS included
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in concentrate-based feedlot diets whereas limitgd exists on the inclusion of DGS in

concentrate diets fed in combination with forages.

The inclusion of CDGS or WDGS in supplementary emtiates did not affecP(> 0.05)
the percentage of total saturated fatty acids (SRéyvever, few changes were observed
for individual SFA (Table 6.3). Feeding WDGS desesh P < 0.05) the proportion of
C14:0 (myristic acid) and increased C20:0 (arachadid) compared to CON. Notably, the
effect of WDGS may be nutritionally desirable bexmdietary myristic acid increases low-
density lipoprotein cholesterol associated withréased incidence of cardiovascular
diseases (Mensink, 2005). However, feeding dissilgrains did not influencd>(> 0.05)
the proportion of two major SFA (C16:0 and C18:€3axriated with beef. Previous studies
have also shown that C16:0 and C18:0 were unatfdntddGS fed in a concentrate-based
diet (De Mello et al., 2018; Depenbusch et al., 90l forage-based diets (Schoonmaker
et al., 2010). Stearic acid (C18:0) is the main-pratiuct of microbial hydrogenation of
dietary PUFA in the rumen (Bessa et al., 2015), msdlts (non-significance of C18:0)

suggest that complete inhibition of ruminal biolggkenation was not altered by diet.

The proportion of total monounsaturated fatty a¢ME/FA) andtransfatty acids did not
differ (P > 0.05) between dietary treatments. Accordinghg percentage of the most
abundant MUFA in beef, oleic acid-9 C18:1), was not affecte® ¢ 0.05) by diet even
though this fatty acid was predominant in the DG&sd(Table 6.1). This observation may
be attributed to the susceptibility of oleic acxdrapid hydrogenation to form stearic acid
usually via aransvaccenic acidt{11 C8:1) pathway (Jenkins et al., 2008). Similatthe
proportion oft-11 C8:1 was not differenP(> 0.05) across dietary treatments, suggesting
that changes in muscle fatty acid profile assodiat#h feeding DGS may have occurred
through a modulation of the overall process oflligietabolism in the rumen, rather than a

specific inhibition of the terminal step. Howevarhigher proportionH < 0.05) of C16:1
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Table 6.3.Effect of including corn or wheat dried distilleggains with solubles in supplementary
concentrate diets of steers on the fatty acid caitipa oflongissimus thoracisnuscle

Dietary treatment

Fatty acids (% of total fatty SEM P-value
C12:0 0.07 0.05 0.06 0.008 0.670
C14:.0 2.51 2.09* 2.02 0.085 0.036
c9Cl4:1 0.44 0.37 0.39 0.032 0.680
C15:.0 0.39 0.3¢° 0.77 0.053 0.009
C16:0 22.99 21.35 22.15 1.321 0.886
Cl6:1 1.85 0.5¢° 0.47 0.133 <0.001
C17:.0 0.86 0.67 0.80 0.034 0.068
c9Cl17:1 0.50 0.3¢ 0.3¢ 0.036 0.031
C18:0 13.32 13.77 12.67 0.320 0.381
t-9 18:1 2.07 1.57 1.58 0.136 0.233
t-11 C18:1 0.95 0.90 0.91 0.035 0.836
c9Ci18:1 290.11 27.83 28.98 0.970 0.847
t-9,12 C18:2 0.28 0.35 0.30 0.033 0.710
c-9,12 C18:2 2.29 3.95 3.69 0.384 0.167
C20:0 0.02 0.08* 0.12 0.013 0.006
c-11 C20:1 0.46 0.39 0.45 0.504 0.319
c-9,12,15 C18:3 0.35 0.43 0.48 0.025 0.075
ICLA 0.14 0.27 0.27 0.026 0.042
C22:0 0.52 0.69 0.61 0.034 0.130
C20:4n-6 1.10 1.02 0.97 0.027 0.152
C20:5n-3 0.18 0.24 0.24 0.032 0.640
C22:5n-3 0.44 0.52 0.53 0.046 0.713
Summary

>SFA 41.15 39.33 39.39 1.448 0.850
SMUFA 36.98 31.87 33.08 1.015 0.117
>PUFA 4.97 7.18 6.89 0.474 0.062
Totaltrans 3.02 2.47 2.49 0.127 0.132
>'n-6 PUFA 3.87 5.71 5.36 0.468 0.126
>'n-3 PUFA 0.96 1.19 1.26 0.053 0.149
n-6:n-3 4.03 4.80 4.25 0.746 0.572
PUFA:SFA 0.12 0.18 0.17 0.013 0.418
2Atherogenicity index 0.82 0.83 0.82 0.049 0.992
SThrombogenicity index 1.78 1.87 1.78 0.089 0.897

2h\eans in the same row bearing different superscep significantly different(< 0.05).

SEM: Standard error of mean

CON: control; CDGS: corn distillers’ grains withlgbles; WDGS: wheat distillers’ graimgth solubles.

ICLA: c-9t-11 18:2 #-9 ¢-11 18:2.

2Atherogenic index: (C12:0 + [4 x C14:0] + C16:8)8 PUFA +n-6 PUFA + MUFA).

3Thrombogenic index: (C14:0 + C16:0 + C18:0)/([0.MWFA] + [0.5 xn-6 PUFA] + [3 xn-3 PUFA] + [n-3/n-6 PUFA]).

CLA: conjugated linoleic acid; SFA: saturated faityds; MUFA: mono-unsaturated fatty acids; PUF8lypunsaturated fatty
acids.
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andc-10 17:1 were found in the muscle of CON-fed steerapared to those fed CDGS or
WDGS. The substitution of grains with DGS in a fpebased diet may results in a lower
amount of ruminal volatile fatty acids (Schoonmagieal., 2010) which could influencke
novofatty acid synthesis (Smith et al., 2009) whiclgimiexplain the lower proportion of
C16:1 andc-10 17:1 produced from the desaturation of theid 8guivalents (C16:0 and

C17:0).

Furthermore, total PUFA in the LT muscle tendedé¢ohigher P = 0.06) in steers fed
CDGS or WDGS compared to CON. The increase in mUBUIFA of steers fed CDGS or
WDGS was primarily driven by a great& € 0.05) proportion of CLAG-9,t-11 18:2 H-

9, c-11 18:2) and a tendency for highetinolenic acid (C18:3-3; P = 0.08). It is well-
established that dietary consumption of PUFA iseissed with numerous health benefits
in humans and strategies that enhance PUFA acctiorula the muscle can improve the
nutritional image of beef (Bessa et al., 2015)péamticular,c-9, t-11 CLA is a bioactive
fatty acid with physiological effects that may peev cardiovascular diseases, obesity,
cancers, bone density loss, and diabetes in hu(@alaer and Park, 2012). In the present
study, it is noteworthy that9,t-11 CLA co-eluted with-9, c-11 CLA as a single GC peak.
Indeed,c-9, t-11 18:2 is the major CLA isomer present in ruminedible fat and the
guantitative ratio o€-9,t-11 18:2 ta-9, c-11 18:2 was approximately 32:1 in beef fat from
steers (Fritsche and Fritsche, 1998). Thus, the @kAk identified in our study was

predominantly the-9, t11 CLA isomer.

In agreement with our study, dietary CDGS or WD@g o 60% DM) as substitutes for

corn or barley in concentrate-based diets have bleewn to increase the concentration of
c-9,t-11 CLA in beef (Dugan et al., 2010; Mello et &012b). In contrast, other studies
have shown no changes in t1i8,t-11 CLA content in beef (Depenbusch et al., 2008

ability of DGS to increase the content®9, t-11 CLA in beef may be attributed to its
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higher fibre content, compared to grains, whichidouodify the growth and activity of the
bacteria Butyrivibrio fibrisolven$ linked to the synthesis of this fatty acid in tlenen
(Mello et al., 2012b). Moreover, a higher propantiof intramuscular CLA in this study
may be attributed to the abundance (3 to 5-fold)nolieic acid (C18:21-6) in the CDGS
and WDGS diets. This could be related to the faa&t ¢-9,t-11 CLA is the major fatty acid
intermediate synthesised from the isomerisation linbleic acid during ruminal
biohydrogenation (Jenkins et al., 2008). Althowgh t-11 CLA may also be synthesised
endogenously via desaturationtefl 18:1 (Corl et al., 2001), the lack of dietarieef on
t-11 18:1 suggests thde novoFA synthesis might not play a role in the accuroiaof
muscle CLA in this study. Finally, measures of iiginal indices of muscle fatty acid
profiles indicated that feeding CDGS or WDGS did mfluence P > 0.05) the ratios of

PUFA:SFA,n-6:n-3, and the indices of atherogenicity and throminaggy .

The present study demonstrated that feeding DASgkétss silage resulted in changes that
may improve the fatty acid composition of beef. Hwoer, this effect is limited when
compared to previous studies that reported a soginif increase in the content of health-
promoting fatty acid (linoleic and-linoleic acids, and CLA and total PUFA) in beedrir
cattle fed CDGS or WDGS included in concentratesddsedlot diets (Buttrey et al., 2013;
De Mello et al., 2018; Domenech-Pérez et al., 261e7et al., 2012). Moreover, the current
study showed that dietary CDGS and WDGS had a caabfeeffect on muscle fatty acid
composition. On the contrary, the inclusion of CD@SVDGS in concentrate-based diets
results in differences in theans-18:1 isomers and-3 PUFA profiles of backfat tissue in
steers (Aldai et al., 2010b). Indeed, a dietargafbf DGS on muscle fatty acid profiles
may depend on the proportion of forages fed irdibe Schoonmaker et al. (2010) reported
that feeding up to 40% DM of wet DGS in a low-foead.2% DM bromegrass hay) diet

increased the PUFA content in tlo@gissimusnuscle of steers but not in those fed a high-
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forage diet (50% DM bromegrass hay). A high-fordg (50% DM bromegrass hay) may
increase fibre intake similar to thd libitumgrass silage offered in the present study, which
could also explain why CDGS and WDGS did not sigaiitly increase the total PUFA of
muscle in our study. Though feed fatty acid profiles not reported by Schoonmaker et al.
(2010), the present study indicated that inclugib@DGS and WDGS increased dietary
PUFA (oleic and linoleic acids) which might haventributed to the alteration of ruminal
biohydrogenation as observed with a significanigghlbr percentage of CLA in the muscle.
This result emphasised the need for future studiesport the feed fatty acid composition

when examining the effect of DGS on meat fatty gefiles.

6.3.3. Shelf-life of beef patties

6.3.3.1. Lipid and colour stability in fresh beegfiies

Lipid oxidation, measured as TBARS, increaded (0.001) in fresh LT beef patties stored
in MAP (Ox:COy; 80%:20%) as a function of storage time (Tablg.63h day 4, lipid
oxidation was lowerK < 0.05) in CON beef patties compared to CDGS aridG8s.
However, the extent of lipid oxidation was simi{@& > 0.05) between CDGS and CON
from days 7 to 14 of storage. WDGS had significahigher level of P < 0.05) lipid
oxidation compared to CON on days 7, 11 and 14ovhge. The increase in lipid oxidation
may be partly attributed to the tendency for a gmeamount of PUFA in LT muscle from
steers fed CDGS or WDGS. An elevated level of PidBAtent increases the susceptibility
of meat to oxidation, resulting in the developmentrancid off-flavours over time
(Faustman et al., 2010). A TBARS value of 2.28 MiD&/kg of meat has been reported as
the threshold for perceivable rancidity that maygatevely influence consumer

acceptability of oxidized beef (Campo et al., 200B)us, the retail shelf-life of beef patties
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Table 6.4.Effect of including corn or wheat dried distilleggains with solubles in supplementary
concentrate diets of steers on the shelf-life efbe

Dietary Storage/incubation timé
Parameter treatment 1 2 3 4 5
Fresh beef patties
TBARS? CON 0.4@" 0.668" 1.46™ 1.60™ 6.25*
CDGS 0.45' 1.17 2.250wm 3.4G0" 7.32>
WDGS 0.48 1.36V 2.90" 3.82w 8.95*
SEM 0.017 0.116 0.248 0.428 0.455
LightnessL" CON 48.02 48.86" 48.46Y 49.24" 51.65"
CDGS 48.2¢ 48.6F 49.37 49.72 53.53%
WDGS 47.88 48.19" 50.40" 49.14™  53.38"
SEM 0.434 0.457 0.604 0.542 0.533
Redness’ CON 22.4% 20.86™ 18.98* 15.44 5.90
CDGS 23.58 21.03" 18.98" 12.8F 5.555
WDGS 22.56” 21.0® 17.14% 11.64 4.68Y
SEM 0.220 0.249 0.352 0.625 0.229
Yellownessh CON 16.46' 16.06* 1512  14.18% 14.45"
CDGS 17.1% 15.95" 15.55" 14.00™ 15.25*
WDGS 16.42 15.73 14.75 13.58 15.36
SEM 0.192 0.157 0.149 0.161 0.159
Chrom& C’ CON 27.82 26.30" 24.2°F% 20.96% 15.6®
CDGS 29.1% 26.40" 24,54 19.00% 16.23¥
WDGS 27.96 26.25" 22.63" 17.89 16.07
SEM 0.272 0.264 0.349 0.490 0.131
Hue angléH’ CON 36.28" 37.50v 38.53" 42,53 67.77
CDGS 36.08 37.19" 39.36%  47.67"  70.03%
WDGS 36.09 36.84" 40.84% 49.40% 73.09
SEM 0.211 0.284 0.391 1.246 0.889
Cooked beef patties
TBARS? CON 1.93 2.38" 2.55"
CDGS 1.72 2.63w 3.62"
WDGS 1.1 1.80" 2.32%
SEM 0.370 0.599 0.774
Muscle homogenates
TBARS? CON 2.23 6.19"
CDGS 2.1% 5.96"
WDGS 2.38 6.2°"
SEM 0.130 0.166
OxyMb?® (%) CON 85.51 4512
CDGS 86.4%& 49.82"
WDGS 87.96' 43.23"
SEM 0.900 0.028

afEffect of dietary treatment: within each parametaiyes in the same column bearing different sipigts are significantly
different P < 0.05).

vwxyEffect of storage time: values in the same row ibgatifferent superscripts are significantly dittet (° < 0.05).
CON: control; CDG: corn distillers’ grain with sdiles; WDG: wheat distillers’ grains with solubl&EM: Standard error of mean.

Times 1, 2, 3, 4, 5 correspond to: 1, 4, 7, 10khdays (fresh beef patties stored at 4°C in medlifitmosphere packs); 1, 3, 6
days (cooked beef patties stored at 4°C in aeqmiks); 1 and 4 hours (muscle homogenates incubétiedre/Ascorbate at 4°C)

2TBARS: 2-thiobarbituric acid reactive substancesrezsed as mg malondialdehyde/kg meat.
3Chroma (colour vividness), higher values indicatater saturation of red.

“Hue angle (trueness of red), lower values indieatedder colour.

5OxyMb: Oxymyoglobin, % of total myoglobin.
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from CDGS or WDGS may be limited to 7 days compace@ON that may extend to 10

days under the experimental conditions employdatiempresent study.

Meat colour is an important sensory attribute tiwattributes to quality perception and the
purchasing decision of consumers during the sifelf-bf fresh meat. Oxidative
deterioration of meat colour is associated with tomversion of oxymyoglobin to
metmyoglobin resulting in a change from a brighd o®lour to a brownish appearance
(Faustman et al., 2010). As expected, storageitifuenced P < 0.01) all the instrumental
colour parameterd{, a’, b, C', H") measured in fresh beef patties stored in MARufor
to 14 days (Table 6.4). Lightneds)and yellowness) of beef patties were similaP &
0.05) between dietary treatments over the 14-daagé period. On day 1 of storage, beef
patties from CDGS were more red)(relative to those fed CON. Discoloration of beef
patties occurred as a function of storage time W@#BN exhibiting highera’ values
compared to WDGS between days 7 and 14, while C@dlmore red than CDGS only at
day 10. The decrease in chron@, (colour vividness) over the storage period shothatl
the redness of beef from WDGS-fed steers was loglative to those of CON and CDGS
on day 7, whereas CON was more red than CDGS an@$8Vén day 10. The hue angle
values H’, trueness of red) also showed that beef patt@ms teers fed WDGS had a
decreased red appearance compared to CON frongstdegys 7 to 14. It is noteworthy
that on day 10 of storage, only tBevalue measured in beef from WDGS was less than 18,
which represents the critical threshold for consunmegection of discoloured fresh beef
during retail purchase (Hood and Riordan, 1973)er@N, instrumental colour profiles
indicated that feeding DGS increased the exteniszfolouration of beef patties stored in

MAP, with CDGS exhibiting an intermediate effectwseen CON and WDGS.

Lipid peroxidation and myoglobin oxidation are iratetive processes that could influence

each other in a reciprocal manner through chemieattivity of their primary and
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secondary products (Faustman et al., 2010). Thisdcexplain the consistency in lipid
oxidation and discolouration of fresh beef fromestsefed DGS, particularly WDGS.
However, the mechanistic effect of dietary DGS eefloxidation has been controversial.
In agreement our study, it has been shown thahdgteretail display<7 days) increased
lipid oxidation and discolouration of fresh beebrfr cattle fed> 30% DM of DGS in
concentrate-based diets (Buttrey et al., 2013; B#dwt al., 2018). However, other studies
reported that increased colour deterioration off beses not accompanied by changes in

lipid oxidation (Depenbusch et al., 2009; Segeia.e2011).

Feeding DGS preferentially increases the PUFA cunite the sarcoplasmic membrane
which may enhance its instability and increasestiseeptibility of muscle tissues to rapid
oxidation (Chao et al., 2017b). Therefore, the mmigcof beef in the present study
contributed to the disruption of the muscle cellisture exposing labile lipid components
to oxygen (O'Grady et al., 2000), resulting in dalgpid oxidation in LT beef patties from
cattle fed DGS. Another contributing factor maytbe peroxidizable nature of the PUFA
content relative to the antioxidant potential a thuscle. In this study, it was observed that
dietary DGS did not enhance the antioxidant poaénfimuscle which may partly explain
why a tendency for increased PUFA content resuitedjyreater lipid oxidation and
discolouration in fresh beef stored in MAP. In pardar, vitamin E is a very important
membrane-bound antioxidant and a concentration.®f- 3.5 ug/g of muscle may be
required to maintain cellular integrity and enhatimeoxidative stability of beef (Liu et al.,
1996). Lower vitamin E concentrations (2.38 - 2ufflg muscle) were reported in the
present study (Table 6.2) and dietary supplememtaif vitamin E may be an effective
strategy to improve the lipid and colour stabilifyfresh beef from cattle fed DGS (Chao

et al., 2017c).
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6.3.3.2. Oxidative stability of cooked beef pati@asl muscle homogenates

The susceptibility of meat to oxidative deteriopatican be increased by storage and
processing factors such as catalysts (such asriratas and enzymes), lighting condition
and temperature (Bekhit et al.,, 2013). The effdcteeding CDGS or WDGS on the
oxidative stability of beef was further examinedienintense oxidative conditions such as
cooking or subjecting fresh LT muscle homogenatesran/ascorbate-induced lipid
oxidation. Lipid oxidation increased in aerobicathpred cooked beef patties over the 6-
day storage period but no effeé ¥ 0.05) of dietary treatment on TBARS values were
observed (Table 6.4). Furthermore, lipid and mybgi@xidation was examined in muscle
homogenates subjected to induced oxidation by st with iron/ascorbate pro-oxidants
for 4 h at 4 °C. Results indicated that both ligil oxymyoglobin oxidation increased as
a function of time but there was no effdet{ 0.05) of dietary treatments (Table 6.4). These
results suggest that effect of feeding DGS on tiseeptibility of beef to lipid peroxidation
was more pronounced under moderate oxidative donditas shown with the extended
storage of fresh beef patties stored in MAP at 4F€2ding DGS does not enhance the
antioxidant capacity and oxidative stability of Limuscle possibly due to the lack of
deposition of phenolic compounds in the muscle.ulieracid is the most abundant
phenolics in CDGS (Luthria et al., 2012) and it basn shown that dietary supplementation

of ferulic acid did not enhance the oxidative digbof beef (Torres et al., 2016).

6.3.4. Instrumental texture and sensory quality chiaacteristics of beef

The perception of texture is an important qualttyilaute that influences the palatability of
meat and consumer satisfaction. Animal diet canarhpmeat texture by directly
influencing muscle structure and physicochemicahposition (Andersen et al., 2005) or

indirectly influencing oxidative processes thateaff lipid and protein degradation in
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muscle tissues (Bekhit et al., 2013). Instrumeit@A gives a detailed assessment of
different textural attributes (such as hardnesangmess, and adhesiveness) that better
define meat tenderness (De Huidobro et al., 200b)the present study, hardness,
gumminess and chewiness of beef patties incre&se@.05) over the 7-day storage period
while springiness, cohesiveness and adhesivenessumaffected® > 0.05) by storage
time (Table 6.5). Hardness is the most importamguidar TPA parameter and increased
values as a function of storage time indicatesadsad tenderness of beef patties, reducing
palatability and consumer acceptance (Caine et2@D3; De Huidobro et al., 2005).
However, dietary treatment and dietary treatmesitoxage time did not affecP(> 0.05)
any of the TPA parameters despite observed incradiged oxidation in beef patties from
steers fed CDGS or WDGS during the 7-day storagmghePrevious studies have also
shown that feeding CDGS or WDGS (up to 40% DM) dat influence instrumental
textural properties (Warner-Bratzler shear forodyeésh beef aged for up to 42 days (Aldai

et al., 2010a; De Mello et al., 2018; Koger et 20]0).

Furthermore, naive panellists did not detect stotage or treatment difference? ¥ 0.05)

in the sensory attributes (appearance, odour, r@xtuiciness, flavour and overall
acceptability) of beef patties stored in MAP ovef-day storage period (Table 6.5). This
outcome is particularly interesting given that gesed lipid oxidation in beef patties from
CDGS or WDGS did not result in perceivable rangiditat could negatively influence
consumer acceptability of beef. Previous sensorgluation studies have reported
inconsistent effects of dietary DGS on eating ladiies of beef. However, none of these
studies has evaluated the sensory attributes dfdvee the shelf-life period as examined

in the present study.

Using trained or untrained sensory panellists, as lbeen shown that the sensory

characteristics of beef were not affected by stlistg corn with wet or dried CDGS (up

226



Table 6.5. Effect of including corn or wheat dried distillegsains with solubles in supplementary concengratesteers on instrumental
texture parameters and sensory eating quality eff ietties stored in modified atmosphere packs°& #r up to 7 days

Storage time (day)/dietary treatment Storage timéday)/dietary treatment
Day 2 Day 7

Parameter CON CDGS WDGS SEM CON CDGS WDGS SEM
Textural attributes

Hardness 15.67 17.47 17.25" 0.808 25.4% 26.66Y 23.0® 1.042
Springiness 0.83 0.85" 0.83" 0.008 0.88 0.86 0.85* 0.004
Cohesiveness 0.59 0.58" 0.57 0.008 0.6% 0.66" 0.62* 0.019
Gumminess 8.88 10.12* 9.79 0.539 15.5% 17.9Y 14.16Y 1.086
Chewiness 7.32 8.61* 8.1 0.492 13.3% 15.46Y 12.1%Y 0.952
Adhesiveness -1.39 -1.46% -0.88" 0.210 -1.38% -1.02 -1.24% 0.109
Eating quality

Appearance 5.38 6.10" 6.10™ 0.213 6.08 6.10™ 6.18> 0.188
Odour 5.87% 572 6.27 0.197 6.1% 6.09" 6.06™ 0.172
Texture 4.58 5.14" 5.08™ 0.218 4.3% 4.95% 4.98™ 0.196
Juiciness 3.47 4.0 3.84% 0.212 3.1% 3.43" 3.89" 0.161
Flavour 5.8% 5.83" 5.8 0.192 5.7% 5.48" 5.25" 0.177

eeffect of dietary treatment: within each parameted storage day, values in the same row are noifisantly different @ > 0.05).

xYEffect of storage time: within each dietary treatinend between storage time (days2day 7), values in the same row bearing differepesscripts are significantly
different (° < 0.05)

CON: control; CDGS: corn distillers’ grain with stiles; WDGS: wheat distillers’ grains with soluhl&&M: Standard error of mean.
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to 35% DM) in concentrate feedlot diets (Buttreylet2013; De Mello et al., 2018; Gill et
al., 2008). In contrast, other studies using trdipanellists reported that replacement of
corn with dried CDGS (up to 75% DM) improved bemfderness (Depenbusch et al., 2009)
while inclusion of CDGS or WDGS (up to 40% DM) irarkey-based finishing diets
enhanced the flavour desirability of beef (Aldaiakt 2010a). Moreover, Aldai et al.
(2010a) indicated that panellists rated beef stéaks steers fed CDGS as more tender and
palatable compared to the control (barley-baset] dikile beef steaks from WDGS had
intermediate scores for such attributes. The &biift CDGS to improve sensory
characteristics have been attributed to changesustle physicochemical properties such
as the amount of connective tissues and fat coidaii et al., 2010a; Depenbusch et al.,
2009). On the contrary, the current study indicated dietary CDGS or WDGS did not
affect the IMF content and instrumental textureapagters which may explain the

similarity in beef sensory attributes such as ikiad of flavour and texture.
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6.4. CONCLUSIONS

The inclusion of CDGS or WDGS in supplementary emtiates offered to steers fed grass
silage may increase the proportion of health-pramgotatty acids (CLA and PUFA) in
beef. However, feeding DGS increased susceptibtlitylipid oxidation and colour
deterioration in fresh beef patties stored in MARh CDGS exhibiting an intermediate
effect between CON and WDGS. The retail shelfdiféeef patties from steers fed CDGS
and WDGS may be limited to 7 days while the CONMtireent may extend shelf-life up to
10 days. Nonetheless, feeding CDGS or WDGS didneggtively influence the eating

attributes of beef patties stored in MAP for ug tdays.
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ABSTRACT

This study investigated the quality compositionidative stability and sensory attributes
of beef (ongissimus thoracisl.T) from steers offered grass silage and a conatntr
supplement in which rolled barley was replaced @64nd 80%4ds-fedbasis) dried citrus
pulp (DCP). Dietary treatment did not influence #rioxidant statusoftocopherol and
total phenolic contents) and activities of LT. FegdDCP significantly increased the
proportion of conjugated linoleic acids and polyatasated fatty acids in beef. Lipid and
colour stability of fresh beef patties stored indified atmosphere packs (MAP) were
unaffected by dietary treatment but feeding 40% Dé&ficed P < 0.05) lipid oxidation in
aerobically-stored cooked beef patties. Sensoryelpsts did not detect differences
between treatments in eating quality and overaleptability sensory descriptors of beef
patties stored in MAP for up to 7 days. Resultsaatdd that substitution of barley with
DCP improved the fatty acid profiles of beef withaegatively influencing the eating

quality of beef.

Keywords:Beef, citrus pulp, oxidative stability, sensory lgses, fatty acids
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7.1. INTRODUCTION

Concentrate feeding in combination with grass silag strategy typically used for winter-
finishing of beef cattle in temperate countrieglikeland (McGee, 2005). The substitution
of cereals with agro-industrial by-products in cemtcate-based diets reduces feed cost,
mitigates food-feed-fuel competition and enhancesource efficiency of livestock
production (Makkar, 2016). Dried citrus pulp (DAR)x whole by-product obtained after
drying the residue following extraction of juiceoin citrus fruits and it consists of peel,
pulp and seed residues (Martinez-Pascual and FdgnaDarmona, 1980). Due to the high
amount of digestible fibre in DCP, this by-produoah be used as a high-energy feedstuft,
compared to starch-rich cereals, to avoid a ded@himeminal pH and negative effects on
forage digestibility in ruminants (Bampidis and Ramn, 2006). A recent study indicated
that DCP can be used to replace rolled barley imadey-soybean meal concentrate
supplement without negative effects on intake aamdopmance of young growing cattle
offered to grass silage (Lenehan et al., 2017)pDe¢he significant impact of animal diet
on meat quality traits (Geay et al., 2001), thedfof dietary DCP on beef quality traits

has not been reported on to date.

Fatty acid composition in ruminant-derived foodgé&nhand milk) is characterized by a low
content of health-promoting polyunsaturated faitidg PUFA) and high proportion of
undesirable saturated fatty acids (SFA) @rachs fatty acids (TFA), mainly due to the
biohydrogenation of dietary PUFA in the rumen (Bess al., 2015). Concentrate-based
diets in which cereals (corn and barley) are reglawith DCP may alter ruminal
biohydrogenation possibly due to a reduced dietaaych content (Santos-Silva et al.,
2016) or a high concentration of phenolic compound®CP (Lanza et al., 2015). This

alteration in ruminal biohydrogenation might explaihe effect of dietary DCP in
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improving the fatty acid profile of ovine meat amak by increasing the concentration of
t-11 18:1 (vaccenic acid)g-9, t-11 conjugated linoleic acid (CLA) and PUFA while
decreasindgrans 18:1 isomers and the6:n-3 PUFA ratio (Lanza et al., 2015; Oliveira et

al., 2017; Santos-Silva et al., 2016).

Lipid oxidation is the primary factor responsibt# fliscolouration and rancid off-flavour
development during the shelf-life of meat, resgjtin quality deterioration and reduced
acceptability (Morrissey et al., 1998). Increas&dFR content potentially increases the
susceptibility of meat to lipid oxidation and distasupplementation with antioxidant
compounds enhance the oxidative stability of mBakfit et al., 2013). Citrus fruits and
their by-products are known to contain a substhm@tmount of phenolic compounds,
predominantly flavonoids (such as naringin, heslperiquercetin, rutin and luteolin), that
exhibit potent antioxidant activities (Balasundrainal., 2006; Benavente-Garcia et al.,
1997). Previous studies have shown that feeding RER source of dietary phenolic
antioxidants improved the oxidative stability ofmla meat (Gravador et al., 2014; Inserra
et al., 2014) and enhanced the antioxidant capatibovine milk (Santos et al., 2014).
Moreover, dietary supplementation of the majorusitilavonoid compounds (naringin and
hesperidin) reduced lipid oxidation in aerobicadtgred broiler meat (Goliomytis et al.,

2015) and lamb meat (Simitzis et al., 2018).

Replacing cereals with DCP in a concentrate supphtroffered to grass silage-fed cattle
may improve beef quality by increasing the promoriof beneficial unsaturated fatty acids
without negatively influencing the oxidative stalyiland acceptability of beef. The
objective of this study was to examine the chemwmahposition, fatty acid profile,
oxidative stability, texture characteristics ansh@amer acceptability of beef from steers
offered grass silage and a concentrate supplemewhich barley was substituted with

increasing levels of DCP.
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7.2. MATERIALS AND METHODS

7.2.1. Animals, diets and experimental design

Animal experimental procedures were approved byTéegasc animal ethics committee
and conducted under license from the Irish Govenminigepartment of Health and
Children. The animals were managed by trained peed@according to the European Union
legislation for the protection of animals used ferientific purposes (2010/63/EU
Directive). Thirty-six weaned, spring-born Charsland Limousin-sired suckler bulls were
purchased directly from suckler farms at ~7 mormdh@ge and assembled at Teagasc
Animal & Grassland Research and Innovation Cen@eange, Ireland. Following
assembly, the bulls were castrated and offered gitegyead libitumplus 2 kg of a barley-
based concentrate and 60 g of a mineral-vitamimpleapent per head daily for a 187-d

back-grounding period. All animals had libitumaccess to clean water.

Steers were subsequently blocked by breed andMerght (427.2 + 37.2 kg) and, from
within each block, randomly assigned to one of éhincentrate dietsn(= 12
steers/treatment) offered separately as a supptetmad libitumgrass [Lolium perenng
silage. Concentrate diets contained either 0% Dcdiatfol, barley-based diet), or 40%
DCP or 80% DCP as a replacement for rolled badsyf¢dbasis). The concentrates were
prepared as coarse mixtures. Table 7.1 indicagestiredient and chemical composition
of the experimental concentrate diets. Represestatimples of the concentrate diets were
obtained twice weekly and stored at -20 °C priochemical analysis. The steers were
housed in a slatted-floor building in groups offier six animals per pen with a Calan gate
feeding system (American Calan Inc., Northwood, NBA) allowing individual feed
intake of steers to be recorded. It should be ntitati11 steers were later assigned to the

40% DCP treatment due to individual animal-feediagjlity constraints, rather than 12
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steers assigned to other dietary treatments. Stegesindividually offered 4.0 kg DM daily
(2 kg in the morning and afternoon feeding ses3iongheir respective supplementary

concentrates for 124 days pre-slaughter.

Animals were slaughtered in a commercial abattoitwo consecutive weeks (balanced
for treatment) to facilitate sample collection anéasurements. Sampleslofgissimus
thoracismuscle (LT) were removed from the left side of tiaxecass at 48 h post-mortem,
vacuum-packed and aged for 14 days at 4 °C, ansegulkntly stored at -20 °C prior to
further analysis. Information relating to produatiserformance and carcass characteristics

is presented in Kelly et al. (2017).

7.2.2. Feed analysis

Concentrate diets were analyzed for dry matter (Ddv)de protein, ash, neutral detergent
fibre, acid detergent fibre and starch concentnatias described by O'Kiely (2011). Total
fat concentration or Oil-B (acid hydrolysis/ethettract) was measured using a Soxtec

instrument (Tecator, Héganas, Sweden).

Phenolic compounds were extracted from samplesontentrate diets using aqueous
methanol (50:50, v/v) and acetone (70:30, v/v) aols (JiméneEscrig et al., 2001).
Polyphenol-rich extracts were analysed for totadruit content (TPC) using the Folin-
Ciocalteu method (Singleton, Orthofer, & Lamuelar®ads, 1999) and absorbance
measurements were recorded at 750 nm using a Uspeistrophotometer (Cary 300 Bio,
UV-vis spectrophotometer, Varian Instruments, PAlo, CA, USA). Results were

expressed as g of gallic acid equivalents (GAEYkDM feed.

The fatty acid composition was determined in fregzed samples of concentrate diets by

a one-step extraction—transesterification procedusing chloroform (Sukhija and
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Palmquist, 1988) and 2% (v/v) sulfuric acid in neetbl (Shingfield et al., 2003), with 19:0
nonadecanoate (Larodan, Solna, Sweden) added asintamal standard. Gas
chromatographic analysis of fatty acid methyl es{6tAME) was performed as described

by Cherif et al. (2018). Individual fatty acid wespressed as g/kg of DM feed.

Table 7.1.Ingredient and chemical composition of experimental
concentrate dietsontaining increasing levels of dried citrus pulCP)

Ingredient (as-fed basis, 0% DCP 40% DCP 80% DCP
g/kg)

Rolled barley 862 467 58
Soybean meal 60 70 80
Dried citrus pulp (DCP) - 400 800
Cane molasses 50 50 50
Minerals and vitamins 28 13 12

Chemical composition

Dry matter (DM, g/kg) 801 828 854
Crude proteirt 131 130 113
Asht 58 67 87
Total fat 28 28 21
Neutral detergent fibfe 201 200 234
Acid detergent fibré 62 132 237
Starch 502 315 63
Total phenol conteft 6.55 12.41 19.04

Fatty acid (g/kg dry matter (DM))

C12:0 0.10 0.30 0.20
C14:0 0.10 0.10 0.10
C16:0 3.30 4.30 3.60
C18:0 0.20 0.50 0.60
c-9 C18:1 1.90 3.00 2.70
c-9,12 C18:2 6.50 7.60 4.50
c-9,12,15 C18:3 0.60 0.80 0.70

‘Expressed as g/kg DM
2Expressed as g gallic acid equivalents/kg DM
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7.2.3. Determination of muscle pH and proximate coposition

The LT muscle was thawed and trimmed of visibleafadl connective tissue and minced
twice through a plate with 4 mm holes (Model P11#4alsa, Valencia, Spain). Minced LT
samples (5 g) were homogenised for 3 min at 24¢p060in 45 ml distilled water using an
Ultra Turrax T25 homogeniser (Janke and Kunkel, {Kabortechnik, GmbH and Co.,
Staufen, Germany). The pH of the beef homogenatssmeasured at 20 °C using a pH
meter (Seven Easy portable, Mettler-Toledo GmbHw®izenbach, Switzerland). Raw
minced LT samples were analysed for moisture ancbiatents using a SMART Trac rapid
moisture/fat analyser (CEM Corporation, Matthews;,NJSA). The ash content was
determined using a muffle furnace (550 °C for &uh)l protein content was determined by

the Kjeldahl method.
7.2.4. Determination of vitamin E in LT muscle

Thea-tocopherol (vitamin E) content in raw minced LTrgaes was determined by high-
performance liquid chromatography (HPLC) followithge extraction procedure described
by Buttriss and Diplock (1984). HPLC analysis wasried out on a ProStar liquid
chromatograph (Varian Analytical Instruments, PAlto, CA, USA) equipped with a
ProStar autosampler (Model 410, Varian Instrumer@8mple injection volume (partial
loop fill) was 20ul. Thea-tocopherol was separated on a 250 x 4.6 mm P&di8sA 5u
column (Metachem, Ans§g echnologies, CA, USA) and detected using a Prd$#vis
detector (Varian Instruments) at 292 nm. The mqgtiilase was methanol/water (97:3) and
isocratic elution took place at 2ml/min for a tatah time of 10 min. A personal computer
and Star LC workstation software (version 6.20,i&fainc.) was used for calculation of
peak areas. A standard curve was generated usantga ofa-tocopherol concentrations

(7, 14, 21ug/ml) and the concentration aftocopherol in beef was expressedugig of
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beef muscle. The percentage recovery of vitaminrdinfbeef samples, through the
extraction procedure, was determined by includitgwin E (0.2 ml of 22.81ig/ml) as an
internal standard. The percentage recovery waslleddtl by comparison of peak areas of
standard amount of vitamin E recovered through ektaction procedure with those
obtained by direct injection of the vitamin E starai(22.8ug/ml) onto the column. The
average percentage recovery was 92.8% and valeewobpherol in muscle samples were

adjusted to account for percentage recovery.

7.2.5. Determination of fatty acids in LT muscle

Lipid fraction in raw minced LT samples was exteatfollowing the method described by
Bligh and Dyer (1959). The lipid fraction was trasterified to fatty acid methyl esters
(FAME) using BRin methanol as a catalyst following the method dbsed by Park and
Goins (1994). FAMEs were dissolved with isooctadded over anhydrous sodium
sulphate (0.3 g) for 15 min and stored at -20 “%Gro gas chromatography analysis. The
separation of FAME was carried out using a Vari®®gas chromatograph (Varian,
Walnut Creek, CA, USA) using a WCOT fused silicaittary column (Varian CP-SIL 88
Tailor Made FAME, 60 m x 0.25 mm i.d. x 0.20 pummfithickness) and a flame ionisation
detector. The column oven temperature was hel8@tQ for 25 min and programmed to
increase from 150 °C to 240 °C at 4 °C/min and hiet® min. The injector and detector
temperatures were 270 °C and 260 °C respectiyéglium was used as the carrier gas at
a pressure of 30 psi. The injection was carriedusing a Combi PAL (CTC Analytics
AG, Zwingen, Switzerland) auto-injector. The injeat volumes and split ratios for
FAMEs were 1 pl and 1:2 split, respectively. Indival fatty acids were identified by
comparing relative retention times with pure FAManglards (a mixture of Supleco 37

component FAME mixtrans-11 vaccenic acid methyl ester and conjugateddinahcid
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methyl ester; Sigma-Aldrich Ireland Ltd., Vale Ro&dklow, Wicklow, Ireland). Results
were reported as individual fatty acids expressed @ercentage of the total fatty acids
((peak area of individual FAME/total peak area AAME examined) x 100). The
atherogenic index (Al) and thrombogenic index (##re calculated according to Ulbricht

and Southgate (1991).

7.2.6. Determination of total phenol content andh vitro antioxidant activity

7.2.6.1. Preparation of muscle homogenates

Beef homogenates (10% w/v) were prepared as deschip Qwele et al. (2013) for the
determination ofin vitro antioxidant activities. In brief, raw minced LT @& was
homogenised in 0.05 M phosphate buffer (45 ml) gisin Ultra-turrax T25 homogeniser
at 24,000 rpm for 3 min. Muscle homogenates wengridfeged at 7800 g for 10 min at 4
°C using an Avanfi J-E Centrifuge (Beckman Coulter Inc., Palo Alté\,@JSA). The
supernatant was filtered through Whatman No. 1 papd the filtrate was analysed for
ferric reducing antioxidant power (FRAP) and feran chelating activity (FICA). For the
determination of TPC and 1,1-diphenyl-2- picrylrgzlyl (DPPH) radical scavenging
activity assays, 10% trichloroacetic acid (5 mlsveaded to muscle homogenates and the
mixture was centrifuged at 7800 g for 10 min a€C4 The supernatant was filtered through

Whatman No. 1 paper and analysed for TPC and DRBéaya.

7.2.6.2. Measurement of the total phenol content

Muscle extracts were analysed for TPC using thenFdiocalteu method (Singleton et al.,
1999) with minor modifications. Briefly, extrac3.5 ml) were mixed with Folin-Ciocalteu
reagent (2.5 ml, 20% in distilled water) and sodzarbonate (2 ml, 7.5% in distilled water)

was added after 5 min. The mixture was storederdtrk for 2 h at room temperature and
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absorbance measurements were recorded at 750 anU¥rvis spectrophotometer (Cary
300 Bio, UV-vis spectrophotometer, Varian InstrumserCA, USA) against a blank
containing all reagents and distilled water. Alwadtion curve using standard solutions of
aqueous gallic acid (20 — 1@@/ml) was constructed and results are expresseugasf

gallic acid equivalents (GAE)/g of muscle.

7.2.6.3. Measurement of in vitro antioxidant activs

Radical scavenging activity in muscle was measuisadg the DPPH assay following a
minor modification of the method described by Yer &/u (1999). Muscle extract (0.6
ml) and distilled water (2.4 ml) were mixed wittnM DPPH in methanol (3 ml) and
incubated in the dark for 1 h at room temperatdbsorbance measurements were recorded
at 517 nm on a UV-vis spectrophotometer (Cary 3@) Bgainst a methanol blank. An
assay blank containing distilled water (3 ml) an2l @M DPPH in methanol (3 ml) was
used for calculation purposes. A calibration cumgeng standard solutions of methanolic
Trolox (10 — 50ug/ml) was constructed and results were expressetiga®f Trolox

equivalents (TE)/g of muscle.

Total antioxidant activity in muscle was determinessing FRAP assay following a minor
modification of the method described by Benzie Strdin (1999). Briefly, muscle extract
(0.45 ml) was mixed with 8.55 ml FRAP reagent (xtome of 30 mM acetate buffer (pH
3.6), 10 mM 2,4,6—Tris (2-pyridyl)-s-triazine in 40M HCI and 20 mM FeGI6H20 in
distilled water in the ratio 10:1:1, respectivatgubated at 37 °C for 10 min prior to use).
The mixture was incubated for 30 min in the dart ahsorbance was recorded at 593 nm
on a UV-vis spectrophotometer (Cary 300 Bio) agamblank containing all reagents. A
calibration curve using solutions of methanolicl®xo(0.033 — 0.1 mg/ml) was constructed

and results are expressed as mg TE/g of muscle.
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The iron-chelating activity of muscle was measuwethg a minor modification of FICA
assay described by Yen and Wu (1999). Muscle extfas ml) was mixed with Fe€[2
mM in distilled water, 0.1 ml), ferrozine solutigh mM in distilled water, 0.2 ml) and
distilled water (4.2 ml). The assay control congaifreCl (0.1 m), ferrozine solution (0.2
ml) and distilled water (4.7 ml). The mixture waubated for 1 h in the dark at room
temperature and absorbance measurements wereed@ir62 nm against a water blank
on a UV-vis spectrophotometer (Cary 300 Bio). Ctwedp activity was calculated as

follows:

Chelating activity (%) = [1 — (absorbance of sanyfédsorbance of control)] x 100.

7.2.7. Determination of the oxidative stability andsensory properties of beef

7.2.7.1. Measurement of lipid oxidation and oxymyoigin in muscle homogenates

Muscle homogenates (25%) were prepared by homaggriis g of LT in buffer (0.12 M
KCL 5 mM histidine, pH 5.5) surrounded by crushed using an Ultra Turrax T25
homogeniser. Lipid oxidation in muscle homogen&®8s2 g) was initiated by the addition
of pro-oxidants (45uM FeCk/sodium ascorbate, 1:1) (O'Grady et al., 2001).idLip
oxidation (2-thiobarbituric acid reactive substa)CEBARS) and oxymyoglobin (OxyMb)
content in muscle homogenate were measured at 4 araf storage at 4 °C as described

by Hayes et al. (2009).

7.2.7.2. Meat processing and packaging

The LT muscles were thawed overnight at 4 °C, trednof visible fat and connective
tissue, and minced twice through a plate with 4 hates (Model P114L, Talsa, Valencia,
Spain). The minced muscle was formed into beefigg({tLl00 g portions) using a meat

former (Ministeak burger maker, O.L Smith Co. Lttaly). For the fresh beef study, patties
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were individually placed in a low oxygen permealflel cn?/m?24 h at STP)
polystyrene/ethyl vinyl alcohol/polyethylene (PEgyts and flushed with 80%6x20% CQ
(modified atmosphere packs, MAP) using a vacuunlirgeanit (VS 100, Gustav Muller

& Co. KG, Homburg, Germany) equipped with a gaseni@Vitt-Gasetechnik GmbH &
Co. KG, Witten, Germany). Trays were covered andt-Bealed using a low oxygen
permeable (3 c#m%24 h at STP) laminated barrier film with a polyfaleheat-sealable
layer. Fresh beef patties in MAP were stored fotafp4 days under fluorescent lighting
(660 Ix) at 4 °C. The gas atmosphere (¥%afd % CQ) in MAP was measured using a
CheckMate 9900 (PBI-DanSensor, Denmark). The agegag composition in MAP was
79.87 £ 0.98% @and 20.71 + 0.16% COn day 1 of storage and contained 74.22 + 0.88%

Oz and 25.63 + 0.71% C@n day 14 of storage.

For the cooked beef study, minced patties weresiddally placed on an aluminium foil-
lined trays and cooked at 180 °C for 20 min in m-dasisted convection oven (Zanussi
Professional, Model 10 GN1/1, Conegliano, Italyjiluan internal temperature of 72 °C
was reached. Cooked beef patties were placed inrd3B over-wrapped with oxygen

permeable film and stored for up to 6 days at 4 °C.

7.2.7.3. Measurement of lipid oxidation and surfacelour

Lipid oxidation was measured in fresh beef pattiesdays 1, 4, 7, 11, and 14 of storage
and on days 1, 3, and 6 in cooked beef pattieslieakpatties/muscle/day). Lipid oxidation
measurements were carried out following the mettextribed by Siu and Draper (1978).

Results were expressed as TBARS in mg malondiattee(iMDA)/kg meat.

The surface colour of fresh beef patties was medsom days 1, 4, 7, 11, and 14 of storage
(one beef patties/muscle/day) using a Konica Man@R-400 Chroma-Meter (Minolta

Camera Co., Osaka, Japan). The Chroma-Meter cedsi$ta measuring head (CR-400),
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with an 8 mm diameter measuring area, a 2° starmasdrver, and a data processor (DP-
400). The Chrom-Meter was calibrated on the CIE LedBor space system using a white
tile (Dc: L =97.79, a=-0.11, b = 2.69). THe™", ‘a” and ‘b"’ value represents lightness,
redness and yellowness, respectively. Colour measemts were averaged for readings
taken from four different locations on the surfadebeef patties. ChromaC() and hue

angle H") were calculated as [fat+ b?)3 and [tan'b’/a’], respectively.
7.2.7.4. Measurement of textural properties of beetties

The texture profile analysis (TPA) of fresh beeftiea stored in MAP was measured on
days 2 and 7 of storage. The TPA parameters (hasdhg, springiness (mm), cohesiveness
(dimensionless), gumminess (N), chewiness (N x naa)esiveness (N)) were measured
using a 30 kg load cell texture analyser (TA.XT2klure Analyser, Stable Micro Systems,

UK) as described by Moroney et al. (2013).
7.2.7.5. Sensory acceptance testing of beef patties

Sensory acceptance of fresh beef patties 8/treatment) stored in MAP was carried out
by 40 untrained panellists in 2 sessions (20 pat&ldession) on days 2 and 7 of storage as
described by O'Sullivan et al. (2003). Beef pattiese cooked for sensory analysis in a
Zanussi oven at 180 °C for 20 min until an intertemhperature of 72 °C was reached.
Following cooking, patties were cooled to room temure and cut into 2 cm x 2 cm
cubes, identified with random three-digit codes. €ath day of sensory analysis, beef
samples were served to panellists in two separassians (morning and afternoon
sessions). Prior to serving to panellists, beefdasnwere re-heated in a microwave for 10
s to release the meat odour and flavour. Sensalua&ion was performed in the panel
booths of the University’s sensory laboratory adowg to international standard

regulations (ISO, 2007). Sample presentation waslamised to prevent any flavour
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carryover effects (MacFie et al., 1989). Panellg&se asked to indicate their degree of
liking for appearance, odour, texture, juicinessydur and overall acceptability on a 10
cm line scale ranging from O (extremely dislike)1i® (extremely like). Panellists were

provided with water to cleanse their palates betwssamples.

7.2.8. Statistical analysis

All analyses were performed in duplicate. Data ooxpnate composition, antioxidant
capacity and fatty acid profiles analyses were ya®al using a general linear model
including dietary treatment as a fixed factor afatk as a random factor. The orthogonal
polynomial contrast was used to determine the tirea quadratic responses of dietary
inclusion levels of DCP. Data relating to the oxidga stability and sensory attributes were
analysed using a general linear model with a fjleated measures ANOVA. Effects of
dietary treatment represented the ‘between-subjefastor and the effect of
storage/incubation time was measured using théimvgubjects’ factor and the interaction
between diet and storage/incubation time was te3tied effects of panellist and session
were included as random terms in the model usedh®ranalysis of sensory eating
attributes. Tukey's HSD test was used for multipdenparisons of treatment means when
significance was detected Rt< 0.05 and a tendency for treatment effect was obser
when 0.05 <P < 0.10. All data analysis was performed using SP@fsscal software

(IBM Statistics version 22).
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7.3. RESULTS AND DISCUSSION

Animal dietary strategies provide feasible oppaittes to enhance the nutritional quality
of beef by increasing the PUFA and CLA contenkeih to positive health effects such as
decreased incidence of cardiovascular diseases Y@@ cancer (Vahmani et al., 2015).
Feeding DCP, compared to cereals, may improvedattg &cid profiles of ruminant meat
or milk by inhibiting ruminal biohydrogenation die its high concentration of phenolic
compounds and lower starch content (Lanza et@lL52Santos et al., 2014). The phenolic
concentration in the DCP ingredient fed in the pn¢study is approximately 2-fold (18.34
vs.10.87 g gallic acid equivalent/kg DM) greater thaported in a study by Luciano et al.
(2017). This highlights the considerable variatiorthemical composition of citrus pulp,
which can be influenced by factors such as thé $aurce and type of processing (Bampidis
and Robinson, 2006). As expected, the substitutfdsarley with increasing levels (40%
and 80%) of DCP substantially decreased the stametent and increased the concentration
of phenolic compounds in concentrate supplemerabl€l7.1). The inclusion of 40% and
80% DCP in concentrate supplement represents 1&n35.3% of the total dietary DM
intake (grass silage + concentrate), respectivBlgplacing barley with DCP in a
concentrate supplement offered to grass silagestieers may increase the proportion of
beneficial unsaturated fatty acids in beef. In &ddj DCP may increase the supply of
dietary phenolic antioxidants which could enhareedntioxidant capacity and oxidative

stability of beef without negatively influencingregumer acceptability.

7.3.1. Proximate composition of muscle

The proximate composition of LT beef is presented able 7.2. There was a quadratic
response = 0.015) in muscle pH due to DCP inclusion levélswever, muscle pH

measured in all dietary treatments is within thenmed pH range (5.4 — 5.8) associated with
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post-mortemmuscle (Faustman and Cassens, 1990). IntramustatiafiIMF) is an
important meat quality trait considering its infhue on the sensory characteristics and fatty
acid composition of meat (Wood et al., 2008). lkmown that high-starch diets promote
the deposition of IMF because of increased avditgluf glucose used for lipogenesis in
intramuscular adipocytes (Pethick et al., 2004)weber, the present study demonstrated
that IMF was unaffected®(> 0.05) by the reduction in dietary starch contehén rolled
barley was replaced with DCP in concentrate suppltes(Table 7.1). This observation
may be attributed to the positive effect of concatiet DCP, compared to rolled barley, on
the ruminal production of propionate in grass ®ked growing cattle (Lenehan et al.,
2017). This is in line with the assertion that pooyate serve as the main glucogenic
precursor utilized for IMF synthesis in ruminan®ethick et al., 2004). Previous studies
have also shown that replacing barley with DCPoimcentrate diets did not affect the IMF
content of lamb meat (Costa et al., 2017; Lanzh £€2015). Beef produced from the present
study can be considered as lean meat accordimg tabelling criteria (<5% fat) stipulated

by the Food Advisory Committee (1990).

Furthermore, moisture contents were unaffedied (.05) by dietary treatment. However,
protein and ash contents responded quadratidally @.01) to increasing levels of DCP,
with 80% DCP displaying the highest values for bp#nameters. The higher ash content
present in the 80% DCP diet (Table 7.1) is reflecof the presence of many vitamins
(mainly carotenoids, vitamin B complex, vitamin&@jd minerals (potassium and calcium)
present in DCP (Bampidis and Robinson, 2006). Pnebly, DCP vitamins and minerals

were subsequently deposited in LT muscle from stisst 80% DCP (Table 7.2).
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Table 7.2. Effect of increasing levels of dried citrus pulpQP) in supplementary concentrates on the pH, prate composition,

antioxidant status and antioxidant activityarigissimus thoracimuscle of steers

Dietary treatment (% DCP)

Contrast effect

Parameter 0 40 80 SEM P-value Linear Quadratic
Muscle pH 5.47 5.52 5.49 0.009 0.019 0.133 0.015
Proximate compositiofg/100 g wet weight)

Protein 23.67 22.9F 23.79 0.118 0.003 0.612 0.001
Intramuscular fat 2.57 2.54 2.31 0.098 0.511 0.287 0.660
Moisture 73.12 73.16 73.21 0.090 0.914 0.674 0.987
Ash 1.12 0.94 1.37 0.031 <0.001 <0.001 <0.001
Antioxidant status

a-tocopherol ig/g muscle) 2.38 2.51 2.69 0.107 0.510 0.251 0.914
TPC (mg GAE/g muscle) 0.94 0.90 0.92 0.020 0.767 729. 0.525
Antioxidant activity

DPPH (mg TE/g muscle) 0.25 0.25 0.24 0.004 0.367 16D. 0.898
FRAP (mg TE/g muscle) 0.38 0.39 0.38 0.004 0.355 41®. 0.236
FICA (%) 55.22 56.29 53.81 1.294 0.749 0.662 0.537

ahvieans within the same row bearing different supgtsare significantly differenf( < 0.05)

SEM: Standard error of mean

TPC: Total phenol content DPPH: 1,1-diphenyl-2-yitydrazyl; FRAP: Ferric reducing antioxidant powerCA: Ferric ion chelating activity.

GAE: gallic acid equivalent; TE: trolox equivalent
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7.3.2. Antioxidant capacity of muscle

The biological antioxidant system comprises of ematyc (such as glutathione peroxidase,
superoxide dismutase, catalase) and non-enzynmatah (as vitamins A, E and C, and
phenolic compounds) factors that are importantel@aylthe onset of lipid peroxidation in
post-mortemmuscle (Salami et al., 2016). The concentration-tfcopherol (vitamin E)
and phenolic compounds in meat primarily dependhair dietary intakes by animals
(Castillo et al., 2013). In the present study,dkiecopherol concentration and TPC in LT
were unaffected > 0.05) by the inclusion of DCP in concentratepdements (Table 7.2).
This was consistent with the lack of differencs>(0.05) in muscle antioxidant activities

(DPPH-radical scavenging, FRAP and FICA) betweeattnents (Table 7.2).

The current result is contrary to the expectatibat thigh concentration of phenolic
compounds in dietary DCP would enhance the antaoxidapacity of beef. It is noteworthy
that the inclusion of 40% and 80% DCP in conceatsafpplements increased dietary TPC
by 2-fold and 3-fold, respectively. Despite thethghenolic content in DCP diets, the lack
of differences in muscle TPC suggests that absorti citrus polyphenols into the muscle
was restricted which could explain the lack of @axatlant effect in the muscle. In agreement
with this theory, Bodas et al. (2012) showed thiatadly supplementation of a citrus
flavonoid, naringin, resulted in the accumulatioh naringenin (aglycone fraction of
naringin) and subsequent antioxidant activity ire thver but not in the muscle.
Furthermore, the inclusion of 35% DCP in a con@atdiet of lambs resulted in a 2-fold
increase in dietary TPC without affecting the TR@uatioxidant activities of plasma, liver
and muscle, measured by radical scavenging anctiregdpower assays (Luciano et al.,
2017). Similarly, supplementation of PUFA-rich centrate diets with 0.5 or 5 g/kg of
citrus extract did not affect the radical scaveggaativity in plasma, muscle and liver of

rats (Gladine et al., 2007a; Gladine et al., 200Awever, other studies have shown that
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feeding 18% pelleted CP increased the TPC and mglygower in milk (Santos et al.,
2014) while the inclusion of up to 21% DCP in tlemcentrate diet of rabbits increased the
total antioxidant capacity of the liver (Lu et &Q18). Thus, it is possible that differences
in the absorption and vivoantioxidant effect of citrus polyphenols is infheed by factors
such as animal species (monogast& ruminants), interaction with other dietary

ingredients and the tissue of measurement.

Luciano et al. (2017) indicated that dietary DCRaced the antioxidant status of lamb
meat by increasing the deposition eftocopherol in the muscle. This observation
contradicts results presented in the current studgre no effect of dietary DCP an
tocopherol levels was observed. A similar findingsweported by Mouréo et al. (2008)
who showed that inclusion of up to 10% DCP in coicde diet of broilers did not
influencea-tocopherol concentration in the breast meat. dutthbe emphasised that the
TPC, DPPH, FRAP and FICA assays used in the presahy are not specific for assessing
the antioxidant activity related to only polyphenblt rather provide different information
about the mechanism of total antioxidant activityai particular substance or biological
tissue (Niki, 2010). Thus, the combination of thassays is robust to detect any direct or
indirect changes in the antioxidant capacity of cheishat may arise from the intake of
dietary citrus polyphenols or other bioactive males and theiin vivo metabolites. In this
regard, the current results suggest that inclusioPBCP in concentrate supplements fed
with grass silage did not enhance the antioxidamiacity of beef. Further studies are
required to investigate other factors that mighai/@ role in thén vivo antioxidant efficacy

of DCP including potential effects on antioxidanzgme activities.
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7.3.3. Fatty acid profiles of muscle

The fatty acid composition of ruminant meat, inachgpbeef, is influenced by the fatty acid
composition of the feed, metabolism (lipolysis antisequent biohydrogenation) of dietary
lipids in the rumen and endogenous fatty acid n@itsin and synthesis in the muscle
(Bessa et al., 2015). The replacement of barlely @EP in a concentrate supplement did
not result in substantial differences in feed faityd composition (Table 7.1). Total SFA
was similar P > 0.05) between dietary treatments and this wasistent with the lack of
dietary differencesR > 0.05) in C14:0 and the two most abundant indialdSFA (C16:0
and C18:0) found in beef (Table 7.3). Costa e{2017) also reported that substituting
barley with 42% DCP in concentrate diet did noeefffthe concentration of these SFA in
thelongissimugnuscle of lambs and this effect was consistert thié lack of changes in

the concentration of these fatty acid in the ruroelambs (Lanza et al., 2015).

The percentages of total MUFA and TFA were unaffiéd® > 0.05) by dietary treatment.
However, dietary DCP levels linearly decreasedpbeeentage o€-10 17:1 P < 0.01).
Dietary treatment tende® & 0.065) to increase the percentage of the pratlnmMUFA,
c-9 C18:1 (oleic acid), with a quadratic respons¢hasdietary level of DCP increases. A
similar tendency for a higher percentage of olaw an lamb meat was exclusively
associated with the lower starch content in comagmdiets in which cereals (barley, corn
and wheat) were replaced with a combination of Di@iPniny feed and palm kernel meal
(Oliveira et al., 2017). The ability of DCP to iease the proportion of oleic acid in beef
could contribute to a healthy human diet becaumsefaitty acid potentially exerts an anti-
inflammatory effect and reduces the risk of cardsmular diseases (Calder, 2015a).
Furthermore, diet tende@ & 0.096) to influence the proportiontetl 18:1, with a linear

increase as the dietary level of DCP increases.
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Dietaryt-11 18:1 potentially exhibits health-promoting peojees in humans coupled with
its role as the primary precursor for theenovasynthesis obioactivec-9,t-11 CLA (Bessa

et al., 2015; Vahmani et al., 2015). The preseridela 18:1 in ruminant meat or milk is
associated with its synthesis from dietary linolaied linolenic acid during ruminal
biohydrogenation before being absorbed into thecheus mammary tissues (Bessa et al.,
2015). Therefore, a change in the proportiot-bt 18:1 in the muscle is indicative of a
modulatory effect of DCP on the ruminal biohydrogigon. Previous studies have also
demonstrated that feeding oil supplements plus exutnate diets containing DCP as a
substitute for cereals (barley and corn) increasetl 18:1 concentration in lamb meat

(Costa et al., 2017) and ewe milk (Santos-Silval.e2016).
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Table 7.3.Effect of increasing levels of dried citrus pulpGP) in supplementary concentrates to grass
silage-fed steers on the fatty acid compositioloog§issimus thoracismuscle of steers

Dietary treatment

. (% DCP) Contrast effect
Fatty a(_:lds (% of total 0 40 80 SEM P-value Linear Quadratic
fatty acids)
C12:0 0.07 0.08 0.07 0.009 0.753 0.903 0.461
C14:0 2.51 2.75 2.45 0.084 0.314 0.765 0.138
c9 Cl4:1 0.44 0.35 0.37 0.041 0.676 0.529 0.538
C15:0 0.39 0.42 0.41 0.019 0.831 0.696 0.644
C16:0 22.99 20.43 21.82 1.610 0.822 0.770 0.583
Cl6:1 1.85 1.58 1.68 0.135 0.741 0.630 0.549
C17:.0 0.86 0.85 0.85 0.024 0.980 0.848 0.957
c9C17:1 0.50 0.27 0.24 0.032 <0.001 <0.001 0.073
C18:0 13.32 12.22 12.31 0.331 0.325 0.212 0.408
t-9 18:1 2.07 2.42 1.97 0.128 0.350 0.747 0.160
t-11 C18:1 0.95 1.00 1.15 0.041 0.096 0.039 0.529
c-9 C18:1 29.11 34.66 31.55 0.973 0.065 0.281 0.037
t-9,12 C18:2 0.28 0.40 0.40 0.052 0.559 0.349 0.601
c-9,12 C18:2 2.29 2.72 3.18 0.160 0.067 0.021 0.970
C20:0 0.02 0.01 0.10 0.032 0.414 0.291 0.423
¢-9,12,15 C18:3 0.35 0.40 0.37 0.013 0.193 0.480 99.0
ICLA 0.1# 0.34 0.4 0.033 0.001 <0.001 0.292
C22:0 0.52 0.52 0.47 0.026 0.742 0.504 0.704
C20:4n-6 1.10 1.19 1.08 0.028 0.116 0.432 0.639
C20:5n-3 0.18 0.3 0.25¢ 0.031 0.021 0.277 0.010
C22:5n-3 0.44 0.46 0.47 0.043 0.216 0.771 0.086
Summary
>'SFA 41.15 37.63 38.52 1.687 0.688 0.531 0.555
>MUFA 36.98 40.69 37.65 0.912 0.221 0.653 0.125
>PUFA 4.97 6.04 6.52 0.185 0.002 0.001 0.357
Total trans 3.02 3.42 3.13 0.106 0.309 0.681 0.142
>'n-6 PUFA 3.87 4.62 5.02 0.159 0.020 0.006 0.825
>'n-3 PUFA 0.96 1.24 1.09¢ 0.037 0.004 0.178 0.003
n-6:n-3 4.03 3.73 4.61 0.416 0.220 0.691 0.095
PUFA:SFA 0.12 0.16 0.17 0.011 0.458 0.321 0.443
2Atherogenicity index 0.82 0.70 0.76 0.045 0.562 68.5 0.365

3Thrombogenicity index 1.78 1.43 1.62 0.080 0.211 380. 0.124

ahVleans in the same row bearing different superscepe significantly different(< 0.05).

SEM: Standard error of mean

ICLA: c-9t-11 18:2 #-9¢-11 18:2

2Atherogenic index: (C12:0 + [4 x C14:0] + C16:@)8 PUFA +n-6 PUFA + MUFA).

3Thrombogenic index: (C14:0 + C16:0 + C18:0)/([0.MWFA] + [0.5 xn-6 PUFA] + [3 xn-3 PUFA] + [n-3/n-6 PUFA]).

CLA: conjugated linoleic acid; SFA: saturated faityds; MUFA: mono-unsaturated fatty acids; PUF&lypunsaturated fatty acids
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The higher dietary fibre in DCP, compared to cevealay have resulted in a stimulatory
effect on fibrolytic bacteria such as tBetyrivibrio spp. linked to the synthesistefl 18:1,
before the formation of stearic acid, in the lagsp=f ruminal biohydrogenation (Enjalbert
et al., 2017). However, Lanza et al. (2015) denrated that substituting barley with up to
35% DCP in concentrate diet of lambs increasegbéneentage af11 18:1 in the plasma
but no difference was observed in the rumen andclausssue. Variation in the
accumulation of-11 18:1 in meat or milk from ruminants fed redudaetary starch may
be attributed to the formation of a competing imediate {-10 18:1) at the expense f
11 18:1 in the ruminal biohydrogenation pathwayg@et al., 2017). Further studies would
prove useful to investigate strategies which caulakimize the effect of DCP on the

production oft-11 18:1 during ruminal biohydrogenation.

An increase in the proportion of PUFA, particulanh3 PUFA andc-9t-11 CLA, in beef
fat would improve the nutritional quality of bedafichcontribute to a healthy human diet
considering the physiological effects of theseyfattids in preventing or reducing the risk
of human diseases such as CVD, cancer and ob8&gbsd et al., 2015; Vahmani et al.,
2015). The inclusion of dietary DCP linearly incsed P < 0.01) the proportion of total
PUFA driven by a linear increasedrd,12 C18:2 (linoleic acid), CLAc(9,t-11 C18:2 -
9,c-11 C18:2), and a quadratic increase in C2035Table 7.3). Quantitative analyses have
shown that-9t-11 C18:2 is the major CLA isomer (60 — 85% of tihiml CLA) in beef fat
(Fritsche et al., 2000), indicating tha9,t-11 C18:2 is the predominant fatty acid in the co-
eluted CLA peak identified in this study. In agresmwith this observation, a similar
increase irc-9t-11 CLA has been reported in lamb meat (Lanza.g2@l5) and ewe milk
(Santos-Silva et al., 2016) when cereals (barled/arn) were replaced with up to 35%

DCP in concentrate diets. However, this effect wmasnsistent as shown with a lack of
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change in the concentration®@9,t-11 CLA in lamb meat when barley was substitutetth wi

42% DCP in a concentrate diet (Costa et al., 2017).

The availability ofc-9,t-11 CLA in ruminant meat and milk is derived frota synthesis
during ruminal biohydrogenation and endogenous tdesi#zon oft-11 18:1 viaA-9-
desaturase activity in ruminant tissues (Bessh,&@L5). However, endogenous synthesis
is considered as the predominant source, accoufdmngp to 95% ofc-9t-11 CLA in
ruminant meat and milk (Palmquist et al., 2005)thia present study, a linear increase in
c-9t-11 CLA is consistent with that df11l 18:1. This data suggests that an observed
increase inc-9,t-11 CLA could be attributed to the higher availdpilof endogenous
substratetf11 18:1) originating from ruminal biohydrogenatidm addition to the possible
inhibitory effect of DCP on ruminal biohydrogenatj@ high phenolic content in DCP may
enhance endogenous desaturation due to the effdigtary phenolics, such as tannins, in
stimulating the expression @f-9-desaturase in the muscle (Vasta et al., 2008js T
speculation may partly explain the response effeftDCP diets in increasing the
percentage of C20:%3 which are endogenous derivatives of linoleic Bmolenic acids,
respectively (Simopoulos, 1991). This is consisteitih the increased proportion of long-
chain PUFA (C20:%-3 and C22:51-3) observed in the muscle of lambs fed concentrate
diets containing DCP as a substitute for barleynflaaet al., 2015). Consequently, the
percentage of total-6 PUFA linearly increased?(< 0.05) as the dietary level of DCP
increases, with muscle from steers fed 80% DCPenightotaln-6 PUFA relative to 0%
DCP. However, increasing levels of DCP resultea quadratic increas® & 0.05) in total
n-3 PUFA, with 40% DCP being higher compared to 0ZPDOverall, the measurements
of nutritional indices 1-6:n-3 PUFA, PUFA:SFA, atherogenicity index and

thrombogenicity index) did not diffeP(> 0.05) between dietary treatments.

7.3.4. Oxidative stability of beef
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Lipid oxidation is a major cause of quality deteaitton and reduced acceptability during
the shelf life of meat. This is attributed to rahdlavour development and colour
deterioration resulting from the conversion of oxyglobin (red) to metmyoglobin

(brown) (Morrissey et al., 1998). Animal diets dafluence the oxidative resistance of
meat by altering the balance between pro-oxidadtatioxidant compounds in muscle
especially by increasing the amount of oxidizabl&~R in the phospholipid membrane
(Faustman et al., 2010). In the present studygeffext of dietary replacement of barley
with DCP on beef oxidation was examined under thi#ferent oxidative conditions (MAP

storage, iron/ascorbate-induced lipid oxidation aedbbic storage).

Lipid oxidation, measured as TBARS, increasd(0.01) in fresh beef patties stored in
MAP (80% Q:20% CQ) over 14 days (Figure 5.1a). Despite the highepeprtion of
PUFA present in the muscle from steers fed DCRsddetary treatment did not affe& (

> 0.05) the concentration of TBARS in fresh bedtipa during the storage duration. As
expected, surface discolouration progressively wedun fresh beef patties stored in MAP
over the 14-day storage period (Table 6.4). Thisvident with a decreas® & 0.05) in
rednessd), yellownesslf’) and chromaQ’, colour vividness) and an increase in hue angle
(H", trueness of red). However, the instrumental aol@uiables [*, a", b*, C', H") were
unaffected by dietary treatment and no diet x gi@itame interaction was observed over
the duration of storage. The valuesacf 12 andC’ = 16 are considered as thresholds for
visual discolouration that limits consumer accejpitgtof beef (Van Rooyen et al., 2017).
The current data indicated that valuesaolindC" measured up to 10 days were greater
than the threshold values, suggesting that vist@@ability of barley- and DCP-fed beef

may extend up to 10 days of storage.
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TBARS (mg MDA/kg meat)
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Storage time (days) Storage time (days)

Figure 7.1. Effect of increasing levels of dried citrus pulPpdP) in supplementary
concentrates to grass silage-fed steers on the dxidation (thiobarbituric acid reactive
substances (TBARS)) of (A) fresh beef patties stamemodified atmosphere packs (80%
02:20% CQ) at 4 °C for up to 14 days (B) cooked beef patiiesed in aerobic packs at 4
°C for up to 6 days.

There is a close interaction between processesviedon lipid oxidation and myoglobin
oxidation due to the ability of free radicals geted in their biochemical reactions to
influence these oxidative processes in a reciprowiner (Faustman et al., 2010). This
may partly explain why the lack of dietary effeatlgid oxidation was consistent with that
of colour stability when fresh beef patties wered in MAP. This is further supported by
the lack of dietary effect( > 0.05) on lipid and oxymyoglobin oxidation whemusale
homogenates were subjected to a greater oxidathadleage by incubating with
iron/ascorbate pro-oxidants (Table 7.5). To ounkedge, the present study is the first to
report the effect of dietary DCP on the oxidatitabgity of beef. However, previous studies
have shown that dietary supplementation of DCP itus flavonoids enhanced the

oxidative stability of fresh meat from other animpécies. The inclusion of up to 35% DCP
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Table 7.4. Effect of increasing levels of dried citrus pulpGP) in supplementary
concentrates to grass silage-fed steers on thercsiability of fresh begbatties
stored in modified atmosphere packs for up to s da 4 °C.

Dietary Storage time at 4 °C (days)

treatment  Parameter

(% DCP) 1 4 7 10 14

0 Lightnesd.” 48.02Y 48.86% 48.46% 49.24 51.65"
40 48.19Y 47.8%Y  47.7%" 4844 52.33"
80 48.72 48.67  48.47 48.89¢ 51.78"
SEM 0.65 0.52 0.54 0.76 0.63
0 Redness’ 22.42" 20.86" 18.98% 15.44> 590
40 22.79" 20.67 18.58" 13.80% 5.7
80 23.04" 21.3P"" 19.33“ 13.7%" 5.78Y
SEM 0.265 0.340 0.254 0.577 0.209
0 Yellownesd'  16.46" 16.06" 15.12" 14.18“ 14.45"
40 16.76" 156" 147" 13.406 14.26Y
80 16.886" 16.16" 15.36" 13.62% 14.64%
SEM 0.170 0.168 0.131 0.186 0.107
0 ChromaC’ 27.82" 26.36" 2427 20.96* 15.6®
40 28.29" 259" 23.7F* 19.3¢* 15.4®Y
80 28.58" 26.7B"" 247G 19.36" 15.74Y
SEM 0.269 0.342 0.237 0.486 0.079
0 Hue angléH®  36.28" 37.56" 38.53' 4253 67.77
40 36.37 37.07" 38.43* 446F 68.17™
80 36.24" 37.13v 3847 4473 6857
SEM 0.332 0.356 0.381 1.080 0.820

aeffect of dietary treatment: within each parametetues in the same column are not significantly
different P > 0.05).
vwxy.ZEffect of storage time: values in the same row ingadlifferent superscripts are significantly
different (° < 0.05).

SEM: Standard error of mean.
Chroma (colour vividness), higher values indicatater saturation of red.
°Hue angle (trueness of red), lower values indiaaiedder colour.
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Table 7.5. Effect of increasing levels of dried citrus pulPGP) in supplementary
concentrates to grass silage-fed steers on oxymlgwg(oxyMb) and lipid oxidation
(TBARS) in longissimus thoracis homogenates incubated with a ferric
chloride/sodium ascorbate pro-oxidant system.

Dietary Storage time (h)

treatment 1 4

(% DCP) OxyMb?! (%) TBARS?2 OxyMb? (%) TBARS?
0 85.5% 2.23 4512 6.19%
40 87.8¢" 2.15* 51.48Y 6.18"
80 87.2% 2.48" 52.49Y 6.39%
SEM 0.763 0.123 2.000 0.170

aeffect of dietary treatment: values in the sameigwl are not significantly differenP(> 0.05).
xYEffect of storage time: values of OxyMb or TBARSlre same row bearing different superscripts
are significantly differentR < 0.05).

SEM: Standard error of mean.

ITBARS: Thiobarbituric acid reactive substances egped as mg malondialdehyde/kg meat.
20xyMb: Oxymyoglobin, % of total myoglobin.

in concentrate diet reduced lipid and protein ottadain lamb meat stored aerobically at
4 °C for up to 6 days (Gravador et al., 2014; Irss@t al., 2014). Similarly, dietary
supplementation of flavonoid compounds (naringimesperidin) reduced lipid oxidation
and discolouration in aerobically-stored fresh leromeat (Goliomytis et al., 2015) and
lamb meat (Simitzis et al., 2018). In the preseaatly the inability of dietary DCP to

enhance the oxidative stability of beef can be @rpld by the similarity in muscle

antioxidant capacity as earlier discussed. Micramiatabolism of in the rumen is a major
factor limiting the bioavailability and absorptiar phenolics into the muscle tissue of
ruminants (Vasta and Luciano, 2011). In contradatge ruminants like cattle, positive
effect of citrus phenolics on meat oxidative st@pih lambs (small ruminants) or chickens
(monogastric) may be attributed to a less-rigonosrobial activities in the gut, which

allows for a sufficient amount of antioxidant compds to be deposited in the muscle.
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Heat processing induces the formation of free adiwhich accelerate oxidative reactions
and increase the susceptibility of meat to lipidop&lation (Bekhit et al., 2013). In this
regard, the effect of feeding DCP was further exediin cooked beef patties stored in
aerobic packs at 4 °C for up to 6 days (Figure)7 Lipid oxidation increased”(< 0.01)

as a function of storage time. In comparison to &d 80% DCP, feeding 40% DCP
decreasedH < 0.05) lipid oxidation on day 1 and 3 of storagel a tendencyP(= 0.096)
for reduced levels of lipid oxidation was obseraedday 6 of storage. The reason for the
antioxidant effect of 40% DCP in cooked beef islaacconsidering that dietary DCP did
not enhance the antioxidant capacity or oxidattadisty of LT muscle. However, heat
treatment has been shown to enhance the liberandnactivation of bound phenolic
compounds from citrus resulting in increased amtiaxt activity (Hayat et al., 2010; Jeong
et al., 2004). Thus, it can be deduced that heatiiginced the antioxidant activity of DCP
phenolics deposited in the muscle which could patplain the discrepancy between the
antioxidant effects observed in cooked beef paft@® steers fed 40% DCP but not in
fresh beef patties or muscle homogenates. Furthdies are required to investigate the
mechanism through which citrus phenolic compoundtheir in vivo metabolites exert

antioxidant effect in meat.

7.3.5. Texture profile and consumer acceptability fdbeef

Lipid and protein oxidation ipost-mortermuscle potentially impact tenderness properties
which influence the palatability and consumer atalgipty of meat (Bekhit et al., 2013).
Previous studies have demonstrated that feeding Bi@Pnot affect the tenderness,
measured by Warner—Bratzler shear force, of fregi (De Souza Duarte et al., 2011; Maia
Filho et al., 2016). However, no information hastbeeported on the effect of dietary DCP
on meat tenderness relative to the effect of odadaturing storage. Texture profile

analysis provides a detailed characterizationxttital attributes (hardness, springiness,
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Table 7.6. Effect of increasing levels of dried citrus pulpdP) in supplementary concentrates to grass sfiegjsteers on the
texture profile parameters and eating attributdseaffpattiesstored in modified atmosphere packs at 4 °C foioup days

Storage time (day)/dietary treatment (DCP)

Day 2 Day 7
Parameters 0% DCP  40% DCP 80% DCP SEM 0% DCP 40% DCP  80% DCP SEM
Textural characteristics
Hardness 15.67 18.66" 18.92* 0.714 25.4% 20.8® 22,72 1.086
Springiness 0.83 0.83" 0.86™ 0.009 0.88 0.84" 0.85 0.005
Cohesiveness 0.39 0.5 0.60" 0.008 0.6% 0.5 0.64" 0.017
Gumminess 8.88 10.67 11.45%* 0.454 15.5% 11.83" 1457 0.956
Chewiness 7.32 8.9 9.89" 0.445 13.3% 9.96” 12.47 0.849
Adhesiveness -1.59 -1.48 -0.72 0.194 -1.38 -1.522 -1.25" 0.081
Eating quality
Appearance 5.38 6.05" 6.06" 0.214 6.06" 6.22 6.45" 0.194
Odour 5.8% 6.10% 6.10" 0.183 6.1& 6.00% 6.30™ 0.170
Texture 4.58 5.26" 4.55" 0.228 4.3% 5.14" 452 0.200
Juiciness 3.47 4.26" 3.2 0.216 3.1 4.16" 3.19” 0.188
Flavour 5.8Y% 6.0 547 0.200 5.7% 6.30% 5.94 0.168
Overall
acceptability 5.10% 5.63% 5.03% 0.200 5.04% 5.71 5.13% 0.161

affect of dietary treatment: within each parameted storage day, values in the same row are noifisantly different P > 0.05).
xYEffect of storage time: within each dietary treattn@nd between storage time (days2day 7), values in the same row bearing differepesscripts are
significantly different P < 0.05). SEM: Standard error of mean.
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cohesiveness, gumminess chewiness and adhesivehessat. Hardness (force required
to attain a given deformation at first bite) is swmered as the most important textural
attribute because of its direct relationship witk bbjective tenderness of meat (Caine et
al., 2003). Hardness, gumminess and chewinessaseddP < 0.05) in CON beef patties
over the 7 days of storage (Table 7.6), in agreémith the effect of the high-oxygen MAP
(80% O:20% CQ) whereby beef tenderness is reduced due to anksgl/aggregation of
myosin by protein oxidation (Kim et al., 2010). Thavas no significant effect of dietary
treatment on all the texture profile parameters tive storage duration. The lack of dietary
effect on the lipid oxidation of beef may partlypdaan why the texture profile parameters

did not differ between dietary treatments.

The effect of diet on muscle composition such dty facids could influence oxidative
development and consequently affect sensory peocepnhd consumer acceptability of
meat (Wood et al., 2008). There is limited infotimia on the effect of dietary DCP on the
eating quality of meat. Previous sensory evaluatodies have shown that feeding orange
pulp did not affect the sensory characteristics @etall acceptance of meat from guinea
pigs (Minguez and Calvo, 2018) and lambs (Lanzh €2001). Similarly, the present study
showed that naive panellists did not detect diffees in the eating quality sensory
descriptors (appearance, odour, texture, juicirfiessgur and overall acceptability) of beef
patties stored in MAP for up to 7 days. The lackietary impact on the oxidative stability
and instrumental textural attributes of beef mayipaxplain the similarity between dietary

treatments in the eating quality sensory scores.
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7.4. CONCLUSIONS

Inclusion of up to 80% DCP in the concentrate sep@nt did not influence the antioxidant
capacity of beef from steers offered grass sildgem a human nutrition perspective,
dietary DCP improved the fatty acid compositiorbeef by increasing the percentage of
CLA and PUFA. Feeding DCP did not compromise thelatwe stability of fresh beef
stored in MAP while 40% DCP reduced the lipid oxida in aerobically-stored cooked
beef patties. Moreover, dietary DCP did not negdyiinfluence the texture characteristics

and consumer acceptability of beef.
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CHAPTER 8 — General Discussion, Conclusions and Fuite Research
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8.1. GENERAL DISCUSSION

The production of ruminant meat (beef, lamb meat goat meat), expressed relative to
their protein outputs, is associated with the latgavironmental cost compared to other
livestock products (milk, pork, poultry meat andgegFeed production, transport, and
utilisation play a major role in the environmentadtrics of livestock production. Life cycle

assessment (LCA) studies have shown that using mumeaible biomass (e.g. food

wastes, crop residues and agro-industrial by-prlies animal feeds can mitigate the
environmental impacts of livestock production. Leargmounts of waste biomass are
generated as agricultural and food industry by-pet&] accounting for approximately 30%
of global agricultural production. The ruminantdetomach or rumen contains a diverse
microbial population conferring an exclusive physgical adaptation for the greater

utilisation of plant by-products (PBP) compareahrtonogastric livestock.

In this thesis (Chapter 1), a systematic revievihef literature was conducted with the
objective of highlighting the dual-impact of feegiRBP on environmental sustainability
and meat quality attributes in ruminant meat préidac A life cycle assessment (LCA)-
based simulation study was conducted (using thedJBe reference country) and results
of different feeding scenarios indicated that reptaent of human-inedible forages and
fodder crops with up to 50% PBP reduced GHG emissitom ruminant meat production
systems (beef cattle, sheep meat, and goat mealdition, PBP offers economical and
resource-efficient benefits considering that thiéation of conventional feed roughages
(grass and legume pasture) occupies a significesppoption of land and requires an
appreciable amount of inputs. It is noteworthy thaist of the previous LCA studies
focused on the comparison between environmentahdtspof inedible feeds (e.g. food

wastes, crop residues and agro-industrial by-pm)dared edible feeds (mainly grains)
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biomass. Thus, the present results provide furth@ghts suggesting that the choice of
inedible feedstuffs requires careful consideration strategies aimed at improving the
sustainability of ruminant production. Furthermotiee simulation study identified feed
transport and processing as significant hotspatseiducing GHG emissions if PBP are
utilized as animal feeds. Therefore, harnessingetheronmental benefit of feeding PBP
demands that eco-friendly, and energy-efficienht@togies are used in the processing of

PBP. In addition, PBP should be used locally taioedGHG emissions from feed transport.

In addition to the environmental benefits of feediRBP, dietary PBP may offer an
opportunity to improve the quality attributes ofmmant meat. Animal nutritional strategies
that increase the ingestion of unsaturated fatitysa@nd polyphenols can inhibit ruminal
biohydrogenation (RBH) of dietary lipids and themef increase the accumulation of
health-promoting unsaturated fatty acids in ruminareat or milk. Moreover, the
deposition of dietary phenolic antioxidants in thescle can enhance the oxidative stability
of meat. Thus, feeding strategies were undertakiém twe hypothesis that by-products
containing a considerable amount of residual umatgd fat and/or phenolic compounds
would enhance the nutritional quality and oxidatstability of ruminant meat. In this
regard, 5 PBP (cardoon meal, dried corn gluten (€€&F), dried corn (CDGS) and wheat
(WDGS) distillers’ grains with solubles, and drieitrus pulp (DCP)) were evaluated for
their effect on the quality indices of lamb meatr(toon meal) and beef (CGF, CDGS and
WDGS, and DCP). Table 8.1 shows the total phenmdistent (TPC) and antioxidant
activity of the PBP and conventional feedstuffsstiibbted in the respective feeding trials.
Cardoon meal, CGF and DCP contain considerably enighPC compared to the
conventional feedstuffs (dehydrated alfalfa, barlyd soybean meal). In particular,

cardoon meal contained a very high concentratigrheholic compounds with potent
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Table 8.1. Total phenolic content (TPC), DPPH-free radicalvecaying activity and
ferric reducing antioxidant power (FRAP) of feedsevaluated in the feeding trials
of lambs and beef cattle

Feeding trial Feedstuff TPC ’DPPH SFRAP
LAMB 3Dehydrated alfalfa 15.51 3.73 19.35
4Cardoon meal 60.39 22.99 103.94
BEEF 3Barley 4.03 2.84 7.86
CATTLE
3Soybean meal 4.31 1.25 3.99
“Dried corn gluten feed 17.65 2.92 20.42
“Dried maize distillers’ 8.54 2.04 8.47

grains with solubles

“Dried wheat distillers’ 8.39 2.00 8.32
grains with solubles

“Dried citrus pulp 18.35 3.14 23.45

Expressed as g of gallic acid equivalent/kg dryteraif feedstuff
2Expressed as g of trolox equivalent/kg dry matféeedstuff
3Conventional feedstuffs

4By-products

DPPH: 1,1-diphenyl-2- picrylhydrazyl
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antioxidant activities (DPPH-free radical scaveggiactivity and ferric reducing

antioxidant power).

Feeding diets containing a high concentration @naic compounds may exhibit negative
effects on ruminal metabolism and the microbiomdyictv in turn impairs animal
performance. Thus, as a prelude to this theseedirig trial was conducted to characterize
the rumen function response in lambs fed phendadlt-diets where a concentrate-based
diet was supplemented with two hydrolysable tanfamestnut and tara) and condensed
tannins (mimosa and gambier) for 75 days pre-staugChapter 2). Tannin extracts were
selected as a source of phenolic compounds becdukeir wide application in animal
nutrition and significant impacts on rumen functiQonsidering the structural complexity
of phenolic compounds, different tannin sourceg$tiut, tara, mimosa and gambier) were
evaluated in order to cover a wide scope of possfiects on rumen function. An inclusion
of 4% tannin extracts was supplemented in this ex@at because the inclusion of 2.5 to
5% has been suggested as a moderate dosage tbrestibe biological potency of tannins
that would not impair nutrient intake and animatfpenance. It should be noted that these
extracts are not 100% purified tannins and theesfmntain other phenolic compounds in
addition to tannins. The TPC in the control, chestrtara, mimosa and gambier-
supplemented diets were 4.71, 24.32, 28.98, 25@8714.67 g of tannic acid equivalents

(TAE)/kg DM diet, respectively.

Dietary supplementation of tannin extracts did negatively influence the ruminal
metabolism and microbiome in lambs. Moreover, tamémosa and gambier extracts
displayed specific antimicrobial activity againsetimnogens and protozoa linked to
greenhouse methane production in ruminants. Thdtriegem this study provided a basis
of establishing that dietary TPC of up to 29 g TREEDM diet (equivalent to approximately

32 g of gallic acid equivalent (GAE)/kg DM diet)ddnot impair rumen function. Therefore,
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by-products (cardoon meal, CGF, CDGS, WDGS and D¢ included in the diets fed
in subsequent experiments (Chapters 2 - 7) witkaaeeding the dietary TPC threshold

(32 g GAE/kg DM diet).

Cardoon meal is a by-product retained after theaetibn of oil from the seeds of cultivated
cardoon Cynara cardunculuwar. altilis), a perennial herb native to the Mediterranean
region and widespread in parts of Europe, AmermcasOceania. Approximately 75 - 80%
of the cardoon seed biomass is retained as a lduprécardoon meal) after oil extraction.
Cardoon meal is a hovel by-product that has nat leealuated for its feeding potential and
effect on meat quality. In chapters 3 and 4, aifegttial was conducted in which lambs
were fed a concentrate diet containing either 18¥ydrated alfalfa or cardoon meal and
subsequent effects on the rumen function and medityjwas examined. Dietary cardoon
meal significantly increased the intake of unsaaddatty acids (oleic acid and linoleic
acid) and polyphenols but reduced the intakeadinolenic acid, which is usually
predominant in forages such as alfalfa (ChapteR8%ults indicated that dietary cardoon
meal did not negatively influence ruminal fermeimat animal performance and carcass
traits. However, the diet containing cardoon meakreased ruminal biohydrogenation
through a modification of the rumen bacterial comityu At the genus level, feeding
cardoon meal mediated a specific shift frBnevotellg Alloprevotellg Solobacteriunand
Fibrobacterto Ruminobactersuggesting that these bacterial genera may playportant
role in ruminal biohydrogenation (RBH). This obsaign contradicts the hypothesis that
high phenolic content in cardoon meal could redeBé&l compared to dehydrated alfalfa.
However, it should be emphasized that inhibitiofrR&H by dietary phenolic compounds
is inconsistent across studies due to the intenact factors such as structural complexity,
dosage, type of diets, animal species and physabgtatus, as well as characteristics

inherent to the basal diet.
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The main phenolic compounds in cultivated cardon feavonoids (luteolin, apigenin,

guercetin etc.) and caffeoylquinic acid derivativeswhich chlorogenic acid and trans-
cinnamic acid are abundant. Indeed, there is loniéormation on the efficacy of these
compounds in inhibiting RBH. It has been shown tmgdroxycinnamic acids including

caffeic and chlorogenic acids can be metabolisethéyut microflora. This suggests that
the phenolic compounds present in dietary cardoeal might have been metabolised by
the rumen microbiota, resulting in lack of efficamlyCMD in inhibiting RBH. Moreover,

it was postulated that heat treatment involvedhi@ production of dehydrated alfalfa,
caused changes in the protein matrix surroundi@dgtidroplets resulting in a simultaneous
reduction in ruminal proteolysis and RBH. Thus,dbelication of feed processing methods
such as heat treatment may also prove useful ttegreardoon meal against ruminal

protein degradation and biohydrogenation.

The increased ruminal biohydrogenation observet digtary cardoon meal resulted in a
lower concentration of potential health-promotiragty acids (vaccenic and conjugated
linoleic acid (CLA)) in lamb meat (Chapter 4). Daspthe higher antioxidant activities
exhibited by cardoon meal diet compared to therognteeding cardoon meal did not
enhance the oxidative stability of raw and cooladll meat stored aerobically at 4 °C for
up to 7 and 4 days, respectively. Again, this satgg#hat possible microbial metabolism of
cardoon phenolics in the rumen may have prevehtedeposition of phenolic antioxidants
in the muscle, accounting for the lack of an effatthe oxidative stability of lamb meat.
In order to evaluate the antioxidant effect of cana phenolics in a muscle model system,
a phenolic-rich extract manufactured from cardoogalhhwas examined in ovine LTL
homogenates subjected to F¢&dium ascorbate-induced lipid oxidation. Additafr5%
cardoon extract significantly increased (+114.38@) TPC in LTL homogenates compared

to the control. Similarly, the addition of 5% exiranhibited (-77.6%) lipid oxidation
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relative to the control. Pearson’s correlation gsialshowed that TPC negatively correlated
with TBARS values, suggesting that cardoon phesaantributed to the inhibition of lipid
oxidation in LTL homogenates. Results demonstratieel antioxidant potential of
compounds present in cardoon meal and the poterg&abf cardoon extract as a natural

additive for developing functional meat productshwextended shelf-life characteristics.

In chapter 5, quality indices of beef from steeesl fgrass silage and concentrate
supplements containing varying levels (0%, 25%, %09%5%) of dried CGF substituted
for barley/soybean meal was examined. The inclusbrnup to 75% CGF in the
supplementary concentrate diet improved the fattgl profile of beef by decreasing the
proportion of C14:0 and increasing CLA, C18:3, C20:5n-3 and C22:,-3 fatty acids.
This study showed that increasing the inclusiorelewf CGF resulted in corresponding
increases in dietary unsaturated fatty acids (@eid and linoleic acid) which might have
favourably altered the fatty acid composition oébdn addition, the inclusions of CGF
decreased dietary starch levels which could meighé impairment of ruminal digestion
that may occur from supplementation of forage wgheals. Thus, it is possible that CGF
exhibited a complementary effect in protecting algtunsaturated fatty acids against
ruminal biohydrogenation. Results from linear dis@nant function analysis suggest that
muscle fatty acid profiles may be a potential cleahinarker for discriminating beef from
cattle finished on a forage-based diet and conaensupplements containing CGF. This
approach may be relevant to authenticate meat peaiutom sustainable feeding systems

that promote the substitution of by-products faeeggrains in animal diets.

CGF consists of bran and steep liquor that aresachices of phenolic antioxidants such as
protocatechuic acid, vanillic acigscoumaric acid, ferulic acid, sinapic acid and geén.
Although CGF diets contained higher TPC than th#rod (barley/soybean meal), results

from this study showed that feeding CGF did notage the antioxidant capacity and
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oxidative stability of beef patties. Low bioavaillly of these phenolic antioxidants may
explain why phenolic compounds were not depositeétié muscle for antioxidant activity
in this study. However, feeding CGF did not neggtinnfluence the textural attributes and
sensory eating quality of beef patties stored irdifrexd atmosphere packs (MAP; 80%

02:20% CQ) for up to 7 days.

In Chapter 6, beef quality from steers fed grassgsi and concentrate supplements
containing either barley/soybean meal (controly%80DGS or 80% WDGS was examined.
Dietary CDGS and WDGS increased the percentagerpfigated linoleic acids but tended
to increase C18:8-3 and total polyunsaturated fatty acids (PUFAtiee to the control.
Feeding CDGS or WDGS had a lesser impact in impigptie fatty acid profile of beef
compared to the effect observed with dietary CGRafifer 5). This suggests that even
though distillers’ grains with solubles (CDGS and®S) and CGF are by-products of
grain milling (dryvs. wet), they may exhibit differential impact on beeality traits. It is
noteworthy that inclusion of both distillers’ graimwith solubles and CGF in concentrate
diets resulted in corresponding increases in dietausaturated fatty acids and reduces
dietary starch content. However, it may be hypassesthat higher phenolic content in
dietary CGF, compared to CDGS or WDGS, might haw&rduted to the inhibition of

RBH resulting in a greater accumulation of PUFAaef.

Distillers’ grains with solubles (DGS) is rich irh@nolic compounds such as vallinic,
caffeic, p-coumaric, ferulic and sinapic acids and this igdent with a slightly higher
(+60%) TPC in CDGS and WDGS diets compared to trgrol diet. However, feeding
DGS diets decreased the lipid and colour stalmlityeef patties stored in MAP, with CDGS
exhibiting an intermediate effect between the cdrdnd WDGS. The retail shelf-life of
beef patties from steers fed CDGS and WDGS mayntigetl to 7 days while that of the

control diet may extend up to 10 days. Higher oxaotain beef from steers fed DGS may
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be due to increased PUFA content which increasestmount of oxidizable substrate in
the muscle. It is known that feeding DGS prefe@dlytincreases the PUFA content in the
sarcoplasmic membrane which may enhance its iisyadond increases the susceptibility
of muscle tissues to rapid oxidation. This is cedpivith the effect of beef mincing
employed in this study, which contributed to therdption of muscle cell structure
exposing labile lipid components to oxygen resgltin rapid lipid oxidation in beef.
Results from this study also showed that dietarySDdid not enhance the antioxidant
potential of muscle in order to prevent beef oxmatDietary supplementation of vitamin
E could be an effective strategy to improve th&llgnd colour stability of fresh beef from
cattle fed DGS diets. In contrast to MAP, packagimethods such as vacuum packaging
reduce the exposure of meat to oxygen and mayddalue improve the oxidative stability
of fresh beef from cattle fed DGS diets. Nonetheléseding CDGS or WDGS did not
negatively influence the sensory eating acceptahbeef patties stored in MAP for up to

7 days.

In Chapter 7, quality indices of beef from gradage-fed steers offered concentrate
supplements in which barley was replaced with vayyevels (0%, 40% and 80%) of DCP
was examined. The inclusion of up to 80% DCP impdbthe fatty acid profile of beef by
increasing the percentage of CLA and PUFA in b&ké positive impact of dietary DCP
on the beef fatty acid profile of ruminant meathalk may be due to its effects on ruminal
biohydrogenation attributed to a reduced dietaaycst content and/or a high concentration

of phenolic compounds.

The predominant phenolic compounds in citrus bydpots are flavonoids such as
naringin, hesperidin, quercetin, rutin and luteoespite DCP diets containing up to 3-
fold higher in TPC, dietary DCP did not enhance TIRC content of muscle which may

explain the lack of differences between dietargtireents in terms of antioxidant capacity
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and oxidative stability in beef. The lack of aniaent effect of dietary DCP on muscle
antioxidant capacity may be attributed to the latleposition of citrus polyphenols in the
muscle tissues. However, it was observed thatfgetll% DCP reduced the lipid oxidation
in aerobically-stored cooked beef patties. Theaedsr the antioxidant effect of 40% DCP
in cooked beef is unclear considering that die@GP did not enhance the antioxidant
capacity of muscle. However, heat treatment mayecd the liberation and activation of
bound citrus phenolic compounds resulting in andased antioxidant activity. Therefore,
heating may have enhanced the antioxidant actofitpCP phenolics deposited in the
muscle which could partly explain the discrepaneieen the antioxidant effects observed
in cooked beef patties from steers fed 40% DCPnlotiin fresh beef patties or muscle
homogenates. Nonetheless, feeding up to 80% DCradidegatively influence the texture

characteristics and sensory eating acceptabilityeef.

Altogether, these experiments showed that feediBB Pontaining residual unsaturated
fatty acids and phenolic compounds can improvefdttg acid profile of ruminant meat.
However, this positive effect appears to depentiam the context of concentrate feeding
strategies influences ruminal biohydrogenation. iFfeeeased ruminal biohydrogenation
observed with the concentrate replacement of delgdralfalfa with cardoon meal
highlights the constraints in replacing processeddes with PBP for improving the fatty
acid composition of lamb meat. On the other hamel réplacement of cereal (barley) with
PBP (CGF, CDGS, WDGS, DCP) in concentrate supplésragpears to have a consistent
effect in improving the fatty acid profile of befebm grass silage-fed steers. In addition to
the unsaturated fat and/or phenolic compounds presethese PBP, their ability to
decrease dietary starch level, and mitigate amkeali ruminal pH and impairment of forage
digestion might have contributed in modulating thmeminal biohydrogenation.

Furthermore, the experiments showed that feedirdpoa meal, CGF, CDGS, WDGS and
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DCP did not enhance lamb or beef oxidative stabilithese results highlight the
inconsistency of phenolic-rich PBP to deposit antdant phenolics in muscle tissues,
irrespective of the type of phenolic compounds @mér concentrate feeding strategy

employed.
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8.2. CONCLUSIONS

The general conclusions from this thesis are dgvist

Feeding strategies that increase the utilizatioRBIP in animal diets can improve the
environmental impacts of ruminant meat productloough a reduction of greenhouse
gas emissions.

Feed transport and processing represent signifidamispots for harnessing
environmental benefits from the utilization of pldy-products as inedible feedstuffs.
Cardoon meal can be included at 15% level in aeoinate-based diet of lambs without
negatively influencing animal performance and csscaharacteristics, and with
minimal impact on meat quality traits.

Phenolic-rich extract from cardoon meal extractilexéd a potent antioxidant activity
against lipid oxidation in a muscle model systeemdnstrating its potential as a natural
additive for developing functional meat products thwiextended shelf-life
characteristics.

The replacement of barley/soybean meal with up 566 ZCGF in a concentrate
supplement increased the proportion of health-ptorgoPUFA and CLA in beef
without negatively influencing the oxidative stdtyil and sensory acceptance
properties.

Barley/soybean meal can be substituted with 80% SBGNDGS in a supplementary
concentrate, with a positive impact on the fattigl gzofile of beef but negative effects
on the retail shelf-life of beef should be consadkr

The inclusion of 80% DCP substituted rolled barieya supplementary concentrate
with an increase in the beneficial PUFA and CLA&ef without negatively influencing

the oxidative stability and eating quality of beef.
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* Antioxidant phenolics present in cardoon meal, CGBGS, WDGS and DCP seems
not to have been deposited in the muscle and tirexedoes not enhance the oxidative

stability of lamb meat or beef.
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8.3. FUTURE RESEARCH

This thesis provides a basis for identifying futtesearch direction that would enhance the
application of plant by-products (PBP) as eco-fligrinedible feedstuffs in concentrate
feeding strategies for improving ruminant meat ggyafome of these future research work

include:

» Comprehensive life-cycle assessments should be uctedi to compare the
environmental impacts of PBP and other human-inedded resources with reference
to specific feeding conditions/production systemsdifferent countries.

» Characterize the phenolic composition of cardooImeGF, DGS and DCP using
advanced analytical techniques such as high-pedioca liquid chromatography with
diode-array detection and mass spectrometry.

* Investigate the microbial metabolism of PBP phenotimpounds in the rumen vis-a-
vis the mechanism of absorption of phenolics arair ttnetabolites into the muscle
tissue to provide a better understanding on theauailability and antioxidant activity
in the meat.

» Assess the application of feed processing methacis & heat treatment for protecting
unsaturated fats in cardoon meal against rumimddylairogenation and the consequent
effect on the fatty acid profile of ruminant meat.

» Culture-based microbiological methods can be calipiéh transcriptomics techniques
to study the functional role d¢frevotella, AlloprevotellaSolobacteriumFibrobacter
and Ruminobacterin the synthesis of ruminal biohydrogenation intedmates in
relation to feeding conditions such as dietary PBP.

» Evaluate the use of cardoon extract as a natugeddanent for enhancing the shelf-life

and quality parameters of meat products.
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Explore the potential of biological and chemicalrkess (such as fatty acids and
bioactive compounds) in meat as effective toolsifecriminating meat from ruminants
fed certain threshold of PBP, in order to faciététe authentication of meat produced
from sustainable feeding systems that promote thstgution of edible cereals with
PBP.

Assess the application of strategies such as glistaaplementation with vitamin E and
vacuum packaging method for extending the sheafif meat from ruminants fed
concentrate diet containing DGS.

Investigate the use of nutritional strategies sasPUFA-enrich supplements (oil and
marine algae) that could maximize the effect of DI€&oncentrate diets on the ruminal
synthesis of vaccenic acid and the consequenttedfeendogenous desaturation into

bioactive CLA.
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Table S1.1.Feed formulation used for the evaluation of envinental impacts of feeding scenarios (FS) basedaeased use of plant by-products (PBPS) in

ruminant rations as simulated in the Global LivektBnvironmental Assessment Model (GLEAM)

Beef cattle herds

Sheep meat and goat meat herds

Adult females and, adult males and Fattening animals All animal categorie$
replacement animals
Feed components (%) FS FS1 FS2 FS3 FS FS1 FS2 FS3 FS FS1 FS2 FS3
default default default
Fresh grass 37.0 27.0 27.0 17.0 22.0 17.0 14.0 0 10. 25.8 20.8 10.8 5.8
Hay/silage from grass 37.3 37.3 27.3 27.3 18.0 018.16.0 15.0 34.0 29.0 29.0 24.0
Hay/silage from alfalfa 2.8 2.8 2.8 2.8 4.0 40 .04 4.0 1.5 15 1.5 1.5
Silage from whole maize 0.9 0.9 0.9 0.9 4.0 4.0 4.0 4.0 0.0 0.0 0.0 0.0
plant
Silage from whole grain 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 1.4 1.4 1.4
plant
Total roughage 78.0 68.0 58.0 48.0 48.0 43.0 38.0 33.0 62.7 52.742.7 32.7
Maize 1.2 1.2 1.2 1.2 28.0 28.0 28.0 28.0 1.2 1.2 1.2 1.2
Grains 0.8 0.8 0.8 0.8 14.0 14.0 14.0 14.0 16.1 6.11 16.1 16.1
Total grains 2.0 2.0 2.0 2.0 42.0 420 420 42.0 17.3 173 317. 17.3
By-products from soy 0.3 0.3 0.3 0.3 0.0 0.0 00 .00 0.5 0.5 0.5 0.5
By-products from cottonseed 0.2 0.2 0.2 0.2 0.0 0 0. 0.0 0.0 0.0 0.0 0.0 0.0
Molasses 1.0 1.0 2.0 2.0 0.5 1.0 1.0 1.0 0.5 10 15 2.0
Maize gluten meal 2.0 3.0 4.0 4.0 1.0 1.5 2.0 2.0 2.0 3.0 3.0 4.5
Maize gluten feed 15 2.5 3.5 5.5 0.5 15 2.0 3.0 2.0 2.5 3.0 4.0
Dry-by products from grain 8.0 13.0 18.0 23.0 5.0 7.0 10.0 12.0 10.0 15,0 .020 23.0
industries
Wet-by products from grain 7.0 10.0 12.0 15.0 3.0 4.0 5.0 7.0 5.0 8.0 12.0 6.01
industries
Total PBP 20.0 30.0 40.0 50.0 10.0 15.0 20.0 25.0 20.0 30.040.0 50.0
Total ration 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 00.00L 100.0 100.0 100.0

1Animal categories include adult females, adult maled replacement animals, and fattening animals.
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Table S2.1.List of primers used for quantitative PCR and ioment next generation sequencing (NGS)

Target gene and References Primer set Sequence (5 to 3" direction) T2 Amplico

group n (bp)

Quantitative PCR

18S rDNA for Sylvester, Karnati, Yuet al. PSSU-316f F:GCTTTCGWTGGTAGTGTATT 55 223

total protozoa (2004) PSSU-539R R: CTTGCCCTCYAATCGTWCT

16S rRNA for Maeda, Fujimoto, Harukeet al. Univl6S_1048-1067 F: GTGSTGCAYGGYTGTCGTCA 61 150

total bacteria (2003) Univl6S_1175_1194 R: ACGTCRTCCMCACCTTCCTC

amcrAgene for Denman, Tomkins and McSweeneymcrA-f F: TTCGGTGGATCDCARAGRGC 56 140

methanogenic (2007) gmcra-r R: GBARGTCGWAWCCGTAGAATCC

archaea

18S rRNA and Denman and McSweeney (2006) Denfun f F: GAGGAAGTAAAAGTCGTAACAAGGTTTC 62 120

ITS1 for total Denfun r R: CAAATTCACAAAGGGTAGGATGATT

anaerobic fungi

lon torrent NGS

Bacterial F: CCATCTCATCCCTGCGTGTCTCCGACTCAG

Adaptors R: CCTCTCTATGGGCAGTCGGTGAT

Bacterial primers  Spear, Sikaroodi, Zariffaed al. 27F F: AGAGTTTGATCMTGGCTCAG 58 348
(2008) 357R R: CTGCTGCCTYCCGTA

Methanogens F.: CCATCTCATCCCTGCGTGTCTCCGACTCAG

adaptors R: CCTCTCTATGGGCAGTCGGTGAT

Methanogens Wright and Pimm (2003) 86F F: GCTCAGTAACACGTGG 58 433

primers Turner, Pryer, Miaoet al. (1999) 519R R: GWATTACCGCGGCKGCTG

gmcrA gene: methyl-coenzyme M reductase alpha stigenie
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Figure S2.1.Rarefaction curves illustrating the sequencinglidepthe rumen bacterial communities in lambsd#fkrent tannin extracts.

Dietary treatments are: CON, control; HT-c, chestriyarolysable tannin; HT-t, tara hydrolysable tan@©T-m, mimosa condensed tannin; CT-
g, gambier condensed tannin.
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Figure S2.2.Heat map illustrating the abundance of bacteealega in the rumen of lambs fed a control diet
(CON) and four dietary treatments supplemented different tannin extracts. Dietary treatments &@N,
control; HT-c, chestnut hydrolysable tannin; HTidra hydrolysable tannin; CT-m, mimosa condensed
tannin; CT-g, gambier condensed tannin. Bactergdega with relative abundance less than 0.1% were
discarded and a dendrogram was created based oMRAIR@Gweighted Pair Group Method with Arithmetic
Mean) clustering of the Bray-Curtis distances.
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Table S2.2.Correlation coefficients of canonical correspor@eanalysis indicating
relationship between rumen bacterial communitycétme, fermentation and microbial

variables

R? P-value
Rumen pH 0.085 0.265
Protein content 0.351 0.002
NHz-N 0.007 0.897
Total volatile fatty acids 0.047 0.434
Acetate 0.156 0.058
Propionate 0.036 0.475
Iso-butyrate 0.038 0.528
Butyrate 0.579 0.001
Iso-valerate 0.033 0.599
Valerate 0.073 0.239
Acetate/propionate ratio 0.793 0.001
Total bacteria 0.033 0.453
Total archaea 0.105 0.152
Total fungi 0.060 0.344
Total protozoa 0.053 0.438
Archaea/bacteria ratio 0.113 0.109
Bacterial diversity 0.415 0.001
Methanogen diversity 0.047 0.444
Lipase activity 0.063 0.218
Carboxymethyl cellulase activity 0.020 0.745
Xylanase activity 0.064 0.286
Amylase activity 0.152 0.075
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Table S2.3.Correlation coefficients of canonical corresporaeanalysis
indicating relationship between rumen methanogennsonity structure,

fermentation and microbial variables

R? P-value
Rumen pH 0.017 0.744
Protein content 0.002 0.959
NHz-N 0.036 0.469
Total volatile fatty acids 0.014 0.776
Acetate 0.033 0.532
Propionate 0.005 0.905
Iso-butyrate 0.006 0.905
Butyrate 0.028 0.550
Iso-valerate 0.035 0.461
Valerate 0.039 0.446
Acetate/propionate ratio 0.045 0.316
Total bacteria 0.149 0.062
Total archaea 0.090 0.147
Total fungi 0.078 0.196
Total protozoa 0.046 0.404
Archaea/bacteria ratio 0.033 0.470
Bacterial diversity 0.033 0.508
Methanogen diversity 0.015 0.729
Lipase activity 0.003 0.933
Carboxymethyl cellulase activity 0.075 0.206
Xylanase activity 0.044 0.399
Amylase activity 0.146 0.047
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Table S3.1.Correlation coefficients of canonical correspormeanalysis indicating
relationship between rumen bacterial communitycstme, fermentation and microbial
variables

Fatty acids R P-value
4:0 0.034 0.847
5:0 0.144 0.398
6:0 0.039 0.649
8:0 0.015 0.924
9:0 0.351 0.085
10:0 0.226 0.313
11:0 0.107 0.567
12:0 0.150 0.480
cis912:1 0.020 0.866
13:0 0.039 0.530
14:0 0.212 0.286
cis9 14:1 0.097 0.675
trans9 14:1 0.058 0.695
is014:0 0.060 0.689
15:0 0.015 0.913
is015:0 0.080 0.718
anteiso15:0 0.049 0.762
16:0 0.029 0.769
cis-7 16:1 0.236 0.190
cis9 16:1 0.090 0.728
trans7 16:1 0.227 0.327
is016:0 0.114 0.639
17:0 0.092 0.301
cis917:1 0.116 0.462
is017:0 0.046 0.745
anteisol7:0 0.232 0.226
18:0 SA 0.181 0.328
cis6 18:1 0.168 0.397
18:1n-9 OA! 0.233 0.338
cis-11 18:1 0.066 0.774
cis-12 18:1 0.101 0.632
cis-13 18:1 0.182 0.443
cis14 18:1 0.333 0.127
cis-16 18:1 0.544 0.009
trans5 18:1 0.124 0.634
trans-6+8 18:1 0.294 0.165
trans9 18:1 0.0128 0.966
trans10 18:1 0.366 0.038
trans-11 18:1 VA 0.171 0.464
trans12 18:1 0.133 0.416
18:2n-6 LA! 0.317 0.083
cis-9 trans11 18:2 CLA 0.003 0.943
cis-9 trans12 18:2 0.201 0.267
trans8 cis-10 18:2 CLA 0.356 0.081
trans8 cis-13 18:2 0.001 0.990
trans9 cis-12 18:2 0.009 0.968
trans9 cis-13 18:2 0.128 0.611
trans-10trans-12 18:2 CLA 0.200 0.229
trans-11cis-15 18:2 0.111 0.510
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18:3n-6 0.067 0.761

18:3n-3 ALA? 0.458 0.022
20:0 0.043 0.803
cis1120:1 0.334 0.075
trans1120:1 0.456 0.091
20:4n-6 0.255 0.234
20:5n-3 EPA 0.060 0.642
21:0 0.084 0.386
22:0 0.270 0.195
cis-1322:1 0.265 0.235
22:2n-6 0.056 0.789
22:4n-6 0.137 0.469
22:5n-6 0.029 0.94
22:5n-3 DPA 0.007 0.971
22:6n-3 DHA! 0.203 0.341
23:0 0.098 0.577
24:0 0.078 0.490
X SFA 0.195 0.258
>~ MUFA 0.291 0.146
> PUFA 0.302 0.107
> OBCFA 0.086 0.751
X trans 18:1 0.272 0.191

1SA: stearic acid; OA: oleic acid; LA: linoleic acidLA: o-linolenic acid; EPAeicosapentaenoic acid; DPA:
docosapentaenoic acid; DHA: docosahexaenoic a&@FA: Odd-and branched-chain fatty acids
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Figure S3.1. Rarefaction curves showing the sequgrmepth of the rumen bacterial
communities in lambs fed control diet (CON) anddoan meal diet (CMD).
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Transform: Log(X+1)

[Resemblance: S17 Bray Curtis similarity
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Figure S3.2.Dendrogram plot of hierarchical cluster analysisusnen samples obtained
from lambs fed a control diet (CON) and cardoon Indet (CMD). Distance between
clusters was calculated with group average of rétmmse matrix created from log-

transformed OTU data sets.
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Figure S3.3.Heat map describing the abundance of bacteriargan the rumen of lambs
fed control diet (CON) and cardoon meal diet (CMBhgacterial genera with relative
abundance less than 0.1% were discarded and acgdgadr was created based on UPGMA
(Unweighted Pair Group Method with Arithmetic Mearlustering of the Bray-Curtis
distances.
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