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ABSTRACT

EFFECT OF PACKAGING DURING STORAGE TIME ON RETAIL DISPLAY SHEHHFE

OF BEEF STRIP LOINS FROM TWO DIFFERENT PRODUCTIGYSTEMS

The objective of this study was to evaluate the influence of packaging duriagestar
strip loins (to simulate export shipment) from steers fattened on intensive ggs@tems
(Uruguay UR) or on high concentrate diet (United StatddS) on retail display life color,
microbial growth fatty acids profile, lipid peroxidation and vitamin E contdfdaur different
packaging treatments were applied to UR and US striploins or steaks during 35 @;storag
treatments were applied 7 d following wignter. After 35 d storage, the samples were evaluated
during simulated retail display for 6 d. In block 1, the treatments werauwapackaging (VP);
low-oxygenmodified atmosphere packaging (MAP) with nitrogep)@&hd CQ (MAP/CQy); low-
oxygenMAP with N2 plus CQ andcarbon monoxid€CO); VP plus an application of peroxyacetic
acid (VP/PAA). In block 2, the treatments were: VP, MAP/CO and VP wityl-&tHauroylL-
arginate HCI (LAE) incorporated into the film as an antimicrobial ag&atAM). In block 3, the
treatments wereVP, MAP/CQ, MAP/CO and VP/AM Regardless of production system and
packaging treatment, @sophilic and psychrotrophaounts of 6.9 to 7.8g0 CFU/cn?, and 6.7
to 7.7 logio CFU/cn?, respectively, were obtaineat the end of retail display, excefur US
samplesn blocks 2 and 85.5 to 6.3ogi0 CFU/cn). The UR strip loins packaged with MAP/CO
hadgreater P < 0.05) a valuesthan product packaged in VP/PA and MAP/GaGllowing 6 d of
display. For US beetheMAP/CO treatmentesulted in the reddest lean cdlB 0.05)compared

to the other three packaging treatments in block 1. In blocks 2 ,ath@ BJIR strip loin steaks



packaged in MAP/CO also had the greatéstadues compared to the other three treats)dmit

no differencesR® > 0.05) were detected among the VP treatments and the MAP/CO in the US
steaks at the end of retail display. Only system (in block 1, and blocks 2 and 3), aual tiloek

1) affected(P < 0.05) lightness (). In all blocks US samples had greater kalues than UR
samples (32.6 vs. 28.B;= 0.0015, for block 1; and 33.4 vs. 31P1« 0.0001for blocks 2 and B
Vitamin E content in URteaks regardles®f packaging treatmenivas greaterR < 005) than

US geaks No effect ofpackaging treatmentP(> 0.05) was observed by country of origin at the
different display times in block but UR beef displayed for O d from the MAP/gtdeatment had
greater P <0.05) vitamin E content than beef from the other three packaging treatments in blocks
2 and 3. Packagingsystem systemx time and packaging systemx time interactions were not
significant for any of the fatty acids analyzewl this studyBeef fromUR hadlower (P < 0.05)

SFA and MUFA concentratiorad greater® < 0.05) PUFA, r6 and R3 concentrations than US
beef when evaluated durimgtail display Beef from URdevelopednore detectabléP < 0.05)
oxidized odor than US samples vdihe latter exhibited a greatd? € 0.05) sour odor thadR
grassfed samplesvValues from TBARSwvere influenced bgignificantpackagingk systemx time
interaction in block 1R = 0.0027) andn blocks 2 and 3R = 0.0104). In block 1, UReefhad a
greater P < 0.001) TBARSvaluesthan US samples on d 0O of displaut TBARS values terati

to decrease during retail display and differences almost disapypte end of the display period.

For blocks 2 and 3, TBARS valtended tancreag betwend O to d 6 of retail display in the UR

and US sample€omplexity of fresh meat pestortem chemistry warrants a more comprehensive

and systemic approach to maximize stiéf
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CHAPTER |

INTRODUCTION

In 2011, the Food and Agriculture Organization (FAO) published a study reporting that
approximatelyone-third of food produced for human consumption is lost or wasted globally,
whichrepresents approximately3 billion tons per year (FAO, 2011). Food waste pastest
is referred to a¥ood losse$ and “spoilagé (Parfitt et al., 2010)Spoilage is characterized by
any change in a food product that renders it unacceptable to the consumaisengsory view
point. This may baresult ofphysical damage, chemical changesidation, color changes) or
appearance of oftavors and off-odors resulting from microbial grovethdmetabolism in the
product (Gram et al., 2002). Food spoilage can be evident, but when spedalie inchanges
in the texture or the development of off-odors due to (bio)chemical or microbiabreadhe
underlying mechanisms may be difficult to ident{ifuis in’'t Veld, 1996). Thus, spoilage
evaluation should always be, directly or indirectblated to a sensory assessmethig in't
Veld, 1996.

Fresh meat is recognized as a highly perishable goadiuctdue to its biological
composition (Lambert et al., 199 There are three main mechanisms for meat spodtige
slaughtering and during processing and storage: (a) microbial spoilagpidland pigment
oxidation and(c) autolytic enzymatic spoilag®ave and Ghagl 2011). Microbial growth and
musclemetabolism depends upon ttendition of the carcassasthe time of slaughter, tigpe
of packaging and storage conditions. Microbial spoilage results in a sour thfitayofs
discoloration, gas production, pH change, slforenation, structtal components degradation,

off-odors and change in produgpeearance (Dave and GaP011).



Meat preservation technologiesinly endeavor to inhibit microbial spoilage, although
other methods of preservatibave beemxploredto minimize othedeteriorative changes such
ascolor and oxidative change®ackaging protects products against deteriorative effects, which
may include discoloration, off-flavor and off-odor development, nutrient loss, texXtanges,
pathogenicity and other measurable fac{disou et al., 2010

Modified atmosphere packaging (MARXers tothe removal and/or replacement of the
atmosphere surrounding the product before sealing in \@ader materialsModified
atmosphere packagimgcludesvacuum packaging (VP), which removes most of the d&aree
the product is enclosed in barriaaterials, or forms of gas replacement, where air is removed by
vacuum or flushing and replaced with another gas mixture bpémieagingandsealing in
barrier material§McMillin, 2008).

Vacuum packagin@vP) exterds the storage life of chilled meats by maintairang
oxygendeficientenvironment within the pack (Bell et al., 1996 adilumpackagings
considered aefficientpackaging system textendthe shekllife of fresh meatpreserving the
sensory characteristics inherent to the product for a period sufficiently langgDefrigeration,
the vacuum allows the shdife of the meat to be extended by reducing oxidation and the growth
of aerobic microorganismsiérnandezaMacedo et al., 2011). Vacuupackagings the most cost
effective packagingMcMillin, 2008) and it has been the most widely upadkaging system to
merchandiséresh meat to export markets.

A bacteriostatic effect afarbon dioxide©O.) when used in MAP to extend shéfé of
chilled fresh meahas been well documented (Gill and Tan, 1%&0ber, 1991; Jakobsen and

Bertelsen, 2002Maximum antimicrobial effect of C&s achieved when tretorage



temperature of a MAP packaggekept as low as possible, because the solubility of CO
decreasesignificantlywith increasing temperatu(€arber, 1991).

The bright red coloof beefis used by consumers as an indicator of its freshness and
wholesomeness (Hunt et al., 2004). Use of carbon monoxide (CO) in MAP can help tormaintai
cherryred beefcolor. Carbon monoxide combines with myoglobin to form carboxymyoglobin,
producing a bright cherry-red color in muscles that otherariseore likely to discolor (Hunt et
al., 2004).

Active packaging refers to the incorporation of additives into packagingnsggtoose,
attachedr incorporated within the packaging materialsbh the objective of maintaining or
extending product qualitgnd sheHife (Kerry et al., 200 Manytechniques have potentiair
being incorporated inta packagindilm surface to achieve shdife extension abuza and
Breene, 1989Particularly antimicrobial packaging acts to reduce, inhditetard the growth
of microorganisms that mdepresent in the packed food or packaging mateself
(Appendini and Hotchkiss, 2002).

Furthermore, production systems (grazing vs. gi@a) can have an effect on meat shelf
life due to its impact on color and lipid stabil({@raig et al., 1959; Bidner et al., 198 rby et
al., 1999; Yang et al., 2002a,b; Realini et al., 2004; Descalzo et al., 2005; Gatellier et al., 2005

Therefore, the objective of this study was to evaluate the influence of pagldaging
storage bstrip loins(to simulateexport shipment)from steers fattened on grazing systems
(Uruguay) oron high concentrate dig{United States) on retail display sh&té color, microbial

growth, fatty acids profile, lipid peroxidation and vitamin E content.



CHAPTER Il

REVIEW OF LITERATURE

Shelf-life definitions

Food shelflife represents a broad concept where a large number of factors and
mechanisms affect it. Because of that, it is not easy to find a comprehesfantsod. Borch et
al. (1996) defined shelife as thestorage time until spoilage. They stated that a food may be
spoiled when a certain maximum bacterial level is achieved, or an unacceptatalertsff-
flavor is present, or the appearance of the food prazhasige making it undesirableThe
Institute of Food Science and Technology (IFST) based in Unitegdkmdeveloped guidelire
in 1993where sheHife wasdefined asthe time during which the food product will:)(eemain
safe;(b) be certain to retain desired sensory, chemical, pHyancbmicrobiological
characteristicsand (9 comply with any label declaration of nutritional daténen stored under
the recommended conditions” (IFST, 1993). lulietto et al. (2015) consideredifh&s the
period of time inwhich the food keeps its qualitative characteristics”.

Despite thashelflife is based on the establishment of threshtddsnanycharacteristics
for which the food produdiecoms unacceptablg;lough et al. (2003) consider that sensory
sheltlife depends on the interaction between the food and the condusrause some
consumers can accept a food product from the semswapoint that others reject.

Factors Affecting Microbial Spoilage of Meat

Proliferation of microorganisms in foogsdetermined byntrinsic and extrinsic factors

as well as the processing and preservation metftddis in’'t Veld, 1996)Intrinsic factors are

the physical, chemical and structural propeniethe meatAmong themthe most important



are:wateractivity, pH, available nutrients, natural antimicrobial substances (Huigeit,
1996), composition, type, and extent of initial contamination (Koutsoumanis, et al., 2006).
Extrinsic factors are those related to the environment in which the meated(stois in’t Veld,
1996)and the most relevant are: temperature and packaging atmo@gbetsoumanis, et al.,
2006).

Microorganisms

Bacteria found on meat may arise from lige of the animal, from fecal material or
from soil, water and aiThe initial microbial load of fresh meatdsectly related to good
manufacturing practicesduring slaughtemarticularlyduringthe removal of théide,
evisceration andubsequent processiigo primal cuts (Lambeset al, 1991).The latter author
also indicated that the most important sgge bacteria are aerobic gramagative
psychrotrophic strains ¢fseudomonaMMoraxella AcinetobacterandAeromonasthe
facultative anaerob8hewanella putrefacienand the granpositiveLactobacillusand
Brochotrix thermosphacté_ambertet al, 1991).

On the other hand, Borch et al. (1996) reported that the predominant bacteria associated
with meatspoilage underefrigerated conditions airochothrix thermosphacta,
Carnobacteriumspp.,Enterobateriaceae, lactobacillusspp, Leumnostocspp.,Pseudomonas
spp andShewanella putrefacien§hey also stated that bacteaaderrefrigerated conditions
causingdefects such as offavors, discoloration, gas and slime production, and decreases in pH
areBrochothrix thermosphacta, Carnoftariumspp.,Lactobacillusspp.,Leuconostospp., and
Weisellaspp.

The interaction among the different microorganisms detessyreergistic effectand

antagonistic process Synergistic effects refer to the production or availability of an essential



nutrient due to the growth of a specific microorganism that en#idesowth of other
microorganism which otherwise could not proliferate. Antagonistic presass those retad to
competition for essential nutrients, change in pH values, or the production of avitiadic
substances that can have detrimental effemvards other organisms (Huis in’'t Veld, 1996).
thissense, lactic acid bacteria (LABJat predominate in anaerobic packagggtemsan
produce bacteriocinbatmay inhibit closely related bacteria and also sémod borne
pathogens (Ahn and Stiles, 1990; O"Sullivan, et al, 200&h regards tamicrobial spoilage,
Nychas et al. (2008gferredto ephemeral spoilage organisms (ESO) which aresthétof the
factors that dynamically persist during processing, transportation angestordne marketn
other words, they are those which are able to adopt different ecologatagsts.

Retail sheHllife of meat is estimated as the time required by the balcpenmlation to
reacha level of 10 CFU/cnt (Borch et al., 1996\When bacteria consume glucose from tineat
surface no offensiveby-productsare producedout, breaking dowamino acids residin a
variety ofby-productswhich are detected organoleptically as putridredind flaves. Gill
(1996) reported that whePseudomonaspp.reacha number of 1DCFU/cn?, the offensive
byproducts accumulate rapidly and spoilage obsebme an abrupt event.

Rapid methods to detecteat spoilagbave been proposed that woul@asue volatile
organic compounds utilizing proton transfer reaction mass spectrometry (Mayr2803)and
multiplex PCR to characterizpoilagerelatedLAB populations (Yost and Nattress, 2000).
Meat pH

Growth of manymportantspoilage bacteria may be partiadly totally inhibited when
meatpH values are close @5 (Gill and Newton, 1982Y.he undissociated acid and the low pH

can affecthe growthpotential of certaispoilage bacterid heimportance of megiH in the



development of anaerobic bactasavell documentedsince on high phiheatsurfaces, species
of high spoilage potential, such Bsochothrix thermosphactandSehewanellputrefacienscan
grow andcause early spoilagenderVP conditionesHowever, the effect of meat pH on aerobic
spoilagebacteriais notvery clear(Gill and Newton, 1982). Dark, firm, dry meat (high pH) and
adipose tissue spoils faster than normal pHtrheeause amino acids are rapidly attaclamt¢h
et al., 1996).

Although most bacteria prefer a pH close to neutrality for growth, tod3ate lower pH
values than the gramegative bacteria commonly found on meats, especially under anaerobic
storageconditions.In VP with a sufficiently low oxygen permeability fillhAB grow on the
lean surfac@almostto the exclusion of all other types of bacteria in normal pH meat (5.4 to 5.9).
If the pH of the meat is higher than 508 ,the packaging film utilizetias higher oxygen
permeability, there is increased growth of graagative bacteria ar8l thermosphactéEgan,
1983).

Nutrient Availability

Gill (1983) reported that glucose is the initial substrate supporting growthtbéatiajor
types of bacterifound in red meatat anormal or high pH, stored under refrigerated conditions
in air, VP or MAP. Depending on its initial concentration, glucose may be depleted and
thereafter otheravailablesubstratesremetabolized. Thessubstratesclude lactateamino
acids and creatine under aerobic stoyagel lactate and arginine durik@ andMAP storage.
Underaerobicconditions, spoilage is most frequerdlysociated witamino acid utilization by
Pseudomonaspp.after glucose depletiofainty, 1996).

Substrate preference by different types of aerobic badtesdeen studiday using a

meatjuice mediumPseudomonastilize in this orderglucose, amino acids and lactic acids



Acinetobacteluse amino acids, lactic aciEnterobactemuse: glucose, glucose-6-phosphate,
amino acidsLastly, Brochothrix thermosphactase:glucose, glutamatéll species grew at
theirmaximum rate within the pH range 5.5-7.0 exdsphetobactefGill and Newton, 1977}
Temperature

Temperature is probably the most important single environmental factor infigenci
bacterihgrowthon meat (Lambewtt al, 1991).The general effect of lotemperatures is to
diminish the growth rate of all spoilage bacteria, aside from the spitifitive effects on
Pseudomonaspp. The optimum storage temperature for refrigerated melabis 0.5°C (Gill,
1996). In MAP antimicrobial effectiveness of G greater at lowetemperatures due to its
higher solubility in the agueous phase of the lean product (Lambert et al., HiB@E\Ver,
solubility in beef fat increases with increasing temperatures reacmraxenum solubilityat
22°C (Jakobsen and Bertelsen, 2002).

OxygenAvailability

Whenatmospheripressures dD. arepresentthe shelfife of meat is limited bywo
importantfactors: the chemical effect of@nd the growth of aerobic spoilage micro-organisms
(Lambertet al, 1991).The type of packaging is one of the factors that affded composition of
meat spoilagenicroflora(Cerveny et al., 2009).

Vacuum packaging represents a special case of oxdgeted atmosphere in which the
volume of the pack atmosphere is close to zero (Gill, 1996). The concentratiodexr@ases
and the CQlevels increasduring storage in VP due to tissue and microbial respiration
(Lambert et al., 1991). During storage, aerobic microorgarssicis ag®seudomonaspp. and
molds are substituted by slowgnowing,facultativeanaerobic organisms; e.gAB. The LAB

utilize gucose to produce mixed organic acids resulting in a sour, cheesy odor and taste.



Proteolysis and lipolysis are unusual in VP products because of the limitéygl @hllAB to
produce the enzymes requirétiefveny et al., 2009Newton and Rigg (1979) found an inverse
relationship between the shéife of VP meat andhe oxygen transmissiorate of the film
package, mainly because morgr€sults inan increased growth rate and final cowits
Pseudomonaspp.Egan (1983)eported that VP beef may have a storage life of 12 weektat 0
1°C until offflavor becomes unacceptalilecompared to the frozen control samplesnajor
disadvantage limiting the use of VP is discoloration by metmyoglobin formatiom dasidual
Oz in the package (Lambegt al, 1991).

Normally, MAP packages contain diffeg concentrationsf Oz, CO,, andor inert
nitrogen N. In general, C@percentages diffdrom 10% to 40% and £drom 90% to 60%,
although a longhelflife can be achievedith 100% CQ (GarciaL6pez et al 1998).High Oz -
MAP containing up to 80% £and 2090, reduce color deterioration of retail cuts of meat, but
the sheklife is only slightly increasedcompared to aerobic storage. In highNA P, a variety
of bacteria are db to grow to high final countsuch afBrochothrix thermosphacta,
Pseudomonaspp, Leuconostospp andLactobacillusspp.Most bacteria are more or less
inhibited by CQ and thereforethe growth rate is reduceohd thesheltlife is increased (Borch
et al., 1996)Garcial.6pez et al. (1998) founithat if O, is available some genera dfAB, such
asLeuconostoenay be favored but spoilage bacteria, sudAsssidomonaspp.,
Enterobacteriacae andBrochothrixcan still compete and higheountsare attained than under
VP conditions. Jakobsen and Bertelsen (2002) reported that, when hidavefs are flushed
into the MAP,it dissolves in muscle and fat tissues until saturation or equilibrium is reached.
The maximum preservative effect of €@ould be achieved if C&s applied to the headspace

above the levels required to saturate mieahddition to the antimicrobial effect of GQhey



also stated that the G@vould affectthe meat qualityby lowering itspH as a consequenocé
carbonic acid dissociation to bicarbonate and hydrogen liomsultimate meat pH promate
myoglobin oxidation (Faustman and Cassens, 190\-O. MAP with CO are essentially
anaerobic and include 0.4% of CO, 20 to 30@» and the remaindé¥2, where LAB become
the predominant bacteria (Cornforth and Hunt, 2008).
Lipid Oxidation
Lipid Oxidation —Reaction

It has been well documented that satélipid oxidationarean important deterioration
factor which usuallyhas adetrimental effect omeat quality attribute@ray et al., 1996). Lipid
peroxidation is a free radical chain reaction in which oxygen is the most imgattort and it
consists of 3 primary steps: initiation, propagation, and termination (Min and Ahn, 2005). Lipid
oxidation can take place by autoxidation, photoxidation, and enzymatic oxidagmranisra.
Autoxidation is the main oxidatigorocess in meat and is initiated by reactive oxygen species
(ROS) such as hydroxyl radical<OH) thatremovehydrogen atoms from the fatty acyl group of
polyunsaturated fatty acids (PUFA) and form lifrige radicalsAhn et al., 2009)Thefree lipid
radical reacts rapidly with 0 form a peroxyradicalhich removesanothehydrogen from
another hydrocarbon chain yielding a hydroperoxide and dneewadical which can perpetuate
the chain reaction (Ladikos and Lougovois, 19%tjjiation, propagation and termination steps

of lipid autoxidation arsummarizeelow (equations 1 to 4), adapted from Frankel (1980).

Initiation: RH+"OH—"m—mM——— >R+ H0 (1)
Propagation: R*+ QO (—————— » ROO* (2)

ROO"+ RH —————— > ROOH + R’ (3)
Termination. ROO*+RO0O" —MM——— > hon-radical products 4)
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There is still a controversy about the initiatimechanism of lipid peroxidation. Ground
state oxygen does not have strong enough reactivity, but can be converted to ROS such as
hydroxyl radical {OH), superoxide anion ¢O), hydrogen peroxide @), hydroperoxyl
radical (HQ"), lipid peroxylradical (LOO"), alkoxyl radical (LO), iron-oxygen complexes
(ferryl- and perferryl radical) and singlet oxygé@4) (Min and Ahn, 2005). kdroxyl radical
(" OH) is the most reactive and is considered as the most damagispéaes because it is
capable ofttackng any adjacent molecul@he Fenton reaction (equations 5 andsghe main
pathfor * OH formation which depends on the availability of metal ions (Bekhit et al., 2013):

Oy + Fe" ————— > O + Fe )

Fe" + H0p ————— >Fe*+ "OH + OH (6)
After slaughter, the mechanisms controlling metal jorisch operate ifiving animals,no
longerareeffectiveand, thereforegontribution of OH is high in postmortem muscledt is
important to note that the reaction is not limited to ,immd other ionsuch as Cif, Ti** and
Co®* can be involved (Bekhit et al., 2018uckley et al. (1995)eported that the rate and extent
of lipid oxidation areaffected bypre-slaughterand post-slaughteventssuch as stresearly
postmortempH, carcass temperature, cold shortening, and techniques such as electrical
stimulation.

Lipid Oxidation - Antioxidant Bfenses

A broad range of antioxidant mechanisms act to inhibit oxidative processestin mea
(Decker et al., 2000), although their effectiveness decreases with increasagg sime
(Monahan, 2000). These mechanisms include: inactivation of free radicals, contrioladifoox
catalysts, inactivation of oxidation intermediates, and interactions heaméexidants and

secondary lipid oxidation products (Decker et al., 2000).
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Free radical scavengew chainrbreaking antioxidantglonate an electron to the free
radical and the resulting scavenger forms a lower energy réecker et al., 2000).
Tocopherols (vitamin E) are the most powerfaturalchainbreaking antioxidants present in
muscle; thg can scavenge two peroxyradical molecules result in the formation of topberol
radicals Descalzo and Sancho, 2Q0B his review, Buettner (1993hmmarized that o-
tocopherol radicalsan be reduced (recycled) by ascorbate (vitamjmw@ich is regenerated by
glutathionedependent mechanisms that require NADPH. Vitamin C can also scavenge free
radicals directly to form lovenergy ascorbate radic@larotenoids, ubiquinone, thiols,
polyphenols, and nitrogenous compounds such as, uric acid, polyamines aardsjand
peptidesalso can inactivate free radicélBecker et al., 2000).

Antioxidant enzymes, such as superoxide dismutase (SOD), catalase (@AT) an
glutathione peroxidase (GPglay a rolen inhibiting oxidation (Bekhit et al., 2013). The first
two are coupled enzymes (equations 7 and 8), where the SOD c#talylismutation of
superoxide anionandCAT decomposéydrogen peroxide into water angdygen(Descalzo
and Sancho, 2008). Superoxide dismutase is present in the cytosol and the mitochondria. Copper

and zinc are required for the cytosolic SOD, and manganese for the mitocho@di@b&cker

et al., 2000).
02" + 2HO0 —————— > H202 (7)
HoOp —————— >2 HO+ O, (8)

Glutathione peroxidase can decompdsgdrogen peroxidbut also lipid peroxide (equations 9
and 10). This enzyme contains selenium and glutathione (GSH) acts as itsraifaating the
reduction of hydrogen or lipid peroxide (Decker et al., 2000).

H202+2 GSH ————— > 2 O+ GSSG 9)
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LOOH + 2 GSH———— > LOH + HO+ GSSG (10)

Several studies were carried out to evaluate the effect of diet on antioxidgmiesnz
activity. Mercier et al. (20043%tudied the influence of diet (pasture or mixed) in Charolias cows
on antioxidanenzyme activity. Mixed distmainly consisted of cereals, silage, and caitke.
They reported a great8OD activityin pasture-fed cows, bldwer GPx activitythan in muscle
from mixed diet fed cow®Diet did not affect dalase activityThese findingsverein agreement
with Gatellier et al. (2004), who also studied the influence of finishing diet (pastur&exn)ron
SOD, catalase, ar@dPx activityin Charolais steers, heifers and cows. They observed the same
pattern in SOD and GPx activity over the three groups of cHiitever, the catalase activity
was greater in the mixed diet in musoféeifers.

In his research, Descalzo et@007) evaluated the overall antioxidant status in fresh
beeffrom pasture or graifed crossbreed steetsat were either provided or not provided
vitamin E supplementation. In this research, they did not find any differe@&TirandGPx
activiiesamorg the dietary treatmentbutSOD activity was greatein beef from cattle in the
pasturdreatmentghanreceivingconcentrate diets. Petron et al. (2007) examined the effect of
different type of pasture on the antioxidastatus of meat from lambs. Deffent pastures did not
affect SOD or CATactivity. HoweverGPx activity was higher in meat from lambs on the
legumirouspasture compared to the intensiyegrassand botanically diverse pasture.

Pradhan et al. (2000) studied the effects of refrigerated and frozen storage on CAT
activity in skeletal muscles from different speci€sey found thaCAT in ground meat was
stable during refrigerated afidzen storage, anghen the enzyme was inhibitdigbid oxidation
increased. Thus, the authors concluded that CAT enplagean important role imegulating

lipid oxidation in raw meatPradhan et al., 2000). Renerre et al. (1996) demonstretelipid

13



oxidation andantioxidant enzyme activities weneuscledependent. In his study, lipid oxidation
decreased in the ordef Diaphragm> Psoas major Longissimus lumborum Tensor fasciae
latae, and increased with increassirage timainder refrigerated conditions (2°C). Superoxide
dismutase activityvashigher posnhortemin Psoas majoandDiaphragmmuscles than in
Longissimus lumborurandTensor fasciae latamuscleswhile CAT and GPx activities were
higher only inDiaphragmmuscle.

The effect of dietary vitamin E retarding lipid and myoglobin oxidatias been well
documented (Marusich et al., 1975; Arnold et al., 1993; Yin et al., 1993; Liu et al;,ZE398§
et al., 1999; Phillips et al., 2001; Lanari et al., 2002; Descalzo et al., 2005), and it has been
reported cacentrations of vitamin E in meat at which pigment and lipid oxidation would be
delayed angtherefore, the shelife of the product would be enhanced. Faustman et al. (1989)
indicated thafresh gound sirloin containing approximately 3 pg of vitamin E/g of muscle
exhibited the leagtigment and lipid oxidation. Arnold et al. (1993) reported that a vitamin E
concentration of 3.3 pg/g of muscle would provide protection against oxidation processes in the
Longissimus lumborunSimilarly, Liu et al. (1995) recommended a vitamin E level of 3.5 pg/g
of muscle tanhibit lipid oxidation and metmyoglobin formation.

Alpha-tocopherolwhichis located in the phospholipid membrareegsas a radical
guenching antioxidant to delay oxidative damage to membrane constituents (Faatstiman
1998). Tocopherols react with lipid peroxyl radicals, resulting in a lipid hydropertoichation
and a tocopheroxyl radical (Decker et al., 2000). This latter is relatinebactive because the
unpaired electron resonates across the phenolic ring system (Gregory, 20G8Y. @xidation
rates, two tocopheroxyl radicals can interact and form a tocopheryl quinone andabaftkin

tocopherol from the tocopheroxyl radical. If the lipid oxidation rates are aightherefore there
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are a high concentrations of lipid peroxatiicals, a togeherolperoxylcan reacts with a second
peroxyl radicafkesulting in the formation of tocopherol-peroxyl adduttsese adducts can be
transformed to tocopherylquinone (Decker et al., 2080oxidant efficiency of vitamin E is
related to its regeneratidrom oxidized productRedox cycles of a-tocopherol are considered

to be important in the antioxidant function of the vitamin. It has been shown that tocopherol
regeneratiorn vitro involves vitamin A, vitamin C and coenzyme Q. However, the importance
of vitamins A and C in the back transformation to tocopherol from tocophawmighlin vivo

has been questioned (Wang and Quinn, 1999).

Lipid Oxidation — Sensoryt#ibutes

Therole of the lipid component on the chemistry of meat flavors produced duesting
and storage is vergomplex. Literature indicasghat multiplecascades of free radicals,
hydrolytic and condensation reactions occur, each contributing to development of ¢eeall f
both positive and negative flavors (Kanner, 1994).

Despitethatphospholipid concentratioms meat arevery small compared to other lipid
fractions,their susceptibility to oxidation makes them important in terms of meat quality. The
lability of the phospholipids lies in their unsaturated fatty acid content. Inpbespholipids,

19% of the fatty acids have 4 or more double bonds, while 0.1% of the triglyceride fatty acids
exhibit this degreef unsaturation (Love and Pearson, 1971).

Hydroperoxidesrethe primary products of lipid oxidatiomhich are colorless, tasteless
and odorless (Gray and Monahan, 1992). Decomposition of these hydroperesgids a
complex mixture of low molecular weight compounds with distinctive odor and flavor
characteristicsincluding alkanes, alkenes, aldehydes, ketones, alcohols, esters and acids. These

compoundgauserancid, fatty, pungent and other d@iekvor characteristicey meat and the
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contribution that a particular compound makes tontleatflavor or aromadepends on the
concentration at which it is prestand on its odor threshold (Gray and Monahan, 1992).
Ladikos and Lougovois (1990) reported that lipid hydroperoxadies carform dimers and
polymers which may, in turn, oxidize and break down into volatile products. Additional
oxidation may occur in the original peroxides or in the unsaturated aldehydes, whigb the
through further degradation to form epoxides, cyclic peroxides and bicyclic englinies:
These secondary oxidation products can also deconpdsen volatilecompounds and
dialdehydeswhich contributdo flavor deteriorationThe authorsalso indicated that thermal and
rancid oxidation stem from many reactions involved in the formation of volatile aroma
compounds from lipid that follow the same basic pathwaiyd,similar volatile products are
generated.

Mottram (1998) pointed out that phospholipids play an important role in the development
of aroma during heating. Phospholiplisve beemssociated with the effavor known as
“warmedover flavor”, whichdevebps in reheated cooked meatdeverthelessthe formation of
lipid oxidation products from phospholipidsay contribute to desirable aromas during the initial
cooking of meat. Mottram (1998)sosuggested thathospholipids or their degradation products
inhibit reactions involved in the formation of heterocyclic aroma compounds from thardail
reaction Triglycerides from beef have hanhuch less effect on the levelsMéillard volatiles
than the phospholipid preparations.

Diet has airecteffect onmeat fatty acid composition, whiccan be changed more easily
in singlestomached pigs and poultry than in ruminamsiminalbiohydrogenation can be
mitigated by feding PUFAwhich are protected either chemically, by processing, or naturally

(Wood and Enser, 1997). Elmore et al. (2004) compared the volatile compound and fatty acid
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composition of grilled beefteakdrom Aberdeen Angus and Holstekmiesiansteers fed on
cerealbased concentrates or grass silage. Concentratiomotdit acidwashigher in themuscle
from concentratded animals, which in the cookaaeat resulted in increased levels of several
compounds formed from linoleic acid decompositidieat from dage-fed steerhadhigher
levels ofa-linolenic acid, and thusome volatilecompounds derived from this faiigid Steaks
from the concentratéed steerdiad over 3 times higherQeten3-ol, hexanal, 2-pentylfuran,
trimethylamine, cisand trans2-octene and 4,8imethyt2-pentyl3-oxazoline, while those from
the silagefed stees presented mudireatellevels of grasslerived 1phytene Regarding breed,
the PUFA:SFA ratio wagreaterin theHolsteinFriesian cattle compared with the Aberdeen
Angus cattlebut no other effects of breed were observed

Malonaldehyde is a secondamyiadation product of PUFA and is measured using
thiobarbituric acidest It is the mostommon technique to determine lipid oxidation (Ahn et al.,
2009). Ang and Lyon (1990) evaluated development omgdiover flavorduring 5 days
storage time of broiler breashigh and skin measured by thiobarbituric acid (TBA), headspace
gas chromatography, and sensory methods. They reported that TBA values araf ieagis
headspace volatiles increaseith advancing storage time. Additidha intensities of
cardboard, warmed-over, rancid/painty, and overalflaffer characteristics increased over
storage time.

Greene and Cumuze (1981) evaluated oxidized flavor in beef by inexperpeamsts
andassesseits correlation with TBA valas to determine the detectiomit of the oxidized
flavor. Results indicated that correlation coefficients for sensory scamssvVEBAvalues were
significant but low, and variabilitamongpaneliss appeared to account partly for the lower

values. Fuhermore, inconsistencies in TBA measurements naag been partially responsible
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for low correlation values. Rhee (1978) recommended the addition of propyl gallate and
ethylenediaminetetraacetic acid (EDTA) in the blending process of the distill&nest to
minimize additional lipid oxidation occurring during the asségwever,Greene and Cumuze
(1981) observed that of the 52 panelists, 28 of them were consistent in scoring. In this sub-
population, the difference in intensity of oxidized flavor watedted in the range from 0.6 to
2.0 TBA numbers (mg TBARS/kg tissue).

Campo et al. (2006) also studied the relationship between human perception of lipid
oxidation determined by trained panelists and chemical measurement ofaxidaty
evaluated meadtored in MAP from animals fed diets differingfatty acid composition.
Sensory analysis and TBAR®&re used to assess beef steaks during digmldy 4 or 9 days
under simulated retail conditionsofelatiors between analytical and sensory attributes were
high (Spearman’s rho = 0.84) and TBARS were a good indicator of rancidigppenc
Rancidity perception and beef flavor in relation to TBARS followed a sigmoidal asrtiee
best fit. Panelists identifidéss beef flavor and more rancidity wHEBARS valuesvere higher
Rancidity increased rapidly from the initial point of perception until it reaelitbdr a saturation
point or an adaptatiolny paneliss, in whichgreater oxidation measured by BARS - could not
be perceived as sucA.TBARS value of 2.28 was identified as the pawttvhich rancidity
perception overwheled beef flavor. The authors stated that this could be considered as the
limiting threshold for acceptability of oxidation in beefhich is close to themaximum TBA
values repded by Greene and Cumuze (1981). Despite these findinggsa chers concluded
that it is difficult to determine by sensory evaluation the point at which beef woudgeated
due to lipid oxidation. Perceptions depend on many factors and, among them, personal thresholds

can vary due to experience.
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Factors AfectingLipid Oxidation -Diet

Lipid oxidation depends on several factors (Buckley et al., 1995), but the greater
concentration of PUFAhe more the meat is susceptible to oxidat®mn(et al., 2009)The
latter authorsalsopointed out that the speed of oxidation relies on the degree of unsaturation of
the fatty acids and the prooxidamtsantioxidants balance.

Despite ruminal biohydrogenation, dietary PUFA can be incorporated into adgsse ti
(Wood et al., 2008). Wood et al. (2003) reported that meat from grass-fed beef and lam$ exhibit
higher levels of linolenic acid@18:3 n-3) and long chainhPUFA.They also stated than
ruminant muscle and adipose tissue, PUFA are present almost exclusively in {hteoppiak
fraction. Wood et al. (2008) stated thatinolenic acid (C18:3 rB) is anessential fatty acid
representing the major fatty acid presengrass. Nevertheless, it does not compete well for
insertion into phospholipid compared with linoleic acid, and its incorporation into adipsse tis
and muscle is less efficient. Linolenic acid is subject of a more extensiwalmgenation and a
longrumen transit time for forage diets also limits the amount availablessue uptake
compared with C18:2 n-6 from concentrate diets. Ashes et al. (1992) studrachthal
biohydrogenation and longhain fatty acicutilization. They found that in ruminants the long-
chain eicosapentaenoi€C20:5 n-3) and docosahexaenoic (C223 acids weraot extensively
biohydrogenated by ruminal microflora. Furthermore, they also reported thahtgiehiin fatty
acids werancorporated into thenusclephospholipiddractionand not in the triacylglycerol
adipose tissue.

Elmore et al. (1999) studied the aroma profiles of cooked steaks in relation tattyeir f
acid composition. Bferent fatty acid profiles in meat were obtained supplementing difféméent

sources that included palm oil, linseed, and fish oil. The researchers foundoakiagchgher
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levels of lipid oxidation products (saturated and unsaturated aldehydes, alcoholgard)ka

the aroma extracts of all of the steaks with incredddFA concentratiorAldehydes were
guantitatively the most important and because they have low odor threshdlite considered

to be largelyresponsible for the changes in flavibiis interesting the exphation for aldehyde
production. The authors suggested that PUFA would induce an increase in thermal idegradat
of oleic and linoleic acid, since higher levels of aldehydes derived from tiggadids were
present in meat with greater PUFA content.

Factors AfectingLipid Oxidation — Environmental Factors

Temperature and oxygen concentration are two of the most important environmental
factors affecting lipid oxidation rageln generaljncreasing temperaturesults in increasipid
oxidationrates, and decreasing oxygeawmailability decreases lipid oxidatigMcClements and
Decker, 2008). Compared to ambient temperatures, meat storage under refrigefedexiray
conditions decreases oxidative deterioration (Monahan,)2Bi@dvever increasing temperature
decreases oxyen solubility, and therefore some casesigh temperatures would slow the
oxidation process. In terms of oxygen concentrattbhand low oxygerMAP where the Qis
replaced by K are useful strategies to minimilzeid oxidation(McClements and Decker,
2008).

Jakobsen and Bertelsen (2000) evaluated the relationship between discoloration and lipid
oxidation in beef and the combinedesft of time, temperature and partial pressure of oxygen.
The researchers concluded that temperature wamdkeimportant factor for maintaining the
red oxymyoglobin color angetardinglipid oxidation A low temperature (below approximately
4°C)delayedipid oxidation, regedless of oxygen levebut, when the taperature is raisetthe

oxygen level beaae more critical.
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Protein oxidation

It is unclear tavhat extenproteolysis during meagingis linkedwith oxidative
processegMartinaud et al., 1997). Stadtman (2006) pointed out that protein oxicaépn
include different changes in the protesnch asleavage of the polypeptide chain, modification
of amino acid side chains, and conversion of protein to derivatives that are highliyseosi
proteolytic degradatian

Peroxidized lipids interact with proteins and chemical changesr resulting irprotein-
protein cross-links, protein scission, protein-lipid adducts, and amino acid dé@adeer,
1979). Also secondary products from lipid oxidation can directly damemeinand amino
acids by covalent bonds formation (Gardner, 19%%ng (200Q statedthat formation of
carbonyls (aldehyde and ketones) is one of the most noticeable changes due to pdatisom0x
and thatamino acids with reactive side chgisuchas cysteine, methionine, lysine, arginine,
histidine, and tryptophan, are particularly susceptible to oxiddtidheir review, Bekhit et al.
(2013) reported that carbonyl formation in oxidized protein can mddifgrtiarystructure
resulting inunfolded protein. Hydrophobicity of the polypeptide and protein—protein interactions
occurwhen proteins are unfolded. Thus, protein oxidagpairs itsnormal functions, such as
enzymatic activityand channel forming properties, and the protanesnoreprone to
proteolytic degradation.

On the other handecker et al(1993) suppoddthe ideahat protein oxidation can take
placein absence of lipids throughetatcatalyzed reacti®wvia hydroxyl free radicalkormed
from hydrogen peroxide at specifion-binding sites on protein. The researchers studied the iron
and copper oxidation systems on turkey muscle myofibrillar proteins. They found tthaedxi

proteinshad reducedolubility, gel strength, and gel watbpolding capacity thanontrols, and
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also formedprotein polymers. Starke-Reed and Oliver (1988)ecthat key metabolic enzymes
are inactivated by metahtalyzed oxidation reactioms vitro and the gidative inactivation of
these enzymes makigem highly vulnerable to proteolysis.

Roweet al. (2004) studied the impact of early postmortem protein oxidation on color and
tenderness of beef steakgedfor 14 days. In order to get a range in protein oxidation levels,
treatmentevelsevaluated included vitamin E supplementation (or not)iaadiation (or not) of
the beef steaklsom 24 to 26 h postmortem. Irradiation had a positive effect from the food safety
standpoint but ialsopromoted oxidatiothat hada detrimental effect on meat quality. The
authors found thahcreased earlgostmortem protein oxidation in both the sarcoplasmic and
myadfibrillar proteins wasassociated with increased shear force values at later times postmortem.
They suggested that the aggregation and denaturation of myofibrillar proteins, and/or
inactivation d some proteolytic enzymesay have causea negative impact on the
tenderization mechanisnasiringbeefaging.In terms of meat color, they observed that
irradiated steaks had lower L* (lightness), a* (redness), and b* (yellowwasgps than the non-
irradiated meat samples. Thus, in general terms, irradiation had a nedatverimeat color.

The researchers suggested that oxidation of myoglogin would be the main reasocdtorthe
changeobserved in irradiated steaks.

Meat Color

Pigments

Myoglobin, a globular single-chain protein present in the sarcoplasm, igrtiery
pigment responsible faneat color A porphyrin or heme structure is located in the cerfténe
myoglobin (Mancini, 20009 The iron atom present in the heme ring can form six bonds. Four of

these coordination sites are in plane of the N atoms of a flat porphyrin ring andeh2 ate
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perpendicular to this plane (Bekhit and Faustman, 200 3" coordination site is connected

to the proximal histidin®3 and the 8 site is available to reversibly bind ligands (Mancini and
Hunt, 2005). The distal histiding4 can interact with small molecules such as diataxygen,
carbon monoxide, nitric oxide, and aldehydes formed from lipid oxidation, which influerate me
color stability. The ligand present on the iron and the redox statéqFEe?) determine the

visible color changes in the meat surface (Mancini, 2009).

Beyond the ligand and the iron oxidation state in the myoglobin pigmeat, color is
affected by sevet intrinsic (sex, breed, endogenous antioxidants, muscle type and metabolism,
age of animal, ultimate pH, and the rate of postmortem pH decline) and extensperature,
packaging, light type exposed, type and growth of microorganism) factekki{Bnd Faustman,
2005).

When the ligand donates electrons to the irartand is formed. The majority of the
myoglobin ligands have this type of bonding (Livingston and Brown, 1981). On the other hand,
n-bonding or “back bondingdccurswhen the iron donates electrdreckto the ligandBack
bonding takeplacewhen the metl has enough electron density for donation to its ligand, and
this is what happens with the ferrous iron*reHowever, the ferric iron (F& with its high
nuclear charge does not fostrong backbonding (Livingston and Brown, 1981).

Four chemical forms of myoglobin are responsible for meat color: deoxymynglobi
oxymyoglobin, metmyoglobin and carboxymyoglobin. Deoxymyoglobin is formed when no
ligand is present in thé"&coordination site and the iron is in theerousstateunder very low
oxygen tension (< 1.4 mm Hg) (Mancini and Hunt, 2008k characteristic colaf
deoxymyoglobin is purplish-red or purplish-pink which is normally found in vacpackaged

meat.Under oxygenated conditions, 8inds the & position and oxymyoglobin is formed while
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the iron maintains iteerrousstate, resulting in a bright chefrgd color (Mancini and Hunt,
2005). Oxidation of the ferrous states of myoglobin (deoxy- and oxy-) leads to theidorofat
metmyoglobin in which iron is in the ferric stated the meat color becomes brown in cdlior
this case, the'®coordination site is ¥D that bonds to F&by ¢ donation. Carbon monoxide
(CO) used ifMAP, binds the 8 ligand and forms carboxymyoglobin resulting in a stable
cherryred meat colorHigher myoglobin affinity for CO than for {providesstability to the
ferrous oxidation state (Livingston and Brown, 1981). However, carboxymyoglobintgtabd
high-oxygen MAP is not straightforward (Mancini, 2008se of CO in lowoxygen MAP
represents an opportunity to maintain the cherry-red meat color preferred by cenddume et
al., 2004).

MeatDiscoloration

The appearance of maatthe most important sensory property influencing its purchase
by consumers (Faustman and Cassens, 1B#olored meat is not associated with a fresh
product and it is rejected by consumers. Thus, meat color stability beaaelesant issue for
themeat industry (Faustman and Cassens, 1990).

Autoxidation refers tohte oxidation of myoglobin (deoxy or oxyd metmyoglobin
(MetMb) by free oxygen in a norenzymatic process. This reaction implies that oxymyoglobin is
converted intdVietMb and free superoxide anion{0), the latteremovingan electron from the
iron (Giddings, 197) The superoxide anion, in turnjllwdismutateby a SOD catalyzedeaction
into hydrogen peroxide {®2) and Q (Mgller and Skibsted, 2006}.hasbeen reportethat O
must be reduced by 2 electrons, but only 1 electron is donafedrbysmyoglobin. Therefore,
the second electron must be provided by another source (Livingston and BrownCES8D).

(1971), in his theory of hemeprotein reactividtated thaFe?* donates an electron te @hen
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secondarynetal iors or protonsre presentSnyder and Skrdlant (1966) demonstratest
coppergreatly acceleratedxymyoglobin autoxidationwhile iron and zindhad much less effect
catalyzing this reactiordditionally, Castro (1977) stated tHag"™ porphyrin can be oxidized
very rapidly by quinones involved in the electron transport chain in the mitochohddersen
et al. (1988) reported that autoxidatiorerhancedby acidc conditions. Therefore, during the
conversiof muscleto meat, poshortem anaerobic glycolysis forms lactic athidthelps to
prevent microbial spoilage, but also increases autoxidegamhing to a decrease colorstability
(Mgller and Skibsted, 2006).

Sevanian and McLeod (199@ported that theofmation of HO- takes place by
myoglobin oxidation in the presence of electron donors such as hydroquinones, niichtes, a
aminophenols. This involves a concerted two-electron process where donation of an electr
from the heme iron to oxygen forms a superoxoferrimydglotiermediate according to the
following reaction(equations 11 and 12):

Mb—Fe2— O; + H* > Mb—Fe3— O (11)

Donation of the second electron te"Oyields metmyoglobin and 4@::

Mb—Fe®— O;* + RH-> Mb—Fe™ + H0, + R (12)
Meat Discoloration and BcteriaContamination

Increasd MetMb formation has been related to thgarithmic growth phase of aerobic
bacteria such @seudomonagsichromobacteandFlavobacterium but facultative anaerobic
bacteria seems to not be associatetd meat discoloration (Renerre, 1990). Oxygen partial
pressure would be reduced by bactenahe surface aheat to the critical levels at which
MetMb formation is favoredFaustman and Casse 1990). By- products generated by some

bacteria oxidize the iron molecule. Walters (1975) reported that hydrogen sulptsjeid
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hydrogen peroxide (#D.) react with myoglobin to produce sulphmyoglobin and choleglobin or
causedegradation beyond porphyrins to bile pigments.
Pigment and Lipid Oxidation

An interrelationship between lipid and myoglobin oxidai®neasonablelthoughthis
link has notalwaysbeenshown (Faustman et al., 2010). Faustman et al. (1999) demonstrated
that a-p unsaturated aldehydes formed as a secondary lipid oxidation products, and particularly
the 4hydroxynonenal (HNE) accelerat@ymyoglobinoxidation througtcovalent attachment
This would change the teary structure of the protein makingnitore susceptible to oxidation.
However, a prooxidant effect of HNE was noted at pH 7.4, but was not apparent atgmdrb.6
though oxymyoglobin oxidation was faster at pH 5.6 than at 7.4. This would happen because of
the rapid oxymyoglobin autooxidation at pH 5.6.

On the other hand, myglobmay play a role as a facilitator of lipid oxidati(ffaustamn
et al, 2010)Rhee and Ziprin (19&J reportedhat total pigment and myoglobaoncentrations
best explained differences amodified thiobarituric acid (TBA) determinatioin raw muscles
of beef, pork and chicken. Kanner and Harel (1985) demonsttatedctivated MetMb biA-O-
initiateslipid peroxidation. Autoxidation of oxyhemoglobin and oxymyoglobin lead to the
formation of nethemeproteinand the superoxide radicalsx(O), whichdismutate to kO».
Rhee et al. (1987also reportedhat the heme pigment system (MetbO-) playsan
importantrole in the catalysis of lipid oxidation in raw aodoked meat. €Kidation of
oxymyoglobin to MetMb is a common phenomenon during displagafreat thus, enough
H-0- could be produced from the pigment oxidation for the MetMB4tatalysis of lipid

oxidation.
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Chan et al. (1997) studied the relative rol&etMb and oxymyoglobin in lipid
oxidation, and the potential involvement of®4 and superoxide anion in oxymyoglobin-
catalyzed lipid oxidatiorResultsshowed that oxymyoglobimcreases rates 6pid oxidation to
a greater degree than MetMbequimolar concentrations in phosphatidylcholine liposome.
Decreased oxymyoglobin and lipid oxidation was found to oatien catalase enzyme was
added to the myoglobilposome systemsuggesting a rot®r H>O- in the interaction between
oxymyoglobin and lipid.

Sevanian and McLeod (1997) reported that, besides of being a sourge-afrid further
oxyradicas, MetMb can be oxidized by-B; to the ferryl stateNlb—Fe™* = O), leading to a
hyperaccelerated rate @ixidation, in essence, the second electron resides on the protein as a
transient radical. This higher oxidation state has been shown to initiate lipiddagixi
according to the following reaction (equation 13):

HX-Fe“=0 + RH> HX-Fe®+ HO +R’ (13)

Aside fromformation of ferryl myoglobin from the myoglobin oxidation process, the
dissociated heme from myoglobin and the iron from heme may also play a role irctrenism
by which myoglobin promotdgid oxidation(Faustman et al., 2010

Despitemany studies showing the relationship between myoglobin and lipid oxidation,
others have found no linkage (Faustman et al., 2010). George and Stratmann (1952) showed a
relationship between oxygen partial pressure and first order rate constahts dutoxidation of
myoglobin to MetMb. They found the maximum rate constant at approximately 1 mm Hg of
oxygen partial pressure. Ledward (1970) reported that MetMb formaasmaximal at oxygen
partial pressure of 6 £ 3 mm Hg at 0°C in the semitendinosus muscle. Therefore, MetMb

formation is favored under low partial pressure of oxygen. Oxymyoglobin reglexist
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enhanced under high-oxygen atmospheres in which lipid oxidation also would occur readily.
Hence, the conditions at very low or very highpgartial pressure environments do not support a
close interrelationship between lipid and myoglobin oxidation processes (Faedtaig 2010).
Metmyoglobin Reducing étivity

Bekhit and Faustman (2005) reported that NAB}chromeds MetMb reductase is the
best known enzyme responsilide hemeprotein reductionThis system involve theenzyme
NADH-cytochromebs MetMb reductase, cytochroniog as an electron transferediator and
NADH. Cytochromebs reductase acts as an electron ddramm NADH to cytochromeds, which
in turn reduce§&e myoglobin to F& (Livingston et al., 1985).

Hagler et al. (1979) demonstratedvitro thata reducingietMb enzyme wagresent in
beef heart musclé&enzymatic activity was dependent on NADH, an acceptable myoglobin
susbtrate, and ferrocyanide. They also found that an equimolar amount of cytobkwase
more effective than ferrocyanide in the enzymatic reduction of Me@gbmum H and
temperaturdor the enzymatic reduction was 6.5 and 37°C, respectively, in harmonwiath
would be expected in exercising muscle. The enzyme also was unaffected by absence of O
Reddy and Carpenter (1991) propoaatbvel procedure to isolate muscle extract for MetMb
reductase activity assayhey reported significant differences in enzyme activity among beef
muscles from the same animal. The ordegrafyme activity in thenuscles expressed on the
basis of musclenyoglobin contentvas: tensor fasciae latae > longissimus dorsi > gluteus
medius > diaphragm medialis > semimembranosus = psoas magreement withdagler et
al. (1979), they found algbatthe enzyme activity was highest at pH 6.4 as compared to 5.8 or

7.0 and at 30°C compared to 4°C.
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Arihara et al. (19953tudiedlocalization of theMetMb-reducing enzyme system
componentgNAD-cytochromebs, reductase cytochronise, and outer mitochondrial membrane
cytochrome b) in bovine skeletal musdi&DH-cytochromebs reductase was identified mostly
in the mitochondrial fraction and in the microsomal fraction lesaer extent. Outer
mitochondrial membrane (OM) cytochrome bsadetected mainly in the mitochondrial fraction
while cytochromebs was found only in the microsomal fractidrhe researchesuggestdthat
NADH-cytochromebs reductase reduces metmyoglobin by using OM cytochtoatehe
mitochondrial surface and, in part, by using cytochrbga the sarcoplasmic reticulum.

In their review, Bekhit and Faustman (2005) summarized\tA&tH-cytochromebs reductase is
capable of reducing electron acceptors such as methylene blue, ferricyadidiehf®rophenol-
indophenol, and the physiological acceptors OM cytochrorredcytochromebos.

Madhavi and Carpenter (1993) determined the effects of postmortem agingsinigpces
method and retail display time on MetMb reductase activity, oxygen consumptiomchtalar
stability inPsoas majoandLongissimus dorsnuscles. Theyeported that surface MetMb
formation MetMb reductase activitgnd oxygen consumption rakere affected by muscle
type, postmortem aging, and fabrication method. They foundPHtas majosteaks had greater
MetMb accumulation, lower MetMb reductase activity, and greater oxygenrmo@tisn rate
thanLongissimus dorssteaks, but after grindinthe color stability was similar between both
muscles.Meat color was more stable in steaks fabricated at 4 or 7 days after slaughter. Th
order of color stability in terms of processing method was lautesteaks > sawut steaks >
ground muscle.

Zhu and Brewer (1998) studied relationships between color staMbtyb reductase

activity and oxygen consumptigate in p#, soft and exudative (PSE), dark, firm and dry
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(DFD), and normal pork. file highesMetMb reductase activitgnd oxygen consumptioate
was found in the DFD porkyhile the lowest enzyme activityas measured iIRSEpork. No
differences were register@u oxygen consumption rateéetween PSE and normal samples.
MetMb reductase activity dropped slowly during msatrage andxygen cosumption rate
rapidly decreased durinthe first day of storage.

Mik kelsenet al. (1999) demonstrated the presence of a MetMb reducing enzyme system
in pork Longissimus doranuscle. Presence of NADH was critical for the reductiout the
electron transfer mediator was less import@he latterobservation suggestéaat MetMb in
pork would be morelosely associated the NADH-cytochromebs reductasenzyme compared
to the bovine MetMbln addition porcine MetMb was more easily reduced by NADH in a-non
enzymatic process compared to bovine and eduet&ib.

Echevarne et al. (1990) examirtbé localization of the MetMb reducing systéire
effects of pH and temperature wnvitro MetMb reductase activifyandthe influence of @in
enzymatic activity.Homogenatefrom four different colorstable beef muscles were used:
Longissimus dorsiTensor fasciae latad€®soas majgrandDiaphragma medialisThey observed
that he greatesteducing activity wa# the fraction compsedof microsomes anthostly intact
mitochondria. The most colamnstable muscles also htek highest reducing activity, and no
differences were registerégtween aerobic and anaerobic activities. From their findings, the
researchers conclud#uhat MetMb reductase activity is not associated to color stability
regulation induring measheltlife.

Lanari and Casss (1991 )analyzedifferences in mitochondrial activityf golor-stable
Longissimus dorsand colortabile Gluteus mediumuscledrom Holstein and crossbreed steers.

Oxygen consumption rate decreasaat MetMb reductase activity was unaffected by the storage
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time. Gluteus mediumuscle and Holstein stegreesented the highest oxygen consumption rate
and MetMb reductase activitiResultslead to a question abathte role of MetMb reductase
activity in beef discoloration while mitochondrial oxygen consumption rate would be a
contributing factor in the effects of muscle and breed on the rate of discolotataari(and
Cassens, 1991).

O Keeffe and Hood (1982) measured different biochemical parameters in nwisiales
different color stability characteristics. They concluded that pigmentt®n takes place
aerobically and anaerobically. They also stated tetrate oMetMb formation(or
discoloration rate) in different muscles would be more related tenthgmatic activityand
oxygen consumption rate thag MetMb reducing activity.

King et al. (D11) reported that ifferencesn color stability across musclésive been
mostly attributed to greater oxygen consumption in musweiésless stable colpdue to
oxygenscavengingnzymes compete with myoglobin for oxygesulting in greater
deoxymyoglobirconcentrationwhich is more susceptible to oxidation than oxymyoglobin.
These differences in oxygen consumption would be associatiffiet@nces in muscle fiber type
acrosanuscleqKing et al., 2011).

Bekhit and Faustman (2005p&edthat even when MetMb reducing activity has been
demonstrated in postmortem musthe extent to which this system contrilstie@ maintenance
of freshmeat color stability stilfemains unclear. One of the main constraints to support the role
of MetMb reducingactivity is therapid NADH oxidation under postmortem conditions,
particularly at normal meat pH (approximately 5.6). Moreover, extrapolationvifo resultsto

more complex biological systexasin fresh meat leave questions unanswered.
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Furthermorea non-enzymatic reduction of MetMb has been shown to occur when
NADH or NADPH werepresent, as well &DTA was presentBrown and Snyder, 1969), in
presence oascorbate but absence of NADH (Hagler et al., 1979), or by direct reduction of

cytochromebs by a-tocopherol (Lynch et al., 1998).
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CHAPTERIII

EFFECT OF PACKAGING DURING STORAGE TIME ON RETAIL DISPLAY SHELF-

LIFE OF BEEF STRIP LOINSFROM TWO DIFFERENT PRODUCTION SYSTEMS

INTRODUCTION

Growing demand for foods around the world, along wighobalized international
market, has led to increased interesbitendng shelflife of food products. This is particularly
important for fresh meat that is considered one of the most perigifdbtals, beausdts
compositionis ideal fa the growth of a wide range of spoilage bacteria (Mayr et al.,)2003
Many factors, alone or in combination, such as atmospheric oxygem{@isture, endogenous
enzymes, temperature, light, doacteria, have a detrimental effect on nopatlity (Lamber et
al., 1991).

Meat quality deterioration does not refer just to microbial contamination. Other
mechanisms, such as lipid and myoglobin oxidation, play an important role in this détamior
process. Lipid oxidation is related to the development of off-flavors, while pigowetdtion is
responsible for meat discoloration, and both processes are interrelated (Raetsaina010).
Oxidation of fat and myoglobin depends on, besides environmental conditions, the balance
between endogenous and/or exogenous pro-oxidant and antioxidant compounds pmesaint in
(Martinez et al., 2014). Cattle feeding systems (grass vs. grain) afdattthacid profileand
the antioxidant capacityf oneat (Daley et al., 2010).

Development of new packaging systems represents, along with other preservation
methods such as chilling, freezing, etc., a suitable strategy to ertaidheHife that includes

storage and retail display life.
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Therefore, the objective of this study was to evaluate the influence of pagkhgng
storage of strip loins (to simulate export shipment) from steers fattenedzomggggstems
(Uruguay) or on high concentrate diets (United States) on retail displaytihetilor, microbial

growth, fatty acids profile, lipid peroxidation and vitamin E content.

MATERIALSAND METHODS

Slaughter and Carcass Sampling

Experiments wereepeated three times and eagpetitionwas consideretb bea different
block of the overall study. For each block, 10 strip loins were collected from the rightafide
carcassem a commercial meat packing plant in UrugudRR] from steers fattened on an intensive
grazing systemwith improved pastures. aBturs conssted mainly of tall fescueL@lium
arundinaceuryy italianryegrass l(olium multifiorum), redclover (Trifolium pratensg black oat
(Avena strigosp Carcasses were graded after slaughter using the Uruguayan grademg a§s
specified by the National Meanstitute (INAC, 1997), and carcass dataere recorded
(conformation, age, degree of finishing, deoti). Carcasses were classified as young steers based
on dentition (2 to 4 permanent incisors) and the HCW were between 250 to 2®8flegent
muscling gradesaccording to the Uruguayan grading system (INAC, 208dj)ebased on visual
assessment of muscle mass developmenwaneidentified by thdetters belonging to the word
| -N-A-C-U-R, fromvery muscular development tihinly-muscled and carcasses were
graded as N or A. Strip loins were fabricated afth of slaughter from a “pistola” cut by cutting
from the 10'rib tothe lumtar-sacral junctionAfter fabrication strip loins were vacuum packaged,
properly boxed and maintainechder refrigerated conditiorduring its air shipment to United

StateqUYS).

34



On the same daynowhich Uruguayan strip loins were fabricated, 20 strip loins (IMPS
#180)from the left and right sidesf eachof 10 carcasses, were collected in a federally inspected
US meat packing plant and maintained vacuum packaged under refrigerated conditions (2°C) in
the Meat Laboratory at Colorado State University until the packaging treiatavere applied.
Carcasses were representative of US conventional feedlot production systethsvanejraded
as USDA Choicevith A maturity andan aveage HCW of 387 kg. One week after Uruguayan
steers were slaughterestrip loins samples arrived at the Meat Laboratory of Colorado State
University and packaging treatments were applied to the samples from bothesountr
Packaging Treatments

All sample processing took place in the Meat Laboratory at Colorado State University.
Before packaging treatments were applied, samples were trimmed to 0.6 extewfal fat
thicknessUp to four packging treatments were evaluated withioth production system$&JR
and US) for each blockor two of thetreatmentgsstrip loins were fabricated into 2 fn-thick
steaksand for the other twtreatments 7.5-cm-thick piecefrom the strip lois was used.

Because of different strip loin fabrication procedure betwammtries, both strip loins
from US carcasses were used and just the right strip loin fiemddcasses were collected. The
UR strip loins were longghan US strip loingllowing toapply thefour packaging treatments in
just one strip loinPackagingreatments were assigned randomly within each strip loin for UR
samples and within each pair of strip loins (right and left)S sampleswithin each packaging
treatmentand country of origin, three different retail display times (0, 3 and 6 d) nardamly
allotted.

In block 1, the four packaging treatments were: 1) vacuum packagidultivac C500;

Multivac Inc., Kansas City, MO) & 7.5cm-thick strip loin piecewith a barrier bag (B6620 bag
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oxygen transmissionate [OTR] of 4.5 mL/n?/24 h at 4.4°C and 0% REnd moisture vapor
transmission rattM VTR] of 0.45¢/645.2 cné/24 h at 37.8°C and 100% RBryovac Sealed Air
Corp., Duncan, SCR) low-O2> MAP with nitrogen (N) as a filling gasand CQ (MAP/CQOx) of
the individual 2.54cm-thick steaks or#2 polystyrene trays (Genpak LLC, Glens Falls, NY)
containing absorbent pad®r{-Loc AC-50, CryovacSealed Air Corp. Duncan, SC) and
overwrapped withpolyvinyl chloridefilm (MAPAC DBL-TP film; OTR of 18,600 mL/nd/24 h
and MVTR of 28 g/645.2 crd24 h at 37.8°C and0% RH; Resinite Packaging FilmAEP
Industries Inc.Griffin, GA). Trays were flushedith a80% CQ and 20% nitrogen gas mixture
(Airgas Inc., Fort Collins, COn a master bag (PM9120B, 2.0 mils; O%R5.3 mL/nt/24 h at
23°C and 0% RFand MVTR of 9.5 g/m?24 hcn? at 38°C and 9% RH; Cryovac Sealed Air
Corp., Duncan, SC) using a gas-flush packaging machine WaarMark Ill; M-Tek Inc., Elgin,
IL). 3) low-O2 MAP with N2 plus CQ and CO MAP/CO) of the individual 2.54m-thick steaks
using the same equipment, trays and films usethBMAP/CO; treatment. Tays were flushed
with a80% N, 19.6%CO,, and 0.4% C@as mixture (Airgas IncSalt Lake City UT). 4) VP
plus eroxyacetic acid YP/PAA) applied to a 7.®&m-thick strip loin piece. Before VRMultivac
C500; Multivac Inc., Kansas City, MO28 to 30 ml of a 80 ppm PAA solution (16% PAA,;
DiverContact P16, Diversey Sealed Air Corp., Sturtevant, WI) spasyedonto eachstrip loin
piece.Two readyto-use O scavengers (FreshPax CR14, Multisorb Tecnologies Inc., Buffalo,
NY) were placed in the headspace of the master bags corresponding to the MAB&DI@ent
and one @scavenger (FreshPax CR20, Multisorb Tecnologies Inc., Buffalo, NY) veasfas
the MAP/CO treatment, according to theanufacturer’secommendation

In block 2, tmeetreatments werevaluated and include®&P, MAP/CO and VP (B2620

bag OTR of 3-6 mL/m?/24 h at4.4°C and0% RH andMVTR of 0.5-0.6 g/645.Zn?/24 h at
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37.8TC and100%RH; Cryovac Sealed Air Corp., Duncan, SC) wtiny-N-lauroylL-arginate
HCI (LAE) incorporated into the film as an antimicrobial agé¥P/AM). In block 3, the
treatments were/P, MAP/CQG, MAP/CO and VP/AM.
Retail Display

After the packaging treatments were appl&ainples werstored ina coolerset at2°C
under dark conditionfor 35 dto simulate export shipment (Fig§.1). After storage the mother
bags from the MAP/C@and MAP/CO treatments were opensdmples for d O of retadlisplay
were taken for corresponding measuremaeartd, then the individual traysereplaced in a multi
deck retail display case (Hussmamodel No. M3X8GEP) seait 2°C (x1°C) for up t® days
Additionally, the 7.5cm+-thick strip loin piece from the VP, VP/PAA (block 1) and VP/AM (blocks
2 and 3) treatments were fabricated into ZB#thick steaksand overwrapped on individuals
trays with the same matelsaused for the MAP treatments, asaimples for d O of retail display
were taken for the correspondidgterminationsTherefore, all the samples displayed in the retalil
case were steaks on individual traygrwrapped witlpolyvinyl chloridefilm (MAPAC DBL-TP
film). Retail display case was equipped with light emitting diodes (LED) lighting that illuminated
at an average light intensity of 900 Lux (x184 Lux). Samples were exposed tduiyig the
entire evaluation period. Every 8 h, samples were rotated to acavuayf variation in light
intensity or temperatur®etail case temperature was monitored during display tempgerature
dataloggers (iLog Console Prgryopak Monticello, AR).
Microbiological Analyses

Initial bacterial counts for mesophilic, psychrotroplitseudomonaspp. and lactic acid
bacteria LAB) were performed on the vein steak of each strip loin before packaging treatments

were applied (before storage). Microbiological analyses alscearriedout after 35 d of storage

37



time (d Oof retail display and on d 3 and d & the retail display pericg At each sampling time,
a 4 x 4 cm square wamssepticallyexcisedfrom the center of 10 steaks per treatment using
disposablecalpels (Feather Sterile Scal2®s5#21 GrahamFieldInc., Atlanta, GA and placed
into individual sterileVhirl-Pak bag (710 mL; Nasco, Fort Atkinson, WIThe remaining part of
each steak was cut into 1 x 1 cm cubes and the subcutaneous fat was removed. The cubes from
each steak were placed into a sterilized Whak bag (207 mL; Nasco, Fort Atkinson, WI) and
werefrozen at80°C forsubsequerthemical analysis. Thex 4 cm square®r microbial analysis
werehomogenized iif2 ml of Dey/Engley (D/E)neutralizing broti{Difco Laboratories, Sparks,
MD), using a masticator paddle blender (IUL Industries, Barcelona, Spain) for 2 minldrenf
serialdilutions were prepared in test tubes with 9 ml of 0.1% buffered peptone water [BRRW;
Laboratories, Sarks, MD). Appropriate dilutions were surfagkted in duplicate onto two sets
of tryptic soy agar (TSAAcumedia, Neogen Corp, Lansing, Milates; one set for enumeration
of mesophilic microbial populations and the second set for enumeration of pdytarop
microorganisms. Appropriate dilutions were also suHaleged onPseudomonaselectiveagar
(PseudomonasAgar CFC Selective Agar; Oxoid Ltd,Basingstoke, UK to obtain total
Pseudomonaspp. counts. Colonies were enumerated after incubation of plates at 25°C for 72 h
(mesophilic andPseudomongsor 7°C for 10 d (psychrotrophic). Lactic acid bacteria counts were
determined using the pour plate metiiloaictobacilli MRS Agar; Difco Laborates, Sparks, MD)
in a double layer technique using 10 mL for each layendamtainanaerobic conditions. Plates
were counted after 72 h at 25°C incubation.
I nstrumental Color

Instrumental color measurements were recorded every 8 hours on the steakedlispl

the retail case for the total exhibition period (6 d). In blocks 1 and 2, measurementdiaared
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usinga handheld reflectance spectrophotométimter MiniScan XEModel 45/0-S; Hunter
Associates Laboratory Inc., Reston, Véquipped with a 6 mm measurement pcatibrated at
anilluminant Dssand 10° standard observer andfeblock 3, the measurements wewdlected
using a Hunter MiniScan EZ (Model 4500 Bynter Associates Laboratory Inc., Reston, VA)
provided with a 6 mm port size and aslight source HunterCIE L"(lightness), gredness), and
b" (yellowness) values werecordedn triplicateon the learand subcutaneous fat of each steak
through the werwrap film and the averages were used for statistical angby@strophotometers
were calibrateavith the black glass and white tile before each use.
Visual Color

Trained color panelists (n = 6 to 8) evalualedn lightness lean redness, percent lean
discoloration and fat color every 8 h on steaks exhibited duringptakdisplay period6 d).
Panelists used a 15 cm unstructured line scales anchored at both ends with detscnyiveor
leanlightness 0 cm denoted flat or dull, and 15 cm represented very bright/vivid. For redness of
the predominant lean color, 0 cm denoted dark red or brown, and 15 cm indicated bright cherry
red. For fat color, 0 cm represented yellow/tan or brown/green, and 15 cm denoted very white
color. For percent color discoloration, 0 cm representedd¥ surfaceliscoloration and 15 cm
indicated 100%ean surfaceliscoloration After each scoring session, individual panelist ratings
were averaged to obtain a single panel rating for each \atulute of each sample
Odor Panel

Odor paned were carried ouat the end of the retail display period (6 d) for each block.
Between 14 and 15 trained panelists who had previtnesgtrained toassess and rate adtlors
evaluatedl6 samplesd samplefpackagingreatment x system combinatiofihe samples were

evaluated on traysarefully removing the PVC film to avoid any microbial contaminatising
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a 15cm unstructured line scale anchored on theeexdr left indicating absence of odor and the
extreme right indicating a very strong presen&esingle sensory value was obtained for each of
the following odors: oxidized, putrid, and sour. Panelists marked the scale with al Viedicd
the perceived itensity of the attributes.d8ults were expressadthe distance of the limaeasured
from the extreme left end of the -tBn scale.
Chemical Analysis

Fatty Acids Analysis.Composite samples (n = 8¢lectedandomlyfrom each packaging
x country of origincombinationand for each bloclkvere used for the fatty acahalysis. Before
compositingsamples were homogenized using a Robot Coupe BLIXER 6V (Robot Coupe USA
Inc., Ridgeland, MS)ratty acid FA) analysis was conducted for samples fieb 3 and 6 of the
simulatedretail display periodTotal lipid content wasleterminedfrom 1 g of homogenized
sampleusing the chlorofornmethanol lipid extraction method described by Folch et al. (1957).
Fatty acidsvere analyzed by gas chromatograpkinga Hewlett Packard (Moded890 series |l
Avondale,PA) gas chromatograph fixed with a series 7é§&tor and flame ionization detector.
The analytical method was the sametad described by Phillips et al. (201®atty acids were
identified by comparinghe relative retention times of sample fatty acid megéisyer peaks with
those of standards. The methyl egteaks were calculated as normalized area percerabfpt/
acids.

Vitamin E.Composites samples were used for the vitamin E content determioattf,
3 and 6 of the retail display period. The analytical procedure used was as ddsciljea et al.
(1995).

Thiobarbituric AcidReactive Substanc€¥BARS)Lipid peroxidation was determindxy

guantifying the malondialdehyde (MDA) concentrations in each sample per théactaner's

40



instructions. Briefly, MDA concentrations were determined using a coloiorexidpoint MDA
guantitation kit (OxiSelect TBARS Assay Kit; Cell Biolabs Inc., Saadoi CA) on all samples
following O, 3 and 6 d retail display. Malondialdehytti@barbituric acid adducts were created
per the manufacturer’s directions and read at 532 nm in a microplate regaeng(SGHT Multk
detection reader; BioTek Instruments In&/jnooski, VT), computecontrolled (Gen5 Data
Analysis Software; BioTek Instruments IndVinooski, VT) and quantified using a MDA
equivalent standard provided by the manufacturer. Assays were completed no more oném 1 m
after the samples from each block were frozei@@itC.
Statistical Analysis and Design

Block 1 was analyzed separately from blocks 2 and 3 due to one of the packaging
treatment®valuated beinglifferent.For block 1,our collaboratorprovided us the PAA solution
to be sprayed on strip loin pieces before td evaluate its antimicrobial effectivenegsnew
technology beame available and we decideith our collaborator to substitute the previous
treatment (VP/PAA) with a VP filnwvith LAE incorporated into the film as an antimicrobial agent
for blocks 2 and 3Data were analyzed asplit-plot, repeated measures desiging the MIXED
procedure ofSAS (SAS Inst. Inc., Cary, NC, version 9.®ith country of origin or production
system(n = 2) as fixed main effect, packaging treatment (n = 4sasplot, time as a repeated
measure and strip loin as a random eff&ttidentized residuals plots were evaluatedesh
homogeneity olvariance and normality for all datidenwardRoger approximation was used to
calculate denominator degrees of freedondiftferent covariance structwsér adjustmenof the
F-statistic.The experimental unit was the individual steak for the MAP treatments and itm&-7.5
thick strip loin portion for the VP treatmentshich was fabricated into 3 steaks (for d 0, 3 and 6)

before retail display.After ANOVA, least squares means were calculated for treatment
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comparisonsvith asignificance level ofi = 0.05 using the PDIFF option of LSMEANS,h&n
F-tests were significantP(< 0.05). Analysis of blocks 2 and ®ere conductedogetherin an
incomplete design (no MAP/CGOn block 2)andthe blockeffectwasremoved from the model
when it was nosignificant.

Microbiological data were analyzed d 0, 3 and 6 of display time using a mixed model
which includedpackaging treatment, system and tiasefixed effects and thendomeffect of
strip loin within system and packagingiip loin within system interaction. In the analysis of the
data forblocks 2 and 3 together, the blaalskowas considered as a random effect. Initial badteria
countsfrom the vein steak evaluated befapgplication othe packaging treatments was used as a
covariate for the data analysksatty acid composition, TBAR&lues and vitamin E content were
analyzed with the same model as the microbiological data, except that no eswased used.

For odor panel, putrid odor was analyzed using the LOGISTIC procedure for binary
response variablegfter normalization othe data using square root transformation, oxidized and
sour odors were analyzeging the GLIMMIX proceduref SAS

For instrumental and visual color variables, the best covariance structure wasimketer
based on the Akaike Information Criterion theglecé a model from a set of models
Autoregressive (AR [1]), heterogeneous autoregressive (ARH [1]), compouncesyni@S), and
heterogeneous compound symmetry (CSH) covariance structures were usled fepeated
measures analysis. Packaging and system were considered as fixed reff¢cesrandom effect
of strip loin within system and packagirgstrip loin within system interaction were included in
the REPEATED statementirnie was considered as a continuous variable for the data analysis.
Principal component analys¢PCA) were condtied considering 1, a, and b parameters for

muscle, redness and percent discoloration.
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RESULTSAND DISCUSSION

Microbiological Contamination

Different antimicrobialnterventiorsystems (for food safety contrelere used in the meat
packing plants in UR versus th&/S. Furthermore, postmortem conditionsght be different
considering UR samples transportatiéior thesereasos, microbiological data analysesere
performed within each country of origin because results were thus confounded among a number
of factors that were not controlledhitial bacterial counts before application of packaging
treatments for US strip loina block 1 were: 1.2 £ 0.7, 1.0 £ 0.7, 0.9 £ 0.8, and 0.6 Hdih
CFU/cnt, for mesophilic, psychrotrophi®seudmonasspp., and LAB, respectivelyacteria
load onUR grip loinswere 2.1 + 0.5, 0.9 + 0.5, 0.4 + 0.2, and 1.0 + o CFU/cn?, for
mesophilic, psychrotrophi®seudomonaspp., and LAB, respectivelyor blocks 2 and 3he
initial microbial contamination levels in US samples were: 2.1 + 0.6, 1.8 £ 0.6, 2.0 £ 0.8, and 1.8
+ 0.4 logo CFU/cnt, for mesophilic, psychrotrophi®seudomonaspp., and LAB, respectively;
in UR strip loins the counts were: 3.8 +1.0, 3.1+ 0.9, 1.7 £ 0.9, and 3.5 * 1, CKid/cn¥, for
mesophilic, psychrotrophi®seudomonaspp., and LAB, respectively.

Because samples were stored under refrigerated conditions, it was expéectestpilic
bacteria were mainly psychrottap. One of the most important environnial factors that
determines bacterial growth on meat is the temperature (Lambert et al., 190d}h Gf
psychrotrophic bacteria is favored under refrigerated conditions and theyarallyeresponsible
for meat spoilage (Ercolini, 2009). At the endstdrage time (d O of retail displagihd for block
1, mesophilic and psychrotrophic bacteria counts were loRex 0.05) in VP and VP/PAA
treatments in US samples and VP/PAA has lowex 0.05) bacteria load than MAP treatments

in UR samplegTables 3.13.2, 3.5, and 3.6).
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No significant differencesP(> 0.05) in mesophilic and psychrotrophic bacteria were
detected among treatments on d 3 and d 6 of displalie US samples block 1(Tables 3.1 and
3.5). For the UR steakm block 1, nosignificant differencesK > 0.05) in mesophilic bacteria
population were detected among treatments on d 3 and d 6 of retail display (Table 3.2), and on d
6 for psychrotrophic bacteria (Table 3.6). However, psychrotrophic bacteria couloiweagd <
0.05 in the VP/PAA than both MAP treatments on d 3 of display (Table. Bh&)results found
in block 1 for both production systems are not in agreement with the well documented
bacteriostatic effect of COn MAP (Farber, 1991; Gill, 1996; Jakobsen and Bertelsen, 2002).
Under anaerobic conditiores those imposed by the four packaging treatmé&iB growth is
favored when the initial counts of spoilage bacteria are low (Gill, 1996), and bebteme
predominant microorganisms of meats (Egan, 1983). One thas#c of LAB is that they are
resistant to inhibition by CO(Egan, 1983), that could explain the Humacteriostatic effect
observed in both MAP treatments for block 1 (Tables 3.1, 3.2, 3.5, 3.6, 3.13, and 3.14). However,
in blocks 2 and 3or the US samples on d 6 of displdlyere was an inhibitory effed® & 0.05) of
COz on the mesophilic bacteria coam the MAP treatments compared to the W&ble 3.3), and
on psychrotropic bacteria loadK < 0.05) compared to the VP treatm€hable 37). Packaging
treatment had no effed® & 0.05) on mesophilic and psychrotrophacterigoopulationat the end
of the retail display time (d 6) in the UR samples from blocks 2 and 3 €lakland 3.8. It is
important to note that, in block 1 for both production systems and in blocks 2 & 3 for the UR
samples, mesophilic and psychrotrophic counts at the end of the retail disptay ipeany
packaging treatmentere close to oevenexceeds 7 log CFU/cnt whose level is considered as
retail delf-life (Borch et al., 1996; Tables 3.1, 3.2, 3.4, 3.5, 3.6, and 3.8). No effect of packaging

treatments at high contamination levelay be associated with the stationary phase of growth
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curvereached by bacteria populatidn the present study, thetéb period from slaughter to retail
display was 42 d (7 d from slaughter to the application of packaging treatments plusrdge) st
hence explaining, in part, the high bacteria counts.

In regard to LAB, at the end of display and for block 1, US samples under MAP/CO had
greater P < 0.05) counts than samples treated with both VP (Table 3.13); no differBre806)
among packaging were detected for UR samples (Table 3.14). Both MAP anil\#leédments
in the US samples for blocks 2 and 3 had lofi®er 0.05) LAB counts on d 6 than the VP treatment
(Table 3.15), but no differenceB ¢ 0.05) were found among packaging treatments for the UR
samples (Table 3.16).

Pseudomonaspp. represent one of the most important spoilage bacteria on refrigerated
mead, mainly under aerobic conditions (Lambert, 1991; Garcia de Fernando et al., 1999 96ill
Pennacchia et al., 2011) due to its greater ability to use glucose and amirtbacmtber bacteria
at refrigerated temperatures (Ercolini et al., 20@8gidomonaspp. produce gluconic acid and
2-oxogluconate in the Entn@&oudoroff pathway from glucose under aerobic conditions, which
accumulate outside the cells and are further utilized; whereas, competiegabaie unable to do
so. AfterPseudomonasrganisms reach an 8 lagCFU/cm? concentration on meat surfaces, the
glucose supply is not enough to meet their growth requirements and then acsreracliegraded
generating sulfucontaining compounds (Zhang et al., 2011) that are relamatrid odors (Gill,
1996). PRoteolytic activity of Pseudomonasspp. lead to their penetration into the meat
representing an ecological advantage because they have access to a new niche vattatabidy
nutrients not accessible twn-or less proteolytic bacteria (Nychas et al., 2008). Additionally, it
has been documented tliRdeudomonas fluoresceplysa main role in meat discoloration due

to theincreasedMetMb formation via increased oxygen consumption (Chan et al., 1998).
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For block 1, no difference®(> 0.05) were detected among packaging treatments in US
samples at the end of the display time (d 6); whereas, for UR salnptle®AP treatments had
a lower (P < 0.05) Pseudomonaspp counts thanVP treatments (Tables 3.9 and 3.10).
Pseudomonaspp.counts werdéower (P < 0.05) in theMAP/CO;than the other three treatments in
US sanples on d 6 of retail display fimocks 2 and 3 (Table 3.11). This could be explaimgd
less residual oxygen in packaging during storage because anaerobic conthtimnhall growth
of thePseudomonaspp (Gill, 1996). It is important to keep in mind that retail display steaks
from all treatments were eqgualcondition, overwrapped with an oxygen permeable film and the
packaging treatments were applméviouslyduring the 35 d storage time. Exposure to air entails
a fastPseudomonaspp. growth (Borch et al., 1996). WR samples and for blocks 2 and 3,
VP/AM treatmentesulted ina lower P < 0.05)Pseudomonaspp. counts than the MAP/CO and
VP treatment (Table 3.12).

The VP/PAA (block 1) and VP/AM (blocks 2 and 3) treatmemé&e not effective in
inhibiting bacterial growth athe end of retail display compard¢o the other three treatments
(Tables 3.1 to 3.16). Use of PAA solution at 80 ppm may be explains the lack of inhibigaty eff
on bacteria population observedtbe VP/PAA treatmentood and Safety Inspection Service of
USDA approved to use PAA up to a concentration of 220 ppm (FSIS, ZHrBXyacetic acid is
a disinfectant that oxidizes and denatures proteins and lipids of microorganismsgcausin
disorganization of the membrane (Maris, 19%&)l and Badoni(2004) reported inconsistencies
in PAA efficacy as an antimicrobial agent wéhrobic countseductions between <0.5 log and 1
log unit. King et al. (2005) observed thatewf PAA as an antimicrobial intervention to control
Escherichia col0157:H7 andalmonellal yphimuriumwas not effective when applied to chilled

inoculated carcass piece aagoés Ransom et al. (20019valuated the efficacy of different
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intervention technologies to decontaminate beef carcassésaspiecesurfaces oescherichia
coli O157:H7.They reported that 0.02% PAA reduced pathogen populations in 1 log CFU/g when
applied on lean tissue pieces. Pohlman et al. (2688)rtedabout 1.6log CFU/g reduction in
aerobic plate counts on®of simulated retail displagompared to the untreatedmntrol when
0.02% PAA was applied on beef trimmings before grindl@gornaras et al. (2012) reported
reductionsof pathogen counts of 0.6 100 log CFU/cnt when PAA was used at 200 ppm as an
immersion treatment for decontamination of beef trimmings ilated 8.4 to 3.9 logCFU/cnt)
with Escherichia coli0157:H7 or non-O157 Shiga toxin—producing E. coli.

On the other hand, VP/AM with LAE did not redumécrobial activity in this studyThe
LAE is a cationic preservative derived from lauric acid arginine, which causes disturbance in
membrane potential and structural changes and loss of cell viability, ditimaudisruption of
cells has been detected (Rodriguez et al., 2004as been reportetthata 1.78 to 5.81 log
reduction on chicken bregfilletswas obtained when LAE was incorporatetbia chitosan film
(Higueras et al., 2013). Pezo et al. (2012) indicated that the critical point inraiceotiial active
packaging is the kinetics of release of the antiafi@l agent from the packaging, although the
migration kinetics of LAEhave shown its progressive release to the food for at least 24 days.
Joerger (2007) conducted a reviewthe antimicobial films used in foods and concluded that
they still face limitationsbut even when they fail to completely remove higher numbers of target
bacteria, they can be used as an additionatgrosiessing safety measure. Thus, antimicrobial
packaging represents promising form of active packaging to controdlrat contaminatio by
reducing the growth rate and/or extending thedhagse of the target bacteria, or by inactivating

bacteria by contact (Quintavalad Vicini, 2002).
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Color Measurements

Fresh meat quality attributes yaround the world depending on consumer pegfees in
different regiongJoo et al., 2013} owever the color of fresh meat is considered tdtEesingle
most important characteristic influencing a consumer’s purchase decisimtinan and Cassens,
199Q Zerby et al, 1999)Meat color depends omé concentration and chemical state of the
pigments and the physical characteristics ofrtieat (Renerre, 1990Yleat discoloration can be
interpreted as a deviation from ideal copyeferred by consumets something less desirable
(Faustman and Cassens, 19%plongedneatstoragepromoteshe oxidation ofboxymyoglobin
to metmyoglobinresulting inan unattractivéerownmeatcolor (O"Grady et al, 1998).

Instrumental parameters and subjective attributes were evaluatssets¥neat colorin
the present study, and in order to redométidimensional data and identify patterns in theocol
dataset, principal component analyses were performed. The first 2 PC explained #3860 of
orthogonalvariation in thecolor data(Table3.17). An eigenvalue greater than 1 points out that
PCs account for more variance than accounted by one of the original vatiabldéisgsrepresent
the weights in the linear transformation when computing principal components scohes (S
2005). For the PC 1 the loadisgwere:-0.198, 0.585, 0.515, 0.436, ar@l404 for L*, a*, b*
measured on steak surface, redness, and percent discoloration, respéativéie PC 2 the
loadings were: 0.6590.190, 0.292, 0.541, aneD.390 for L*, a*, b* measured on steak surface,
redness, and percent discoloration, respectifélg.a*valuewaspositively associated explaining
the variation in the PC 1 while percemablorationhad a negative associatidrnese resultseem
logical, considering that increage a* valuesand percent discoloration measured on the steak
surface are positively and negatively associated, respectively, to meat colorredefey

consumes. Renerre (2000)ndicated that thea value represents an important meat color
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parameter related to meat discoloration (conversion of oxglagm to metmyoglobin)}that it is
characterized by a decrease in its values. Zerby et al. (A689nined an’aalue of 7.7 measured
on the surface of a strip loin steak below which it would be discounted in a retail diapay
These findings agrelevith Carpenter et al. (200Who reported that consumers prefer to purchase
bright redbeefrather than purple or brown bee¥en though packaging systems did not affect
eating satisfaction experience.

The UR strip loins under MAP/C®ad a greatef(< 0.05) a valuesthan the VP/PA and
MAP/CO; treatments on d 6 of display periogor the US sampleshe MAP/CO treatment
generated the most r@dlored lear(P < 0.05)compared to the other three packaging for block 1
(Fig. 3.2). In blocks 2 and 3the UR strip loin steaks in MAP/CO albadthe greatest avalues
compared to the other three treatmghis no diffeences P > 0.05) were detected among the VP
treatments and the MAP/CO in the US steaks at the end of the retail display tin& J)Fip
generalthe results confirned previous findings that meat exposed to CO extend the chenlry
color in fresh meat (Gee and Brown, 1938 heim et al., 299, Luiio et al. 2000Carpenter et al.,
2001;Jayasingh et al., 2001; Hunt et al., 2004)e ability of the iron located in the center of the
myoglobin’s porphyrin ring to bind ligandsnd also its valence plays major role in meat color
(Mancini, 2009). Myoglobin’s heme ring has a strong affinity for @@ming ferrous
carboxymyoglobin that has a visible spectrum similar to thaixgimyoglobin (Livingston and
Brown, 1981). These authors also reported thaCtheomplex is stable even when denaturation
of the proteins taleplace and CO dissociates from ferrous myoglobin 1000 times more slowly
than oxygen. However, they also pointed out that carboxymyoglobin is extremdéy tabi
photooxidationwhich could bea problem in retail case condition&lues fora* of leanafterd 4

of retail display for the UR samples under MAP/Gf@atmentvere similar to thoseeported by
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Isdell et al. (1999) fosteaks from th&ongissimus doramuscle stored in MAP (50% G(B0%

N) with Oz scavengerfor 6 wk and displayetbr 4 d. In the presenstudy,a* valuesmeasured on
steak surfacewere generdly lower than those reported by Yang et al. (2002b)vacuum
packagedLongissimus dorsstored during 47 days arithereafteroverwrapped in oxygen
permeable filmfor 7 daysin darknessGatellier et al. (2005) also reported greater a* values on
Longissimus dorssteaksagedin VP for 14 d and subsequently stored in an oxygen permeable
film during 6 d in dark conditions.

Deterioratiorbased ora values(Fig. 32 and 33) during retail display, independeof the
packaging treatment, wésss pronounced IR steaks than ikhS samplesThis difference was
likely due tothe greaterR < 0.05) vitamin E content in theRbeefmusclethan in the US samples
(Fig. 3.4and 35) whichwould relate to a greater intrinsaatioxidant activityagainst pigmerdénd
lipid oxidation(Descalzo and Sancho, 2008)so, it was possiblthatUS sampletadan ultimate
pH lower tharthose forlUR beef promoting MetMb formation and leading to a low color intensity
(Renerre, 1990A potential hgher MetMb reducing activity in the UR samples could also explain,
although it was not measured in this stuthgreater color stabilityBekhit and Faustman, 2005).
O’Sullivan et al. (2003) reported greatevalues forsteaks from pasturked steers than for steaks
from steers fe@ concentrate diet when meat samples were under MAP (8G#%d20% COQ).
Lanari et al. (2002) reported thafter 30 d aging, bestimples from pastuified steers had similar
color and color stability tgrainfed steersupplemented with vitamin,E&nd better thathose
beef samples from steefsd with grain but not supplementefls pigmentations positively
correlated withel values(Vestergaard et al., 2000), its level could be greatdRrsteaks than in
US samples. Some works have shown that paslietdinishing animals present higher myoglobin

concentration than concentrdeal cattle(Bidner et al., 1986; Vestergaard et al., 2000). However,
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Gatellier et al. (2005) did not repatifferences in myoglobin content between grassl grain
fed steers.

In the analysis of lightness (Lvalueson the surface of the steak, country of ori@im
block 1, and blocks 2 and 3), and time (in block 1) were the only signifieantd(®b) effects.
Therefore, packaging treatment and its interactions did not affecD(05)L" valuesof muscle.
In block 1, US samples had greater (32.6 vs. 8:50.0015) [ values than UR sampleshich
also was truen block 2 and 3 (33.4 vs. 31.B;< 0.0001). These resuligerein agreement with
the findings reported by Vestergaard et al. (2000) and Gatellier et al. (BG@bichLongissimus
dorsi samples frm grainfinished steers were lighteolored(higher L values) tharthose from
pasturefinished steers due to a higher ultimate pH normally achieved on graztemsyi.e.,
since pH is inversely related to lightness of meatstergaard et al. (2000) also demonstrated that
pasturefinished steerbaveskeletal muscle fiber types characteristislofv contraction and more
oxidative metabolisgnwhich would explain darkezoloredmeat (lower L values)with higher
myoglobin cacertrations compared to graHfinished steers. Darker lean color in pastige
compared to graifed steers alswasdocumented by Bidner et al. (1986).

In terms of yellownesgb*) measured on the steak surfapackaging treatment had a
significant effet in block 1 P < 0.0001) and blocks 2 and B € 0.0011). Country of origiand
its interaction with packaging treatments had no effeet 0.6517 andP = 0.932), respectively)
on yellowness (bparameter) in block,lbut didin blocks 2 and 3R = 0.0010 and® = 0.0265,
respectively). Additionallyin blocks 2 and 3 the productisgstenx packaging time interaction
was not significantR = 0.4480)In block 1, both VP treatments had greaiek(0.05) b* values
than the MAP treatments at day©Dretail display, but not differenceB & 0.05) were detected

among packagingt the end of retail display tim&gble3.18) Furthermore,tiere was no effect
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(P >0.05) of packaging treatments on UR and US samples at the end of the dispfay bloeks
2 and 3 (Tables 3.19 and 3)20
Chemical Determinations

Effect of grazing system on vitamin E cont@ambeefmusclehas been well documented
resulting in greatelevels than gratfied animalgYang et al., 2002a; Yang et al., 2002b; Mercier
et al., 2004; Realini et al., 2004; Descalzo et al., 2005; Descalzo and Sancho, 2008;afiadiano
2011). Vitamin E content in UR samples regardtdgbe packaging treatmenteregreater P <
0.05) thann US samples (Fig3.4 and 3.1 No packaging treatment effe& ¢ 0.05) was observed
within productionsystemover simulated retadisplay times in block 1 (Fig. 3.4nd justford 0
of display time in UR samplegshe MAP/CQ treatment had a greatét € 0.05) vitamin E content
than the other three packagitngatmentsn blocks 2 and 3 (Fig.5). It is interesting to note that
the concentration of vitamin E in all UR samples was between 3.22 and 3.98 pg/g of muscle (Fig
3.4 and 3.p which attained the threshold level proposed by Faustman et al. (1989), Arnold et al.
(1993) and Liu et al. (1995) to delay pigment and lipid oxidation. Although antioxidant enzyme
activity wasnot measured in this study, sostedieshave shown (Mercier et al., 2008atellier
et al., 2004; Descalzo and Sancho, J0ff@ater superoxide dismutase (SOD) activitpeaf of
pasture compared gpainfed animalsbut no diet effect was domented in catalase activit$trip
loins from pasturded steers (URnay have an increased SOD activity comparedrianfed
steers (US).

Packaging x productiosystem productionsystemx time and packaging production
systemx time interactions were not significanP ¢ 0.05) for any of the fatty acidsategories
analyzed in this study. For this reason, fatty acid data are presemiadkaging treatment across

productionsystem(Tables3.21 and 3.2Rand by system over packagitge (Tables3.23 and
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3.24). The VP treatment had the loweBt{ 0.05)SFA and greatestq < 0.05)UFA andMUFA
concentrations compared tlee other three packaging treatments on d 6 of retail digplalpck
1. The VP/PAA had greateoncentrations amega 31§-3) fatty acids than the VP and MAP/gO
treatments at the end of the display timélock 1(Table3.21). Forblocks2 and 3peef from the
MAP/CQO; treatmenthad a lowerconcentration ofJFA (P < 0.05)andgreaterconcentration of
SFA(P < 0.005)thanbeef packaged withlAP/CO and VP/AM at the end of retail display. Omega
6 concentratiomn weregreater P < 0.05) in both VP treatments than in the MAP/CO, but no
differences IP > 0.05) were deteéed among packaging treatments 8 percentagafterd 6 of
display time (Tabl&.22).

Regarding tdatty acid composition by country of production, UR sampleddadr (P <
0.05) SFA and MUFA concentrations, and greafex 0.05) PUFA, r6 and R3 concentrations
than the US samplewerretail display Tables3.23 and 3.24 These results agreéevith previous
research showing that PUFA arghrticularly the A3 fatty acids concentratiomre greater in
muscles from grass fedhan high grairfed animals Duckett et al., 1993; French et al., 2000;
Yang et al., 2002b; Realini et al., 2004; Descalzo et al., Z68tllier et al., 20052urchas et al.,
2005) even when a high proportion of PUFA are biohydrogenated in the rbynehe
microorganismgWood et al., 2008). Additional)ygreater P < 0.05) PUFA/SFA and loweP(<
0.05) n6/n-3 ratios were observed in pastdee steers (UR) than in concentrégel steers (US)
across display time (Tabl&s23 and 3.24

Resultsfrom the odor panels performed at the end of each display time are presented in
Table3.25 In general terms, there were a very lowadbr levels detected by the panelists. All
packaging treatments evaluated were anaerobic and the meat samples were expoggent

(overwrappedvith polyvinyl chloridefilm) only after 35 d storage. During the storage titn&B
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became predominant (Tabld4d.3 t03.16),resulting in a long odefree beef shelfife normally
developed under anaerobic conditioRelferre and.abadie, 1993)However, URbeef samples
developed a greatelP & 0.05) oxidized odor than US samples wliile latter exhibited a greater
(P < 0.05) sour odor thameef fromgrassfed cattle Themore prevalentxidized odor in URbeef
may have resulteddmits greater P < 0.05) PUFA concentration (Tables 3.23 and BtR4t are
more prone to oxidation.

Lipid peroxidationdetermined by TBARS presented a significaatkagingx system x
time interaction in block 1K = 0.0027) and blocks 2 andB £ 0.0104). In general terms and for
block 1, URbeefhad greater levels of TBAR® < 0.001) than US samples on d 0 of displayt
TBARS values teneddto decrease during retail display and these differences almost disappear
by the end of the display period (Fig.6). Greater TBARS values in the UR samples on d O of
retail displaymay have beeassociateavith greater PUFA concentratis{iTable3.23 which are
more prone to oxidatiomecreasd TBARS valuesn beef from URon d6 of displaymay have
related to more antioxidant ageliis., a-tocopherol)present in pasturked steers. For blocks 2
and 3, TBARS values followed a differguattern,increasing in general terms from d O to d 6 of
retail display in UR and US sampl@sg. 3.7). There was no evidesiplanatio for this dissimilar
behavior in TBARS values during retail display between blbcknd blocks 2 and 3.ipid
oxidation promotesneat discoloratiofFaustman et al., 2010). Thus, oxymyoglobin oxidation is
acceleratedn presence of oxidizing lipids, but significant increases in lipid oxidation dan ta
place before significant oxymyoglobin oxidation is observed (O’Grady et al.,).206&
relationship between lipid oxidation@meat discoloration seemstbetightly linked when very
high or very low oxygen concentrations are present in the environment (Faustman et al., 2010

Additionally, the oxidative stability of meat sterfrom the balancebetween endogenous-(
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tocopherol, peptides, uric acid, polyamines, adumte; antioxidant enzymes like superoxide
dismutase, catalasend glutathione peroxidase; and minerals suckedsnium and zincand
exogenous (nitrites, phenols aagtorbateantioxidant angbrooxidant substancéslartinez et al.,

20149). Furthermoredipeptides carnosine and anserine play a fundamental role in meat as an

endogenous antioxidants (Antonini et al., 2002).

CONCLUSIONS
It is crucial to have microbial contaminatitavels as low as possible before to store meat
under refrigerated conditioms order to extend the retail display shigi. At spoilage levels
any packaging treatment seems to have any effect on the microbial popllave®. MAP
treatmentshad lower mesophilic and psychrotrophic bacteria counts at the end of the retalil

display time when spoilage levels were still redched.

From the color standpointié¢ a* value measured on the steak surfacetheasost
relevantattribute that explained the variability of the datéh@ PC 1The a* values decreased
acrosgetail display time but in lesser extent in the UR samples, probably due to its greate
vitamin E concentration and total antioxidant capatibyv-O> MAP/CO treatment improved the
redness (greater a’alues) of the meat in both production systems, but in more extent in the UR
samples. The L* parameter (lightness) was not affected by packagimgeresand its
interactionsbutUS samples were lighter than WBmplesPackaging gatmentiad no effect
on yellowness (b* parameter)the end of retail display time.

At the end of the storage time (afretail display, VP and MAP/CQ treatments had

greater proportionsf PUFA PUFA/SFA ratio, n-6, and lower n-6/n-3 ratio than the other 2

treatments in block 1. No packagingdatmenteffect on FA profiles were observedblocks 2
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and 3 on d 0 of display tim&he UR samples had greater proportions of PUFA, PUFA/SFA

ratio, n-6, n-3, and lower n-6/nfatio than US samples.

In terms of lipid oxidation, and for block @reater TBARS valuesere observed, in
generalfor UR samples than US samples on day 0 of retail display. Minor differessres
detectecamong packaging productionsystem interaction at thend of displayime. For docks
2 and3, no significant differences were found among packageairtrentsithin eachcountry

of origin at the end of retail display.

Odor was only affected by the productsystemin block 1. Panelists detected more
oxidized odor in UR samples than in US beef, but sourer od¢®isampleshan in UR

samples

IMPLICATIONS

To maximize shekife (storage and display life) of exported fresh beef, it is critical to
minimize bacterial populations during processing stodage. At the same time, enhancing total
antioxidant capacity of beef also is key to delaying lipid and myoglobin oxidationh \ad to
formation of off-flavors and lean discoloration. Low {MAP/CO represents a packaging
system that can extend sige life of fresh beef during export, particularly with regard to
maintaining desirable beef color. Sensory evaluation undoubtedly would have contributed to a
more comprehensive understanding of beef shelf life characteristics mtamge for
consumers, and should be considered in further studies. Complexity of fresh meabpeist-

chemistry warrants a more comprehensive and systemic approach to maxisheiife.

56



US samples
collection

|

Fabrication/Collection/
Alr transp. — 7 days

Packaging treatments - Storage time
35 days

Retail display
6 days

UR steers Packaging
killed treatments
applied

Figure3.1. Chronological events from slaughter to the end of retail display.
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Table3.1.Mesophilic bacteria count (lagCFU/cn?) by packaging treatment and retail display
time from US samples for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 5.4~ 0.19 6.4 0.19 6.6~ 0.19 5.3 0.19 <0.0001
d3 6.3 0.19 6.6 0.19 6.9 0.19 6.3 0.19 0.0511
d6 6.9 0.19 7.3 0.19 7.4 0.19 7.1% 0.19 0.1162
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaging plus an application of peroxyaeeid

a.b | eastsquares means (LSMean) withinaav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfept(P < 0.05).
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Table3.2.Mesophilic bacteria count (leagCFU/cn?) by packaging treatment and retail display
time from UR samples for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 5.g0x 0.19 6.5 0.19 6.4~ 0.19 5.5 0.19 0.0001
d3 6.9 0.19 6.9v 0.19 7.0 0.19 6.4 0.19 0.0544
d6 7.7 0.19 7.2 0.19 7.5 0.19 7.2 0.19 0.1100
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaginglus an application gferoxyacetic acid

a5 | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common superitfeptP < 0.05).

59



Table 33. Mesophilic bacteria count (legCFU/cnt) by packaging treatment and retail display
time from US samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 4.6 0.15 4.8 0.20 4.7 0.15 4.6 0.15 0.8438
d3 5.5¥ 0.15 5.0 0.20 4.7 0.15 4.9 0.15 0.0001
d6 6.3 0.15 5.5v 0.20 5.6V 0.15 6.0y 0.15 0.0002
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: lowoxygen modified atmosphere packaging with carbon dioxide and carbaxiten
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agentpocated into
the film.

a.b | eastsquares means (LSMean) kit arow without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfépt(P < 0.05).
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Table3.4. Mesophilic bacteria count (legCFU/cn?) by packaging treatment and retail display
time from UR samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 6.8~ 0.15 7.7 0.20 7.8 0.15 6.7™ 0.15 <0.0001
d3 7.3y 0.15 7.7 0.20 7.9 0.15 7.2 0.15 0.0003
d6 7.7 0.15 7.7 0.20 7.8 0.15 7.7 0.15 0.7946
P-value <0.0001 0.9337 0.9668 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: lowoxygen modified atmosphere packaging vadinbon dioxide and carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agentpocated into

the film.

a.b | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfépt(P < 0.05).
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Table3.5.Psychrotrophibacteria countl¢gio CFU/cn?) by packaging treatment and retail
display time from US samples for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 5.4% 0.19 6.4~ 0.19 6.5 0.19 5.7 0.19 <0.0001
d3 6.3 0.19 6.5 0.19 6.9v 0.19 6.3 0.19 0.0629
d6 6.7 0.19 7.7 0.19 7.3 0.19 6.% 0.19 0.1373
P-value <0.0001 <0.0001 0.0007 <0.0001

VP: vacuum packaging; MAP/CGOlow oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/PAA: vacuum packagiplgs an application of peroxyaceticid.

a.b | eastsquares means (LSMean) withinaav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a consuaparscriptdiffer (P < 0.05).
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Table3.6.Psychrotrophibacteria countl¢gio CFU/cn?) by packaging treatment and retail
display time from UR samples for block 1.

VP MAP/CO;, MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 6.120x 0.19 6.5 0.19 6.5 0.19 5.7 0.19 0.0015
d3 6.7 0.19 7.0v 0.19 7.1 0.19 6.4y 0.19 0.0213
dé6 7.5 0.19 7.3 0.19 7.5 0.19 7.%7 0.19 0.3548
P-value <0.0001 0.0016 <0.0001 <0.0001

VP: vacuum packaging; MAP/GOow oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/PAA: vacuum packagjplgs an application of pergacetic acid.

a.b | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfept(P < 0.05).
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Table3.7.Psychrotrophibacteria countl¢gio CFU/cn?) by packaging treatment and retail
display time from US samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 4.8 0.14 4.9 0.19 4.8 0.14 4.7 0.14 0.8341
d3 5.6v 0.14 5.120x 0.19 4.9 0.14 5.0v 0.14  0.0009
d6 6.3 0.14 5.7% 0.19 5.5V 0.14 6.1 0.14 <0.0001
P-value <0.0001 0.0020 <0.0001 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: lowoxygen modified atmosphere packaging with carbon dioxide and carbaxiten
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agentpocated into
the film.

a5 | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfépt(P < 0.05).
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Table3.8. Psychrotrophic bacteria count §eGFU/cn?) by packaging treatment and retail
display time from UR samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 6.7 0.14 7.5 0.19 7.6 0.14 6.6~ 0.14 <0.0001
d3 7.1y 0.14 7.6 0.19 7R 0.14 7.1y 0.14  0.0006
d6 7.¢ 0.14 7.5 0.19 7.7 0.14 7.6 0.14 0.7890
P-value <0.0001 0.9109 0.8491 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: lowoxygen modified atmosphere packaging with carbon dioxide and carbaxiten
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agentpocated into
the film.

a5 | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfépt(P < 0.05).
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Table3.9.Pseudomonaspp.bacteria count@gio CFU/cn?) by packaging treatment and retail
display timefrom US samples for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 3.8% 0.36 4.2 0.36 3.5% 0.36 2.5 0.36 0.0032
d3 4.3 0.36 4.0¢ 0.36 4.0¢ 0.36 3.y 0.36 0.3168
d6 5% 0.36 5% 0.36 4.9 0.36 5.%2 0.36 0.5557
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packaging; MAP/CGOlow oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carbaxidb@and carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/PAA: vacuum packagisligs an application of peroxyaceticid.

a.b | eastsquares means (LSMean) withinaav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMeanithin a column without a common superscdiffer (P < 0.05).
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Table3.10.Pseudomonaspp. bacteria count (legCFU/cn?) by packaging treatment and retail
display time from UR samples for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 3.0 0.36 1.3 0.36 0.9* 0.37 2.1°x 0.36 <0.0001
d3 4.0 0.36 1.2 0.36 1.3* 0.36 2.7 0.36 <0.0001
d6 6.3 0.36 2.7 0.36 3.2 0.36 5.6v 0.36 <0.0001
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packaging; MAP/CGOlow oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/PAA: vacuum packagiplgs an application of peroxyaceticid.

a.b | eastsquares means (LSMean) withinaav without a common superscrigiffer (P < 0.05).
%Y.z | eastsquares means (LSMean) within a column without a consuaparscriptdiffer (P < 0.05).
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Table3.11.Pseudomonaspp. bacteria count (legCFU/cn?) by packaging treatment and retail
display time from US samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 3.1 0.72 <1.3* 0.76 <1.5* 0.72 <1.9* 0.72 <0.0001
d3 3. ™ 0.72 <1.8% 0.76 <1.9v 0.72 <2.0 0.72 <0.0001
d6 4.8% 0.72 2.5V 0.76 <3.37 0.72 3.3 0.72 <0.0001
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packagingylAP/CO.: low oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: lowoxygen modified atmosphere packaging with carbon dioxide and carbaxiten
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging withaarimicrobial agent incorporated into
the film.

a5 | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfépt(P < 0.05).
Leastsquares means with a less than symbol (<) indicate one or more of thesavitipin the treatment had
plate counts below thanalysis detection limit (@ log CFU/cn?)
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Table3.12.Pseudomonaspp. bacteria count (legCFU/cn?) by packaging treatment anekail
display time from UR samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 2.8 0.72 <3.%° 0.76 3.¢ 0.72 2.0°% 0.72 <0.0001
d3 3.2% 0.72 3.6¢ 0.76 <3.8 0.72 2.49 0.72 0.0001
d6 4,52 0.72 3.4¢ 0.76 4.0 0.72 3.1¢ 0.72 <0.0001
P-value <0.0001 0.4256 0.2222 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%

and 20% CQ; MAP/CO: lowoxygenmodified atmosphere packaging with carbon dioxide and carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agentpocated into

the film.

a5 | eastsquares means (LSMean) withincav without a common supenspt differ (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfépt(P < 0.05).

Least squares means with a less than symbol (<) indicate one or moreashftesswithin the treatment had

plate counts belowhe analysis detection limit (@ log CFU/cn?)
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Table3.13. Lactic acid bacteria count (legCFU/cn?) by packaging treatment and retail display
time from US samples for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 5.6% 0.17 6.4~ 0.18 6.6~ 0.17 5.4~ 0.17 <0.0001
d3 6.3 0.17 6.5 0.17 6.7 0.17 6.2 0.17  0.0847
d6 6.7 0.17 7.0 0.17 7.8Y 0.17 7.0 0.17 0.0153
P-value <0.0001 0.0003 <0.0001 <0.0001

VP: vacuunpackaging; MAP/C@ low oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/PAA: vacuum packagiplgsan application of peroxyacetizid.

a5 | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common superitfeptP < 0.05).
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Table3.14. Lacticacid bacteria count (lagCFU/cn?) by packaging treatment and retail display
time from UR samples for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 6.0 0.17 6.4 0.17 6.5 0.17 5.6~ 0.17 0.0002
d3 6.7 0.17 6.9 0.17 6.9 0.17 6.3 0.17 0.0136
d6 7.4 0.17 7.2 0.17 7.6% 0.17 7.1% 0.17 0.1730
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packaging; MAP/CGOow oxygen modified atmosphere packaging with cardioride (80% N

and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/PAA: vacuum packagiplgs an application of peroxyaceticid.

2.5 | eastsquares means (LSMeanitiin arow without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common superitfeptP < 0.05).
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Table3.15. Lactic acid bacteria count (legCFU/cnt) by packaging treatment and rewigplay
time from US samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 4.8 0.25 4.6 0.29 4.4 0.25 4.5 0.25 0.2688
d3 5.1 0.25 5.2 0.29 5.00 0.25 5.00 0.25 0.6835
d6 6.3 0.25 5.6V 0.29 5.6* 0.25 5.97 0.25 <0.0001
P-value <0.0001 <0.0001 <0.0001 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%

and 20% CQ; MAP/CO: lowoxygen modified atmosphepackaging with carbon dioxide and carbon monoxide
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agentpocated into

the film.

b | eastsquares means (LSMean) withimoav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMean) within a column without a common supeditfépt(P < 0.05).
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Table3.16. Lactic acid bacteria count (legCFU/cnt) by packaging treatment and retail display
time from UR samples for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 6.8~ 0.24 7R 0.27 7.7 0.24 6.8~ 0.24 <0.0001
d3 7.3 0.24 7.6 0.27 7.9 0.24 7.3y 0.24 0.0038
d6 7.8 0.24 7.9 0.27 8.0 0.24 7.7 0.24 0.5182
P-value <0.0001 0.4123 0.1408 <0.0001

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: lowoxygen modified atmosphere packaging with carbon dioxide and carbooxide
(80% N, 19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agentpocated into
the film.

a5 | eastsquares means (LSMean) withincav without a common superscrigiffer (P < 0.05).

%Y.z | eastsquares means (LSMeanijthin a column without a common superscdiffer (P < 0.05).
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Table3.17. Eigenvalues of the correlation matrix.

Variable Eigenvalue  Proportion  Cumulative
PC1 2.47 0.49 0.49
PC 2 1.20 0.24 0.73
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Figure3.2.Redness (a* values) during 6 d of simulated retail display for UR (a) and f@)US
strip loins steaks by packaging treatment for block 1. VP: vacuum packagingO@&Row
oxygen modified atmosphere packagimigh carbon dioxide (809> and 20% C@); MAP/CO:

low oxygen modifiecatmosphere packaginvgth carbon dioxide and carbon monoxide (88
19.6% CQ, and0.4% CO); VP/PAAvacuum packaging plus an application of peroxyacetic acid.
At each time point least squares means without a common superscriptRI#férds).
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Figure3.3.Redness (a* values) during 6 d of simulated retail display for UR (a) and USigb) str
loin steaks by packaging treatment for blocks 2 andR3.vacuum packaging; MAP/CGOlow
oxygen modified atmosphere packagimigh carbon dioxide (809, and 20% CQ); MAP/CO:

low oxygen modified atmosphere packagwith carbon dioxide and carbon monoxide (88%%
19.6% CQ, and 0.4% CO); VP/AM: vacuum packaging with an antimicrobial agent incorporated
into the film. At each time point least squares measithiout a common superscript diffdp €
0.05).
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Table3.18 Effect of packaging treatments averaged @reductionsystem oryellowness (b
measured on the steak surfaceing retail display for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 13.7 0.3 12.2 0.3 12.6 0.3 14.2 0.3 <0.0001
d2 13.9 0.3 12.8 0.3 13.2 0.3 13.6° 0.3 <0.0001
d4 13.2 0.3 12.8 0.3 13.F 0.3 12.8° 0.3 0.0064
d6 11.7 0.3 114 0.3 12.1 0.3 11.7 0.3 0.3719

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO); VPPAA: vacuum packaginglus an application of peroxyaceticid

SBEM: standarderror themean.

&t Least squares means (LSMeaiithin a row without a common superscript différ<€ 0.05).

77



Table3.19.Effect of packaging treatments in UReaksonyellowness (b measurean the steak
surfaceduring retail display for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 14.22 0.5 13.20 0.6 13.2 0.5 14.0° 0.5 0.0095
d2 13.5° 0.5 12.8 0.5 14.G 0.5 13.4 0.5 0.0002
d4 12.9 0.5 12.7 0.5 13.7 0.5 12.9 0.5 <0.0001
d6 12.4 0.5 11.4 0.6 12.4 0.5 12.4 0.5 0.0525

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and 04% CO);VP/AM: vacuum packaging with an antimicrobial agent incorporated into
the film.

SEM: standard error the mean.

aC Least squares means (LSMean) within a row without a common supedsifeip(P < 0.05).
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Table3.20 Effect ofpackaging treatments in USakson yellowness () measuredn the steak
surfaceduring retail display for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 14.6° 0.5 15.8 0.6 13.9 0.5 14.7° 0.5 0.0037
d2 14.8° 0.5 14.2° 0.5 14.4 0.5 13.% 0.5 0.0007
d4 13.3 0.5 12.9¢ 0.5 13.9 0.5 12.6 0.5 <0.0001
d6 12.2 0.5 11.6 0.6 12.4 0.5 12.0 0.5 0.2742

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and 04% CO);VP/AM: vacuum packaging with an antimicrobialeswj incorporated into
the film.

SEM: standard error the mean.

aC Least squares means (LSMean) within a row without a common supedsifeip(P < 0.05).
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Figure3.4. Vitamin E content (ug/g of muscle) during simulated retail display for UR and US

strip loin steaks by packaging treatment for block/B: vacuum packaging; MAP/COlow
oxygen modified atmosphere packagwith carbon dioxide (80%l2 and 20% C®); MAP/CO:

low oxygen modified atmosphere packagimigh carbon dioxide and carbon monoxide (80%
N2, 19.6% CQ, and0.4% CO); VP/PAAvacuum packaging plus an application of peroxyacetic
acid.At each time point least squares meaithout a common superscript diffd? € 0.05).
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Figure3.5. Vitamin Econtent (ug/g of muscle) during simulated retail display for UR and US strip
loin steaks by packaging treatment for blocks 2 and 3. VP: vacuum packaging; MAR@O
oxygen modified atmosphere packaging with carbon dioxide (89%hnd 20% C®Q); MAP/CO:
low oxygen modified atmosphere packaging with carbon dioxide and carbon monoxidbl{80%

19.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial agent incorporated
into the film. At each time point least squares means withouwinaneon superscript diffef(<

0.05).
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Table3.21.Fatty acid compason (%) by packaging treatment and retail display tiaveraged
over production system for block 1.
do VP MAP/CO MAP/CO VPIPAA
Fatty acid LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
SFA 41.7 0.42 41.4° 0.42 42.3 0.42 40.9 0.42 0.0301
UFA 53.¢° 0.44 52.8 0.44 52.1° 0.44 5448 044 0.0038
MUFA 45.P 0.43 45.4 0.43 45.8 0.43 48.% 0.43 <0.0001
PUFA 7.85 0.27 74%2° 0.27 6.28 0.27 5.90 0.27 <0.0001
PUFA/SFA* 0.175% 0.007 0.164 0.007 0.13%9 0.007 0.123 0.007 <0.0001
n-6 567 0.25 5.49 0.25 4.20 0.25 3.94 0.25 <0.0001
n-3 1.8¢ 0.06 1.62° 0.06 1.83 0.06 1.64 0.06 0.0015
n-6/n-3 493 0.28 5.6C¢ 0.28 3.62 0.28 3.79 0.28 <0.0001
Unknown  5.36 0.35 5.81 0.35 5.68 0.35 5.18 0.35 0.5652

d3
SFA 41.2 0.42 42.0 0.42 42.1 0.42 419 042 0.3811
UFA 53.8% 044 52.7 0.44 52.53° 0.44 51.8 044 0.0408
MUFA 47.%¢ 043 46.0°  0.43 46.% 0.43 453 0.43 0.0006
PUFA 5.62 0.27 6.04 0.27 5.94 0.27 6.54 0.27 0.1329
PUFA/SFA 0.118& 0.007 0.132° 0.007 0.12¢®> 0.007 0.146 0.007 0.0325
n-6 3.69 0.25 4.09° 0.25 4.09° 0.25 469" 0.25 0.0471
n-3 1.58 0.06 1.60 0.06 1.48 0.06 154 0.06 0.4564
n-6/n-3 353 0.28 3.86° 0.28 428  0.28 461 0.28 0.0454
Unknown  5.34 0.35 5.96 0.35 5.39 0.35 6.30 0.35 0.1561

do6
SFA 38.r 042 40.4 0.42 41.3° 0.42 42.3 0.42 <0.0001
UFA 56.2 044 54.0 0.44 53.% 0.44 52.3 0.44 <0.0001
MUFA 50.7 043 46.8 0.43 45.6 0.43 458 043 <0.0001
PUFA 549  0.27 7.17 0.27 7.94 0.27 6.42°¢ 0.27 <0.0001
PUFA/SFA 0.109 0.007 0.154 0.007 0.176 0.007 0.142 0.007 <0.0001
n-6 3.74 0.25 5.19 0.25 592 0.25 43% 0.25 <0.0001
n-3 1.39 0.06 1.63 0.06 1.6%> 0.06 1.82 0.06 <0.0001
n-6/n-3 407 0.28 4.89 0.28 5.3F 0.28 3.68 0.28 0.0002
Unknown  5.75 0.35 5.64 0.35 5.20 0.35 543 0.35 0.6911

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and20% CQ); MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N>, 19.6% CQ, and0.4% CO); VPPAA: vacuum packaging plus an application of peroxyaeetid

SFA: Saturated Fatty Acids; UFA: Unsaturated Fatty Acid&JFA: Monounsaturated Fatty Acids; PUFA:
Polyunsaturated Fatty Acids; PUFA/SFA: PUFA to SFA rati6; nmega 6 fatty acids:-8 omega 3 fatty acids.
n-6/n-3: omegab toomega3 ratio.

SEM: standard error of the mean.

&t Leastsquares mens (LSMean) within aow without a common superscrigiffer (P < 0.05).

L. ratios were calculated as the average of the ratios for each observation.
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Table3.22.Fatty acid compason (%) by packaging treatment and retail display tiaveraged
over production system for blocks 2 and 3.
do VP MAP/CO MAP/CO VP/AM
Fatty acid LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
SFA 41.1 0.41 42.4 0.64 41.7 041 41.2 0.41 0.3596
UFA 53.7 0.43 52.5 0.61 53.2 0.43 53.9 0.43 0.3021
MUFA 47.8 0.47 46.7 0.67 47.2 0.47 47.7 0.47 0.5206
PUFA 591 0.18 5.81 0.25 6.05 0.18 6.14 0.18 0.6779
PUFA/SFA 0.125 0.005 0.125 0.007 0.129 0.005 0.131 0.005 0.7914
n-6 3.93 0.15 3.98 0.21 4.13 0.15 4.21 0.15 0.5679
n-3 1.65 0.05 1.46 0.07 1.59 0.05 1.57 0.05 0.1242
n-6/n-3 3.66 0.15 4.18 0.22 4.03 0.15 4.02 0.15 0.1616
Unknown  5.19 0.22 5.13 0.31 5.12 0.22 4.97 0.22 0.9071

d3
SFA 40.7 0.41 40.9 0.64 41.4 0.40 40.0 042 0.1193
UFA 53.9 0.43 53.5 0.61 53.2 0.42 545 0.44 0.2046
MUFA 47.7 0.47 46.9 0.67 47.1 0.46 48.8 049 0.0546
PUFA 6.20 0.18 6.52 0.25 6.15 0.17 575 0.18 0.0881
PUFA/SFA 0.131 0.005 0.140 0.007 0.132 0.005 0.119 0.005 0.0558
n-6 434 0.15 4.63 0.21 4.29° 0.15 3.8¢ 0.16 0.0325
n-3 1.51 0.05 1.53 0.07 1.55 0.05 152 0.05 0.9556
n-6/n-3 436  0.15 4.60 0.21 42F  0.15 3.8 0.16 0.0338
Unknown  5.41 0.22 5.70 0.31 5.41 0.21 556 0.23 0.8466

do6
SFA 41.3° 041 42.4 0.64 40.6° 041 39.8 041 0.0029
UFA 53.4° 0.43 52.2 0.61 54.3° 0.43 54.9 0.43 0.0015
MUFA 46.9  0.47 46.P 0.67 48.5 0.47 48,5 0.47 0.0022
PUFA 6.54 0.18 6.10° 0.25 578 0.18 6.42 0.18 0.0149
PUFA/SFAL 0.14G 0.005 0.134° 0.007 0.122 0.005 0.134° 0.005 0.0286
n-6 4.62 0.15 4.37° 0.21 3.87 0.15 450 0.15 0.0037
n-3 1.55 0.05 1.45 0.07 1.58 0.05 158 0.05 0.4033
n-6/n-3 454 0.15 457 0.22 3.79 0.15 434 0.15 0.0021
Unknown  5.31 0.22 5.43 0.31 5.12 0.22 531 022 0.8520

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N>, 19.6% CQ, and 04% CO);VP/AM: vacuum packaging with an antimicrobial agent incorporated into
the film. SFA: Saturated Fatty Acids; UFA: Unsaturated Fatty Acids; MUNF@nounsaturated Fatty Acids;
PUFA: Polyunsaturated Fatty Acids; PUFA/SFA: PUFA to SFA rati6; omega 6 fatty acids:8: omega 3

fatty acids; R6/n-3: omega o omega3 ratio.

SEM: standad error of the mean.

&t Least squares means (LSMean) within a row without a common supedsfteip(P < 0.05).

L ratios were calculated as the average of the ratios that were computed for eacitiobs
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Table3.23.Fatty acid compason (%) by country of productiomnd retail display timaveraged
over packagindor block 1.

do UR us

Fatty acid LSMean SEM LSMean SEM  P-value
SFA 40.7 0.30 42.2 0.30 0.0008
UFA 53.3 0.31 52.8 0.31 0.2735

MUFA 44.9 0.31 47.5 0.31 <0.0001
PUFA 8.37 0.19 5.3% 0.19 <0.0001
PUFA/SFA  0.1872 0.005 0.114 0.005 <0.0001

n-6 51% 0.18 453 0.18 0.0224

n-3 2.83 0.04 0.63 0.04 <0.0001
n-6/n-3 1.83 0.20 7.18 0.20 <0.0001
Unknown 6.0C 0.24 5.02 0.24 0.0053

d3

SFA 41.2 0.30 42.4 0.30 0.0037

UFA 528 0.31 52.2 0.31 0.1570

MUFA 4532 031 47.3 0.31 <0.0001
PUFA 7.468  0.19 4.60 0.19 <0.0001
PUFA/SFA  0.165 0.005 0.097 0.005 <0.0001

n-6 448 0.18 3.87 0.18 0.0084

n-3 249 0.04 0.67 0.04 <0.0001
n-6/n-3 1.8¢ 0.20 6.3C 0.20 <0.0001
Unknown 6.07 0.24 5.43 0.24 0.0679

do6

SFA 39.8 0.30 41.2 0.30 0.0009

UFA 54.4 0.31 53.6 0.31 0.0521

MUFA 46.00 0.31 48.5 0.31 <0.0001
PUFA 8.4 0.19 5.08 0.19 <0.0001
PUFA/SFA 0.18% 0.005 0.108 0.005 <0.0001
n-6 5.3% 0.18 4.27 0.18 <0.0001
n-3 2.65 0.04 0.67 0.04 <0.0001
n-6/n-3 2.02 0.20 6.96 0.20 <0.0001
Unknown 5.80 0.24 5.21 0.24 0.0934

UR: Uruguayan samples; US: United States sampleA; Saturated Fatty Acids; UFA: Unsaturated Fatty Acids;
MUFA: Monounsaturated Fatty Acids; PUFA: Polyunsaturated Pattgs; PUFA/SFA: PUFA to SFA ratio-6:
omega 6 fatty acids;-8: omega 3 fatty acids:-6/n-3: omega &o omega3 ratio.

SEM: standat error of the mean.

ab | east squares means (LSMean) within a row without a common supedsfteip(P < 0.05).

1: ratios were calculated as the average of the ratios that were computed for eaddtiobs
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Table3.24.Fatty acid compason (%) by country of productiomnd retail display timaveraged
over packagindor blocks 2 and 3.

do UR us

Fatty acid LSMean SEM LSMean SEM  P-value
SFA 41.0 0.33 42.2 0.33 0.0073
UFA 53.8 0.34 52.9 0.34 0.0575

MUFA 46.3 0.37 48.4 0.37 <0.0001
PUFA 7.52 0.14 4.43 0.14 <0.0001
PUFA/SFA  0.163 0.004 0.092 0.004 <0.0001

n-6 4.48 0.12 3.64 0.12 <0.0001
n-3 2.54 0.04 0.60 0.04 <0.0001
n-6/n-3 1.78 0.12 6.16 0.12 <0.0001
Unknown 5.26 0.17 4.94 0.17 0.1885
d3
SFA 40.» 0.33 41.3 0.33 0.0114
UFA 542 0.34 53.3 0.34 0.0541
MUFA 46.6  0.37 48.6 0.37 0.0002

PUFA 7.62 0.14 4.69 0.14 <0.0001
PUFA/SFA  0.164 0.004 0.09? 0.004 <0.0001

n-6 467 0.12 3.97 0.12 <0.0001

n-3 246 0.04 0.59 0.04 <0.0001
n-6/n-3 1.9¢ 0.12 6.63 0.12 <0.0001
Unknown 564 0.17 5.40 0.17 0.3319

do6

SFA 40.4 0.33 41.6 0.33 0.0134

UFA 54.2 0.34 53.2 0.34 0.0586

MUFA 46.4 0.37 48.6 0.37 <0.0001
PUFA 7.74 0.14 4.68 0.14 <0.0001
PUFA/SFA 0.168 0.004 0.097 0.004 <0.0001

n-6 478 0.12 3.97 0.12 <0.0001
n-3 2.5¢ 0.04 0.59 0.04 <0.0001
n-6/n-3 1.92 0.12 6.6 0.12 <0.0001
Unknown 5.41 0.17 5.18 0.17 0.3503

UR: Uruguayan samples; US: United States sampleA; Saturated Fatty Acids; UFA: Unsaturated Fatty Acids;
MUFA: Monounsaturated Fatty Acids; PUFA: Polyunsaturated Pattgs; PUFA/SFA: PUFA to SFA ratio-6:
omega 6 fatty acids;-8: omega 3 fatty acids:-6/n-3: omega6 to omega Jatio.

SEM: standat error of the mean.

ab | east squares means (LSMean) within a row without a common supedsftep(P < 0.05).

1: ratios were calculated as the average of the ratios that were computed for eaddtiobs
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Table3.25.Effect of packagingproduction system and its interaction on odor attributes (15 cm.
line).

Item Oxidized Sour Putrid

P-values

Block 1

Packaging 0.3133 0.4680 0.4205

Production gstem(PS) 0.0139 0.0013 0.8859
UR 1.64+0.01 0.47+0.38 -
US 0.72+0.01 3.10:+0.38 -

Packaging »°S 0.8281 0.6676 0.5826

Blocks 2 & 3

Packaging 0.7762 0.5396 0.5987

Production gstem 0.1437 0.3310 0.3087

Packaging »°S 0.0888 0.1067 0.9149

UR: Uruguayan samples; US: Unit8thtes samples.
ab | east squares means within a column without a common supersciept(@iff 0.05).
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Figure3.6. Thiobarbituric acid reactive substan¢&BARS) valuesduring 6 d of simulated retail
display for UR and US strip loin steaks by packaging treatment for block 1vateum
packaging; MAP/CQ low oxygen modified atmosphere packagwith carbon dioxide (80%!>
and 20% C®); MAP/CO: low oxygen modified atmosphere packagmith carbon dioxide and
carbon monoxide (8092, 19.6% CQ, 0.4% CO); VP/PAA: vacuum packaginguplan
application ofperoxyacetic acid.At each time point least squares meanthout a common
superscript differ® < 0.05).Ns: not significant.
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Panelist: Panel Date & Time :

Sample ID:

Brightness
Flat/Dull Extremely Bright/Vivid
Redness:
Dark Red/Brown Bright Cherry-Red

% Lean Discoloration:

0% 100%
Fat Color:

Yellow/tan White

Brown/green
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Panelist:

Oxidized

Sample ID:

Panel Date & Time :

no presence

Putrid

very strong presence

no presence

Sour

very strong presence

no presence

very strong presence
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TableC.1. Effect of packaging treatments in Usamples omusclelightness(L") during retail
display for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 28.8 1.0 28.8 1.0 27.9 1.0 29.7 1.0 04491
d2 28.6 0.9 28.6 0.9 27.9 0.9 29.4 0.9 0.5825
d4 28.4 0.9 28.4 0.9 28.0 0.9 29.0 09 0.7877
d6 28.2 1.0 28.2 1.0 28.0 1.0 28.7 1.0 0.9439

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide

(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaging plus an application of peroxyaeeiit.
SE: standard error the mean.

LSMean: Least squares means.
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TableC.2 Effect of packaging treatments in $8mples omusclelightness (L) during retail
display for block 1.

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 32.3 1.0 33.3 1.0 33.8 1.0 32.6 1.0 0.5225
d2 32.2 0.9 33.0 0.9 33.2 0.9 325 09 0.6884
d4 32.0 0.9 32.7 0.9 32.6 0.9 324 0.9 0.8689
d6 31.8 1.0 324 1.0 321 1.0 32.2 1.0 0.9419

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide

(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaginglus an application gferoxyacetic acid.
SE:standard error the mean.

LSMean Least squares means
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TableC.3. Effect of packaging treatments in W@mples omusclelightness(L") during retail
display for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 30.7 0.8 30.4 1.2 32.0 0.8 31.4 0.8 0.5962
d2 30.5 0.6 30.8 0.8 31.9 0.6 31.2 0.6 0.2914
d4 30.2 0.6 31.3 0.8 31.8 0.6 31.1 0.6 0.2221
d6 30.0 0.8 31.7 1.2 31.6 0.8 30.9 0.8 0.4443

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide

(80%N2, 19.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial agent incatpdrinto
the film.

SE:standard error the mean.
LSMean Least squares means
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Table C.4. Effect of packaging treatments in $8mples omusclelightness (L) duringretail
display for blocks 2 and 3.

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 32.8 0.8 34.0 1.2 34.6 0.8 33.9 0.9 0.3923
d2 32.6 0.6 34.0 0.8 34.1 0.6 335 0.6 0.1702
d4 324 0.6 33.9 0.8 335 0.6 33.0 0.6 0.2900
d6 32.3 0.8 33.9 1.2 32.9 0.8 32.6 0.9 0.6766

VP: vacuum packaging; MAP/COow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide

(80%N2, 19.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial agent incatpdrinto
the film.

SBM: standard error the mean.
LSMean Leastsquares means
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TableD.1. Effect of packaging treatments acmlintry ofproduction on subcutaneofat lightness(L") during retail display for block
1.

URUGUAY UNITED STATES

VP MAP/CO; MAP/CO VP/PAA VP MAP/CC, MAP/CO VP/PAA

Time LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE P-value

do 51.9 1.7 541 1.7 54.8 1.7 53.0 1.7 55.9 1.7 58.7 1.7 56.4 1.8 56.6 1.7 0.1657
d2 54.1 15 56.0 15 56.5 1.5 53.7 1.5 56.4 1.5 58.4 15 58.2 15 58.4 15 0.1738
d4 56.3 1.5 58.0 1.5 58.2 1.5 54.4 1.5 56.9 1.5 58.2 15 60.1 15 60.1 1.5 0.1416
deé 58.5 1.7 59.9 1.7 59.9 1.7 55.0 1.7 57.4 1.7 57.9 1.7 61.9 1.7 61.9 1.7 0.1016

VP: vacuum packaging; MAP/COlow oxygen modified atmosphere packaging with carbon dioxide (89&niN20% CQ; MAP/CO: low oxygen modified
atmosphere packaging with carbon dioxide and carbon monoxideNg0®28.6% CQ, and0.4% CO);VP/PAA: vacuum packaginglus an application of
peroxyacetic acid.

SE:standard error the mean.

LSMean Least squares means
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TableD.2. Effect of packaging treatments armlintry ofproduction on subcutaneofa lightness(L") duringretail display for block
2 and 3.

URUGUAY UNITED STATES

VP MAP/CO; MAP/CO VP/AM VP MAP/CO; MAP/CO VP/AM

Time LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE P-value

do 62.8 11 63.8 15 63.1 11 61.4 11 64.5 1.0 61.3 15 64.5 11 64.6 1.1 0.1825
d2 63.0 0.9 64.1 1.3 63.4 0.9 61.9 0.9 65.1 0.9 61.8 13 64.4 0.9 64.7 0.9 0.0909
d4 63.3 0.9 64.3 13 63.7 0.9 62.4 0.9 65.6 0.9 62.3 13 64.3 0.9 64.8 0.9 0.1208
deé 63.5 11 64.5 1.5 64.0 11 62.9 11 66.2 1.0 62.8 15 64.3 11 64.9 1.1 0.3268

VP: vacuum packaging; MAP/GOow oxygen modified atmosphere packaging with carbon dioxide (89&nd 20% CQ; MAP/CO: low oxygen modified
atmosphere packaging with carbon dioxide and carbon monoxideNgQP8.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial
agent incorporated into the film

SE:standard error the mean.

LSMean Least squares means
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TableD.3. Effect of packaging treatments acmlintry of production on subcutanedasrednesga’) during retail display for block 1.
URUGUAY UNITED STATES

VP MAP/CO; MAP/CO VP/PAA VP MAP/CCO MAP/CO VP/PAA

Time LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE P-value

do 5.9¢ 0.4 4.9¢ 0.4 6.0 0.4 7.5 0.4 5.1bc 0.4 3.9 0.4 5.7¢ 0.4 5.0¢ 0.4 <0.00a
d2 4.4 0.3 3.7 0.3 4.6 0.3 59 0.3 4.0 0.3 3.z 0.3 4.0 0.3 3.9¢ 0.3 <0.00a
d4 3.3 0.3 2.5 0.3 3.1pc 0.3 4.4 0.3 2.9 0.3 2.5 0.3 3.5 0.3 2.8¢ 0.3 <0.00a
d6 2.2 0.4 13 0.4 1.7 0.4 2.8 0.4 1.8 0.4 17 0.4 2.4 0.4 1.8 0.4 0.0800

VP: vacuum packaging; MAP/COlow oxygen modified atmosphere packaging with carbon dioxide (89&niN20% CQ; MAP/CO: low oxygen modified
atmosphere packaging with carbon dioxide and carbon monoxideNg0®28.6% CQ, and0.4% CO);VP/PAA: vacuum packaginglus an application of
peroxyacetic acid.

SE:standard error the mean.

a® Least squares meafisSMean) within a row without a common superscript diffek(0.05).
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TableD.4. Effect of packaging treatments atolintry of production on subcutanedasrednesga’) during retail display for block2
and 3.

URUGUAY UNITED STATES

VP MAP/CO; MAP/CO VP/AM VP MAP/CO; MAP/CO VP/AM

Time LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE P-value

do 5.7 1.0 5.1 11 8.62 1.0 6.4¢ 1.0 4.8 1.0 7.4 11 6.9 1.0 5.6+ 1.0 <0.0001
d2 5.4pc 1.0 5. 1bcd 11 6.62 1.0 562 1.0 4.2 1.0 4.1 11 4.8cd 1.0 4.3¢ 1.0 0.0054
d4 4.3% 1.0 4.4 11 4.8 1.0 4,20 1.0 3.4 1.0 1.8 11 3.0¢ 1.0 3.1bc 1.0 0.0052
dé 23 1.0 3.0 11 3.1 1.0 25 1.0 2.3 1.0 0.3 11 15 1.0 2.0 1.0 0.0612

VP: vacuum packaging; MAP/GOow oxygen modified atmosphere packaging with carbon dioxide (89&nd 20% CQ; MAP/CO: low oxygen modified
atmosphere packaging with carbon dioxide and carbon monoxideNg028.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial
agent incorporated into the film

SE:standard error the mean.

a¢ | east squares means (LSMean) within a row without a common supedsfteip(P < 0.05).
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TableD.5. Effect of packaging treatments aralintry ofproduction on subcutaneofat yellownesgb’) during retail display for block
1.

URUGUAY UNITED STATES

VP MAP/CO; MAP/CO VP/PAA VP MAP/CC, MAP/CO VP/PAA

Time LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE P-value

do 13.1° 0.5 12.6° 0.5 13.4 0.5 159 05 12.3¢ 0.5 11.1° 0.5 12.8 0.5 13.1° 0.5 <0.0001
d2 12.7° 0.4 12.0pde 0.4 12.8 0.4 146 04 11.5% 0.4 11.2¢ 0.4 12.5¢ 0.4 12.2¢ 0.4 <0.0001
d4 12.2d 0.4 11.44 0.4 12.3 0.4 13.3 04 10.8 0.4 11.%e 0.4 12.%¢ 0.4 11.3* 0.4 <0.0001
dé 11.8> 05 10.gbe 0.5 11,70 0.5 12.0¢ 05 10.1° 0.5 11.300c 0.5 11.%¢ 0.5 10.4° 0.5 0.0412

VP: vacuum packaging; MAP/GOow oxygen modified atmosphere packaging with carbon dioxide (89&niN20% CQ; MAP/CO: low oxygen modified
atmosphere packaging with carbon dioxide and carbon monoxideNg028.6% CQ, and0.4% CO);VP/PAA: vacuum packaginglus an application of
peroxyacetic acid.

SE:standard error the mean.

a8 Least squares means (LSMean) within a row without a common supedsfteip(P < 0.05).
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TableD.6. Effect of packaging treatments azmlintry of productiomn subcutaneouat yellownesgb) during retail display for block
2 and 3.

URUGUAY UNITED STATES

VP MAP/CO; MAP/CO VP/AM VP MAP/CO; MAP/CO VP/AM

Time LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE LSMean SE P-value

do 15.8%¢ 0.7 15.1d 1.0 17.3 0.7 159> 0.7 13.0¢ 0.7 16.50 1.0 4.6 0.7 13.9¢ 0.7 0.0003
d2 14.8° 0.7 14.1%¢ 0.9 16.12 0.7 15.0° 0.7 125° 0.6 144 0.9 13.7°¢ 0.7 12.7¢ 0.7 0.00L8
d4 142> 0.7 13.2¢ 0.9 14.¢ 0.7 142> 0.7 12.0° 0.6 12.4¢ 0.9 12.8°¢ 0.7 115 0.7 0.0040
dé 13.3> 0.7 12.2¢ 1.0 13.# 0.7 13.2> 0.7 115 0.7 10.4 1.0 11.9¢ 0.7 10.3° 0.7 0.0027

VP: vacuum packaging; MAP/GOow oxygen modified atmosphere packaging with carbon dioxide (89&nd 20% CQ; MAP/CO: low oxygen modified
atmosphere packaging with carbon dioxide and carbon monoxideNg8(P8.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial
agent incorporated into the film

SE:standard error the mean.

a¢ | east squares means (LSMean) within a row without a common supedsfteip(P < 0.05).
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TableE.1 Effect of packaging treatmentsUR samples omednessiuring retail display for block
1 (15 cm. line).

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 10.7 0.3 10.4 0.3 11.7 0.3 10.9® 0.3 0.0027
d2 9.3 0.2 9.8 0.2 10.7 0.2 9.6 0.2 <0.0001
d4 8.4 0.3 8.3 0.3 9.7 0.3 8.3 0.3 <0.0001
d6 7.2 0.3 7.6% 0.3 8.¢ 0.3 7.0 0.3 0.0003

VP: vacuum packaging; MAP/CGOlow oxygenmodified atmosphere packagingthvcarbon dioxide (80% N

and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaging plus an application of peroxyaeeiit.

SBEM: standard error the mean.

ab: | east squares means (LSMean) within a row without a common supediffer (P < 0.05).
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TableE.2 Effect of packaging treatmentsUS samples omednesgluring retaildisplay for
block 1 (15 cm. line).

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 11.5 0.3 9.9 0.3 11.8 0.3 11.3 0.3 <0.0001
d2 10.F® 0.2 8.9 0.2 10.6 0.2 9.9 0.2 <0.0001
d4 8.7 0.3 7.9 0.3 9.4 0.3 8.5¢ 0.3 <0.0001
d6 7.3 0.3 6.9 0.3 8.2 0.3 7.20 0.3 0.0113

VP: vacuum packaging; MAP/CGOlow oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaging plus an application of peroxyaeeiit.

SBEM: standard error the mean.

aC Least squares meafisSMean) within a row without a common superscript diffek(0.05).
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TableE.3. Effect of packaging treatmentsUR samples omednessluring retail display for block
2 and 3 (15 cm. line).

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 10.P 0.1 10.¢ 0.2 11.3 0.1 10.3 0.1 <0.0001
d2 8.9 0.2 10.3 0.2 10.53° 0.2 9.1 0.2 <0.0001
d4 7.7 0.2 9.7 0.3 9.8 0.2 8.0 0.2 <0.0001
d6 6.4 0.3 9.2 0.4 9.0 0.3 6.9 0.3 <0.0001

VP: vacuum packaging; MAP/COlow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and 0.4%CO); VP/AM: vacuum packaging with an antimicrobial agent incorporaited i

the film.
SEM: standard error the mean.
ab: | east squares means (LSMean) within a row without a common supedsiteip(P < 0.05).

122



TableE.4. Effect of packaging treatmentsUS samples onednessluring retail display for blocks
2 and 3 (15 cm. line).

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 11.F 0.1 10.2 0.2 11.5 0.1 11.P 0.1 <0.0001
d2 10.2 0.2 8.2 0.2 10.3 0.2 10.2 0.2 <0.0001
d4 9.2 0.2 6.2 0.3 9. 0.2 9.2 0.2 <0.0001
d6 8.3 0.3 4.2 0.4 7.7 0.3 8.1 0.3 <0.0001

VP: vacuum packaging; MAP/COlow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial agent incatpdrinto

the film.

SEM: standard error the mean.
ab: | east squares means (LSMean) within a row without a common supersteip(Ri< 0.05).
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TableF.1 Effect of packaging treatmenits UR samples orbrightnessduring retail displayfor
block 1 (15 cm. line).

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 10.0 0.3 9.7 0.3 11.2 0.3 9.9 0.3 <0.0001
d2 9.3 0.2 9.2 0.2 10.53° 0.2 9.2 0.2 <0.0001
d4 8.6 0.2 8.7 0.2 9.8 0.2 8.4 0.2 <0.0001
d6 8.0° 0.3 8.1° 0.3 9.1 0.3 7.7 0.3 0.0015

VP: vacuum packaging; MAP/CGOlow oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaging plus an application of peroxyaeeiit.

SBEM: standard error the mean.

ab: | east squares mea(isSMean) within a row without a common superscript diffe(0.05).
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TableF.2 Effect of packaging treatments US samples orbrightnessduring retail display for
block 1 (15 cm. line).

VP MAP/CO; MAP/CO VP/PAA
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 10.4 0.3 8.7 0.3 10.¢ 0.3 10.2 0.3 <0.0001
d2 9.3 0.2 8.1 0.2 10.¢¢ 0.2 9.1° 0.2 <0.0001
d4 8.2 0.2 7.6 0.2 9.12 0.2 7.9° 0.2 <0.0001
d6 7.2 0.3 7.00 0.3 8.3 0.3 6.8 0.3 0.0007

VP: vacuum packaging; MAP/CGOlow oxygen modified atmosphere packaging with carbon dioxide (89% N
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO);VP/PAA: vacuum packaging plus an application of peroxyaeeiit.

SBEM: standard error the mean.

aC Least squares means (LSMean) within a row without a common supedsffeip(P < 0.05).
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TableF.3. Effect of packaging treatmenits UR samples orbrightnessduring retail display for
blocks 2 and 3 (15 cm. line).

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 10.3 0.1 10.8 0.2 11.3 0.1 10.5¢ 0.1 <0.0001
d2 9.2 0.1 10.2 0.2 10.53° 0.1 9.8 0.1 <0.0001
d4 8.0° 0.2 9.6 0.3 9.7 0.2 8.3 0.2 <0.0001
d6 6.9 0.2 9. 0.3 8.8 0.2 7.2 0.2 <0.0001

VP: vacuum packaging; MAP/COlow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO); VP/AM: vacuum packaging with an antimicrobial agent incatpdrinto

the film.
SEM: standard error the mean.
&t |east squares means (LSMean) within a row without a common supediifep(P < 0.05).
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TableF.4. Effect of packaging treatments US samples orbrightnessduring retail display for
blocks 2 and 3 (15 cm. line).

VP MAP/CO; MAP/CO VP/AM
Time LSMean SEM LSMean SEM LSMean SEM LSMean SEM P-value
do 11.° 0.1 10.4 0.2 11.¢ 0.1 11.P 0.1 <0.0001
d2 10.2 0.1 8.6 0.2 10.3 0.1 10.2 0.1 <0.0001
d4 9.12 0.2 6.9 0.3 9. 0.2 9.0 0.2 <0.0001
d6 8.1 0.2 5.00 0.3 7.7 0.2 8.7 0.2 <0.0001

VP: vacuum packaging; MAP/COlow oxygen modified atmosphere packaging with carbon dioxide (89%
and 20% CQ; MAP/CO: low oxygen modified atmosphere packaging with carboridBcand carbon monoxide
(80%N2, 19.6% CQ, and0.4% CO);VP/AM: vacuum packaging with an antimicrobial agent incorporated into

the film.
SEM: standard error the mean.
&t Least squares means (LSMean) within a row without a common supedsfteip(P < 0.05).
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