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LIST OF ABBREVIATIONSNOTATIONS

Abbreviation /Notation Details

SR Sarcoplasmic reticulum

WHC Water-holding capacity

ATP Adenosine triphosphate

ADP Adenosine diphosphate

CK Creatine Kinase

PSE Pale, soft exudative

ES Electrical stimulation

MHC Myosin heavy chains

MLC Myosin light chains

EDTA Ethylenediamine tetraacetic acid
SDS Sodium dodecylsulfate

LMM light meromyosin

HMM Heavy meromyosin

DMD Dunchenne muscular dystrophy
BMD Becker muscular dystrophy
DGC Dystrophin glycoprotein complex
Vv Vinculin

T Talin

SSPN Sarcoglycans and sarcospan
Db Dystrobrevins

Syn Syntrophins

NOS Nitric oxide synthase

DPM Deep Pectoralis Myopathy

NMD Nutritional muscular dystrophy
NORM Normal

wB Wooden breast

WS Severe white striping

EC Excitation-contraction

DHPRs Dihydropyridine binding receptors
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CR
CSQ

MH
SR-RSCRC

LDH
AST
CPK
PLAs
SBY
HBY
SEM
PUFA
CLA
WBC
PAGE
CIE
AOAC
BSA
EGTA
RB
GLM
H1

H2

H3

Calreticulin

Calsequestrin

Malignant hyperthermia

Sarcoplasmic reticulum ryanodine-sensitive calcium
release channel

Lactate dehydrogenase

Aspartate aminotransferase

Creatine (phospo) kinase

Phopholipase

Standard breast yield

High breast yield

Standard error of mean

Polyunsaturated fatty acids

Conjugated linoleic acid

Water Binding Capacity

Polyacrylamide gel electrophoresis
Commission Internationale de I'Eclairage
Association of Official Analytical Chemists
Bovine serum albumin

Ethylene Glycol Tetraacetic Acid

Rigor buffer

General linear model

Height is measured far from the end of the chuda
part of chicken breast by 1 cm toward a dorsal
direction

Height measured at the half distance of thekemc
breast length

Height measured at the thickest point in tlzenie
part of the chicken breast

Length is measured from the longest dimension of
the fillet
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MDM
CvD
OSA
GMO
PPI
MSPM
STPP
ADD

TPA

FW

DSC

PA

PC

PD

PE

BA

BC

BD

BE

LAB

Width is measured from the longest distance from
side to side in the middle of fillet
Mechaally deboned meat

Cardiovascular disease

Octenyl succinic anhydride

Genetically modified organisms

Poultry protein isolates

Mechanically separated poultry meat

Sodium tripolyphosphate

Attention Deficit Disorder

Water activity

Texture Profile Analysis

Freezable water

Differential scanning calorimeter
Phosphate-marinated fillets cooked in the oven and
core product temperature 160-76°C
Phosphate-marinated fillets cooked in the oveh a
core product temperature 160-80°C
Phosphate-marinated fillets cooked in the areh
core product temperature 200-76°C
Phosphate-marinated fillets cooked in the oven and
core product temperature 200-80°C
Bicarbonate-marinated fillets cooked in the mand
core product temperature 160-76°C
Bicarbonate-marinated fillets cooked in the oved an
core product temperature 160-80°C
Bicarbonate-marinated fillets cooked in the oaexd
core product temperature 200-76°C
Bicarbonate-marinated fillets cooked in the osed
core product temperature 200-80°C

Lactic acid bacteria
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SUMMARY

Currently, there are two main growing trends in gkebal meat market. The first trend is the
dramatic increase of demand on poultry meat. Ipaese to this demand, there was a great
success in increased growth rate in the last fevadies in order to optimize the production of
poultry meat. Accordingly, the increase of growditerinduced the appearance of several muscle
abnormalities which more recently were white stripand wooden abnormalities. The second
trend is related to the growing market of conveniémalthy, and functional processed meat
products. In this regards, the Ph.D research prejas divided into two parts where the first part
was dedicated to evaluate the different implicatiaf recent muscle abnormalities on meat
quality traits and their incidence under commeraahditions. While the second part was
dedicated to evaluate the possibility to formulatalthy processed meat products such as
phosphate free-marinated chicken meat and low sedmarinated rabbit meat products. The
findings of the first part showed that the totatidence of white striped breast fillets under
commercial conditions in different genotypes ofcklen broilers was very high and reached up
to 43%. Considering the effect of genotype, thailtesshowed that high-breast yield hybrids
exhibited a higher overall incidence of WS compavath standard-breast yield hybrids. In
particular, heavy weight flocks (3.8-4.2 kg) hagnsiicantly higher percentages of WS (564
28.5%, R0.001) than medium flocks (2.2-3.0 kg). The ressl®wed that the increase of
incidence was highly relevant to the increase ofagin rate, which can be considered the most
determining factor. In addition, the high rate dhd severity of WS was higher with increasing
the slaughter age and weight. In the context ofqunality traits, it was found that breast meat
affected by white striping and wooden abnormalihiasl a different chemical composition than
normal breast meat. Both types of defected meabiatl lower protein content and higher fat
and collagen contents than normal. Moreover, bgfied of abnormal meat had different
nutritional properties as a result of compositioohhnge. To illustrate, white-striped fillets
exhibited higher energy content (450</ 421.1 KJ/100g; P<0.01) with respect to normal meat.
From technological viewpoint, white striped and wWen breast meat exhibited lower processing
ability (water holding/binding capacity and textuolaracterized by lower marinade uptake and
higher cooking loss in comparison to normal meatadidition, white striped meat exhibited

softer texture (low Allo-Kramer shear force) whioden meat showed harder texture (high



hardness value by compression test and high vatuésxture profile analysis) in respect to
normal meat. White striped meat had lower proteintslity as well as lower content of some
functional myofibrillar protein fragments such adtia and, fast, and slow-twitch light chain
myosin (LC3 and LC1) that has been observed by BRGE analysis. On the other hand, the
histological analysis showed the presence musbkr fiegeneration followed by lipidosis and
fibrosis in both muscle abnormalities. In addititimere was an increase in the level of calcium
(C&") and sodium (N3 as well as presence calcium-ATPase (114 kDa)n@ioator of muscle
damage) in abnormal meat. In the conclusion, olvenalings related to the first part of the Ph.D
project (Part A) showed that the total incidenceeafent muscle abnormalities (white striping
and wooden breast) was relatively high under coraimleconditions. In addition, the impact of
muscle abnormalities was not confined on the impgirthe visual appearance (marbling
appearance due to white striations and hard, pdtg-like bulge areas due to wooden) but there
was also a dramatic adverse change in the othelitygusaits such as colour, water
holding/binding capacity, texture, and the histadagistatus of the meat tissues which may lead
to economical consequences on the poultry indu$trg. overall findings of the second part (B)
of the Ph.D showed that sodium bicarbonate cansbd as phosphate replacer while keeping to
certain extent similar quality traits. Moreover, ogphate-marinated fillets exhibited some
differences in the quality traits (texture profilgater binding capacity, colour, freezable water,
etc.) under different heat treatments (dry cookpmcedure at different core and oven
temperature) in comparison to bicarbonate-marinéiteds. On the other hand, a study was
designed to evaluate the possibility to formulate sodium-marinated rabbit meat product. It
was found that it is possible to replace sodiunomtié up to 30% by potassium chloride without
impairing microbiological traits (total aerobic nogilic and lactic acid bacteria maximum cell
loads), sensorial acceptability (perceived salsnasd overall liking) and technological traits
(pH, colour, texture, cooking loss, and yield)cbnclusion, the finding of this study showed that
it is feasible imparting an added value for proedssbbit meat products by reduction of sodium

content which could increase market interest.
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CHAPTER 1

Literaturereview: Meat structure and Muscle abnor malities

1.1 Abstract

During the past few decades, there was a tremanithgvease in the poultry meat demand.
Furthermore, current forecast and projection stugd@nted out that the expansion of the poultry
market will continue in future. This growing demaindthe last 30 years had led to progressive
improvements in genetic selection to produce faswing broilers which induced the
appearance of several spontaneous or idiopathicclenugbnormalities and an increased
susceptibility to stress induced myopathy. Thesesabeu abnormalities have different
implications on the composition and the musclecstme and as a consequence on the quality
traits of fresh and processed meat products. dtegter will deal with meat composition and
muscle structure and their roles in the qualitytdraf raw and processed meat products. In
addition, this chapter will discuss the impact leé tnost common muscle abnormalities such as
deep pectoral myopathy (DPM) and pale, soft andlative like meat (PSE) on meat quality
traits (water holding capacity, soft texture andepaolor). In addition, it will also discuss the
most emerging recent muscle abnormalities that roccehicken breast such as white striping
and wooden breast. Both those two muscle abnorgglitere the subject of different studies
that have been carried out during the Ph.D thdgisrefore, this chapter aimed to review the
consequences of genetic selection on muscle quadiils. It describes the relevance and the
effect of main breast abnormalities on nutritiot@thnological, sensorial, and microbial quality
of raw and processed meat.
Keywords:. Broiler, genetic selection, fast growing, breasatmabnormalities, nutritional value,

technological traits, microbiological stability.
1.2 Introduction
In early societies, chickens were valuable farmmahs, mainly used for the production of

eggs and feathers, but also as a barnyard scaydongentertainment (cock fighting, animals

show), and perhaps least important, as a sourceeat. As a result, little effort was made to



increase meat production (Fletcher, 2004). Un#l 118" century, there were no concentrated
efforts made to increase the commercial produatibhoth eggs and meat. As industrial cities
began to grow, the production of many foodstuffedmee more concentrated, with the sole
purpose to supply high-population centers with fdodthe late 1940s and early 1950s, poultry
producers began to integrate vertically poultrydorction stages as well as take advantage of the
scientific progress in nutrition, genetics and dssee control (Fletcher, 2004). Only from that
time, onwards genetic selection programs have texbuh the divergence of laying hens from
meat-type broilers (Table 1.1) (Schreurs, 2000).

Table 1.1 Relationships among evolution of marketing formsl aplection criteria of chicken broilers

and appearance of breast meat quality abnormalities

Item Y ear
1940 1960 1980 1995 2010
Themain form - live bird - whole carcass - cut-up - cut-up - cut-up
of commercialization - processed - processed
products products
M ain selection - live - live - live - live - live
Criteria performances performances performances performances performances
- carcass yield - carcass yield - carcass yield - carcass yield
- cut-up yield - cut-up yield cut-up yield
- meat yield - meat yield
Meat quality - deep pectoral - deep pectoral - deep pectoral
Abnor malities disease disease disease
- PSE-like - PSE-like
- white striping
- wooden breast

In the late 1950s, 8 weeks were needed to prodié kg bird, while today, a bird of the
same market weight can be produced in approximéatargeks (Havensteit al., 2003; Berriet
al., 2007; Aviagen, 2007, 2012).

The average breast meat yield (includRadtoralis major andPectoralis minor without bone
and skin) for Athens-Canadian Randombred straibroilers in the 1957 was 13.5% for birds
slaughtered at 2.2 kg of live weight, while in 20@ie average breast yield of the Ross 308

broilers slaughtered at the same weight was 15H8wever, in the last ten years; breast meat



yield of the same hybrid has been tremendouslyeasad by more than 5 percentage points, and
so that nowadays the breast meat exceeds oneofifitie weight of the bird (Aviagen, 2012)
(Table 1.2). The majority of these changes (85@%Phave been brought by the quantitative

selection practiced by commercial breeding orgdrmna (Havensteiet al., 1994a, b).

Table 1.2 Progress in breast weight and yield in commeraiaildr hybrids from 1957 to 2012

Year Hybrid Body weight  Age Breast weight  Breast yield
) (d) @) (%)

19571 Athens-Canadian Randombred 2,078 57 280 135

20011 Ross 308 2,207 43 349 15.8

20072 Ross 308 2,200 36 410 18.6

20122 Ross 308 2,200 35 464 211

!Havensteiret al. (1994b);? Aviagen (2007, 2012)

The reasons of the increasing demand of chickeasbmaeat are attributed to the healthy
nutritional profile, a peculiar sensory propertattimakes the breast meat very flexible for any
type of home-preparation style as well as for mactuiring processed products. Additionally,
mild flavor and high tenderness of breast meamallmparting a wide range of desired flavor
profiles and textures of processed meat producishawheet market needs and targeting different
groups of consumers. Finally, the breast meat g seitable for quick and easy home-cooking
and this is very important in modern societies whgeople tend to spend less and less time in

home meal preparation (Fletctetial., 2002; Petracait al., 2013a).
1.3 Muscle structure and meat composition

1.3.1 Muscle structure

Entire skeletal muscle is considered as an orgaheoimuscular system. Muscle consists of
skeletal muscle tissue, adipose tissue, connetiigae, nerve tissue, blood or vascular tissue,
nerve tissue, tendon, cartilage, and bone. Mudot has a long and cylindrical shape and each
fiber is considered as a muscle cell. Normally, cheiss made up of hundreds, or even
thousands, of muscle fibers, organized togethéuasdles and covered in a sheath of connective
tissue. The whole muscle is surrounded by a coiveetissue sheath called the epimysium



(Keeton and Eddy, 2004). Part of the epimysium rastenward to separate the muscle into
different compartments where each one contains rallbuof muscle fibers. Each bundle of
muscle fiber is called a fasciculus and is surr@ghty a layer of connective tissue called the
perimysium. Within the fasciculus, each individualuscle cell, called a muscle fiber, is
surrounded by connective tissue called the endamy¢$Davies, 2004;Anonymous, 2014)
(Figure 1.1).

Bane Ferimysium Blood vessel
«.‘:‘-
' MuUsClE fiber
i ) o : Fascicle
Tendon Epirnysiurm Endormysiurm

Figure 1.1 Structure of skeletal muscle (Source: Anonymoug420

The main functions of connective tissue to suppad protect for the delicate cells (soft and
fragile) and enable the cells to resist the gerdrabmpression due to muscle contraction. In
addition, presence of connective tissues providegepted pathways for blood and nerve
supplies. Skeletal muscles are supplied with aigefit quantity of blood vessels and nerves
which depends mainly on the primary function ofleted muscle. In general, in each myofibril
there are two types of myofilaments which are thigkofilaments (myosin) and thin
myofilaments (actin) (Davies, 2004; Anonymous, 2014

Muscle cells are attached by a plasma membranes@iemlemma) which forms a physical
barrier against the external environment and alediates signals between the exterior and the
muscle cell. The cytoplasm of a muscle cell (sadasp) that normally have subcellular
elements along with the Golgi apparatus, abundawofibrils, a modified endoplasmic reticulum
known as the sarcoplasmic reticulum (SR), myogland mitochondria. Transverse (T) -tubules



go through the sarcolemma, which permit the immuteepenetrate the cell and activate the SR.
The SR is a type of network surrounds the myofibeihd it stores and provides theéCat is
required for muscle contraction (Figure 1.2) (TayRD04, Davies, 2004, Anonymous, 2014).

Myofibrils are contractile units that consist of amdered arrangement of longitudinal
myofilaments. Myofilaments can be either thick rilants (comprised of myosin) or thin
filaments (comprised primarily of actin). The chamaistic 'striations' of skeletal and cardiac
muscle are readily observable by light microscogyadternating light and dark bands on
longitudinal sections. The light band, (known ag tHband) is made up of thin filaments,
whereas the dark band (known as the A-band) is roadef thick filaments. The Z-line (also
known as the Z-disk or Z-band) defines the latbaindary of each sarcomeric unit. Contraction
of the sarcomere occurs when the Z-lines move choggether, making the myofibrils contract,
and therefore the whole muscle cell and then thigeemuscle contracts (Figure 1.2) (Davies,
2004, Davies and Nowak 2006; Choi and Kim, 2009%@ymous, 2014).
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Figure 1.2 Schematic diagram of muscle fiber structure (Sausdopkins, 2005)

1.3.2 Meat composition

Meat composition and muscle structure are usudligced by genetic selection due to
histological and biochemical changes that are iaduxy growth increase. Meat composition and
muscle structure play a crucial role in the qudligits of raw and processed meat products. In
general, meat composes from water, protein, ligggbohydrate, minerals, vitamins, and nucleic
acids (Lawrie, 1991Keeton and Eddy, 2004; Kauffman, 2012).



Water is the major part of the composition of mad@sue (about 75% water). The ability of
meat to bind and hold either native or added wgalteys a vital role in the quality traits as well as
the economic value of meat products. Water is gdlyedistributed in different form in muscle
structure. It can be structurally organized in tayaround polar molecules (bound water) and
between layers of cellular materials (steric watbtpst of water in the muscle is entrapped by
different forces and it is difficult to move (Figui.3). Bound water (about 5%) usually binds
with proteins; it has an ice-like structuf@ertramet al., 2002; Brewer, 2004; Pearet al.,
2011).

00000000000000000000000000 ki
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Figure 1.3 Arrangement of intrafilamental water (Source: Brev®04).

Bound water is unfreezable and is unaffected bymihe processing, in addition it is not
involved in biochemical reactions. On the other dhasteric or immobilized water can move
from compartment to another compartment under uartgpes of stress. Immobilized water is
located within the network of cellular protein memhes (intracellular water) of contractile
fibers or in the sarcoplasm. Additionally, waterpiesent in the extracellular spaces (Brewer,
2004; Pearcet al., 2011).

Water-holding capacity (WHC) is one of the most artpnt quality measures for the meat
industry. WHC can be defined as the ability of miatetain onto its native and added water
under applied force such as heat and pressureréBed al., 2008; Cheng and Sun, 2008;
Albarracinet al., 2011). Water-holding capacity (WHC) is mainly megented by water located

in the intermolecular spaces of contractile pradmyofilament of actin and myosin) of muscle



tissue and it is immobilized under the effect gbittary force. The spaces between myofilaments
can vary from 320 and 570 A according to pH, iostiength, osmotic pressure and sarcomere
length. In general, these spaces are maintainezldayrostatic force. Variables that can change
the spatial alignment of the myofilaments can mptlie quantity of immobilized water. In this
context, WHC is affected by both intrinsic and exic factors that can change the net charge
such as pH, the presence of divalent cations*{MG&"), denaturation of proteins (rapid
decrease in pH at high temperature), and the presand condition of plasticizing agents
(adenosine triphosphate (ATP), enzymes (ATPase), @factors necessary for plasticizer
function in the prevention of myofibrillar protesross linking) (Brewer, 2004; Huff-Lonergan
and Lonergan, 2005; Cheng and Sun, 2008;et.ek, 2010; Pearcet al., 2011).

The negative charge of contractile proteins is Ugursteracted with divalent cations such as
Mg?* and C&" which decreases the repulsion forces and pullimgjractile proteins together
(Figure 1.3). As a consequence, there is lessprg&tion spaces that reduce the number of
water molecules. This effect can be mitigated bynovalent captions such as Nand K
(Brewer, 2004; Cheng and Sun, 2008; etal., 2010; Pearcet al., 2011).

When Mg-ATP binds to myosin, electrostatic repulsion is ineesh between contractile
proteins which allows binding of myosin to actirdanhibiting ATP release. Gareleases from
sarcoplasmic reticulum (SR) due to nerve impulgawgation and then it binds to troponin-C.
Cd* counteracts the effect of Mg-ATRmparting more spaces for water. In addition, enes
of C&* can induce conformational change in the proteihi&chvincreases the activity of Mg-
ATP?-ase that catalysis of Mg-ATPto Mg-ADP (ADP: adenosine diphosphate), generating
energy for muscle contraction. In pre-rigor meatetaction between actin and myosin is
inhibited by Mg-ATP". In this case, the changes in pH can easily genetactrostatic repulsion
between proteins (Figures 1.4 and 1.5), and addiliip high ionic strength can attract water by
osmotic force. In general, the increase of intetgin space is restricted due to the attachment of
actin filament to the Z-line and myosin filament ttee M-line. When the oxygen supply is
finished during thepost-mortem period, cells start to generate energy by the rabae process
which producing lactic acid and decreasing the piilevATP is produced by creatine kinase
(CK). Production of ATP is usually stopped when GKdepleted. In the case, the cross-linking
between actin and myosin is maintained, which legdn shortening of sarcomere (Brewer,
2004; Cheng and Sun, 2008; Peastca., 2011).
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Figure 1.4 Effects of divalent and monovalent cations on fketer (Source: Brewer, 2004).

Temperature plays major roles on the rate and extethese reactions because (1) several
reactions are controlled by enzymes and (2) changgdd at high temperature can denature
proteins, both structural proteins and enzymeslitggato loss of functionality. In general, at pre-
rigor temperatures >20°C, there is no shorteninghefmuscle due to the high activity of the
C&* pump in the SR that keep low €a@oncentrations around the myofilament and blockireg

effect of the troponin-tropomyosin system on actiyesin interactioriBrewer, 2004).
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MgATP-induced repulsion between protein chains (relaxed state)
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Figure 1.5 Cation (C&?) shielding of Mg-ATF and its effect on water held between proteins
(Source: Brewer, 2004).

Increase of the pH before rigor-mortis can increageconcentration of hydroxyl ions which
increase the repulsion force (Figure 1.6). On ttheerohand, WHC is normally very low at pH
5.4-5.5 (which is very close to isoelectric poibt)t minimum value occurs when pH arrives
around 5 which is the isoelectric point of actomgo@-igure 1.7). Salt-soluble proteirzse
completely soluble above pH 5.9 but 95% are indelad pH below 4.9, with peak solubility
occurring between pH 5.7 and 6.0. The inclusiowatfer in muscle tissue at pH between 5.1 and
4.4, swells the muscle fibers through the acrosksadong of fiber axis. Increase of muscle fiber
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diameter is more important for total muscle swellthan increases in sarcomere length. Fiber
diameter is more affected by pH than sacromereitaisdhegatively correlated with pH. At pH
close to 4, white fibers proceed to swell while fibérs shrink. This variation in response can be
explained by differences in buffering capacity, weheed-fiber muscles exhibit lower buffering
capacity than white-fiber muscles under acidic aoors (Brewer, 2004; Cheng and Sun, 2008;
Pearceet al., 2011).
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Figure 1.6 Effects of excess hydroxyl ion (pH increase) onwlaer located in pre-rigor meat (Source:
Brewer, 2004).

The highest precipitation of sarcoplasmic proteiakes place between pH 4.8 and 5.2
regardless of temperature; but, at 37°C or mogh pH cannot protect these proteins. The pH-
induced precipitation of sarcoplasmic proteins amifibrillar proteins which decreases WHC
as well as other quality traits of meat. Hence trmdimg pH can increase WHC. In this context,
one of the strategies is an injection of adrena(g@nephrine) prior to slaughter can lower
intracellular glycogen content at slaughter so #waerobic glycolysis is limited during post
mortem leading to less lactic acid and hence higrapd WHC. Moreover, addition of alkaling
agents such as phosphates and sodium bicarbosatmealeases post-mortem pH and WHC to a
certain extent (Brewer, 2004; Bertraghal., 2008; Cheng and Sun, 2008; Albarraeiral.,
2011).
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Figure 1.7 Effects of pH on water-holding capacity (Sources\Ber, 2004)

As a result, the shortening of the sarcomere awdpld have an adverse impact on the water-
holding capacity of meat. Immediately after slagghthe meat has the optimum WHC due to
composite effects of high levels of ATP and high, pthile after 12-24 h of thgost-mortem
period, WHC starts to sharply decrease as a reduknzymatic hydrolysis of ATP and
accumulation of lactic acid which reduces the pHe§e conditions induce protein denaturation
which decreases its solubiliffhe solubility of proteins reduces sharply whenfphs from 6 to
5. ATP breakdown takes place at pH between 6.9%5a¢Fletcher, 2008Brewer, 2004; Sathe,
2012). Based on what is previously mentioned, sligtuction in WHC is normally observed in
the early stage of thaost-mortem period, which is attributed to the direct effe€pbl on muscle
proteins. From other hand, during rigour there $harp decrease in WHC which is explained by
the disappearance of ATP (two thirds of respongpiland the rest (one-thirds) due to pH
(Brewer, 2004).

High drip loss, poor WHC, and colour of pale, sofuidative (PSE) pork have been attributed
to rapid post-mortem glycolysis at high temperature which leads to nryodenaturation.
Moreover, these conditions may lead to sarcoplagonateins denaturation and subsequent
precipitation onto the myofibril§Schreurs, 2000; Petracci and Cavani, 2012a). Exgdbe
carcass to electrical stimulation (ES) can raiggptst-mortem glycolysis rate and reduce WHC.

When ES-induced pH decline (<6.0), while the casdastill at >30°C, decreases®anhanced
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myofibrillar ATPase activity, which implies myosttenaturation. ATPase activity is inversely
correlated with WHC (Schreurs, 2000; Brewer, 2004).

Poor of circulatory competency makes metabolic bheaccumulate, where the temperature
of carcass exceeds 42°C. When pH decline is draratually during the first 45-60 misost
mortem), the combined effect can produce denaturatiomdfibrillar proteins so that WHC is
ultimately quite low, even if the ultimate pH (24 is within normal ranges (Schreurs, 2000;
Brewer, 2004; Huff-Lonergan and Lonergan, 2005).

WHC can be improved by the addition of salt to gitissues, even grinding activates ATP
hydrolysis and glycolysis. The addition of up to 2%CI increases the swelling of muscle tissue
when water is added. But, the inclusion of 3-5% Na@ds to decreased swelling followed by a
high increase in salt concentration between 5%188d NaCl. Salt at lower concentration (2%)
replace calcium on meat proteins by sodium, white neoderate concentration (3-5%),
magnesium and potassium are exchanged with sodMirhigher concentration (5-10%), salt
increases the ionic effect on meat proteins. Thidtiads of sodium phosphate salts have been
associated to increase WHC as characterized by ldwe and cooking loss. This improvement
is attributed to their effect on pH, commercial pploates can impart high pH (9-10) values to
the meat which is higher than pl and increasingrtbienegative charge on myofibril proteins
causing them to repel each other and allowing watemnter (Brewer, 2004; Doyle and Glass,
2010).

Proteins are major organic compounds of the mumsdae, and also are responsible about the
structural and biological properties of muscleiwinly animals. Muscle proteins can be classified
according to their solubility characteristics intioree categories: sarcoplasmic proteins, the
metabolic proteins that are soluble in water outdilsalt solutions; myofibrillar proteins, the
contractile proteins that are soluble in conceattasalt solutions; and stromal proteins, the
connective-tissue proteins that are insoluble it §bawrie, 1991; Leet al., 2010; Sathe, 2012;
Kauffman, 2012).

The sarcoplasmic fraction (30-35% of the total neigroteins) contains about 200 different
proteins, the major part of them are glycolytic ynes. According to the centrifugal
sedimentation forces sarcoplasmic proteins could dbeded into four classes: nuclear,

mitochondria, microsomal, and cytoplasmic fracti@d®ng, 1997). Sarcoplasmic proteins have
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a weak positive effect on the technological prapsri{water holding capacity) with showed
weak and fragile gel (Miyaguchkt al., 2000; Sathe, 2012)

Myofibrillar proteins constitute about 55-60% ofetthotal muscle protein and they are salt
soluble proteins. On the contrary of sarcoplasmatgins, myofibrillar proteins have a major
role in the technological properties of the meaxtfire and water holding capacity). Myofibrillar
proteins are responsible about the gel formationingumeat processing which imparts the
functional characteristics of processed meat prizd{(#&sgharet al., 1985; Li-Charet al., 1987,
Sathe, 2012). Myosin (thick myofilaments) and a¢thin myofilaments) are the major part of
myofibrillar proteins. Myosin is a large fibrous faoule (~ 500 kDa), built from two large
subunits called myosin heavy chains (MHC) that fah@ head and four small subunits called
myosin light chains (MLC) where they are attachednyosin head (Bechtel, 1986; Letal.,
2010).

Myosin can be extracted with NaCl or KCI solutidqe®.15 M). The addition of MgGland
ATP or pyrophosphate can prevent the extractioactih. Oxidation of thiol groups in myosin
molecules could lead to aggregation and so ethgllanenetetraacetic acid (EDTA) and
mercaptoethanol is usually added to prevent itsegggion during extraction (Kijowski, 2001).
Sodium dodecylsulfate (SDS) has the ability to @lisstes myosin molecule into subunits of
high (200 kDa of fast-twitch and slow-twitch heastyain myosins) and low molecular weights
(fast-twitch light chain myosin LC1, LC2, and LChaving 25, 18, and 16 kDa, respectively and
slow-twitch light chain myosin LC1 and LC2 having.2 and 19 kDa, respectively) which can
be separated by electrophoretic techniques. Unueetfect of some enzymes, myosin can be
hydrolyzed into some functional fragments suchlight meromyosin (LMM) of 150 kDa and
heavy meromyosin (HMM) of 350 kDa. Heavy meromyosould be also hydrolyzed into S-1
and S-2 fragments with a molecular weight of 11%lkdhd 60 kDa, respectively, when under a
long period of enzyme digestion (Figure 1.8) (Betht986; Choi and Kim, 2009). It was found
that S-1 protein has excellent functional propsriie processed meat products due to its high
water binding capacity (Borejdo and Assulin, 19B0rejdo, 1983). Some myofibrillar proteins,
such as myosin heavy chain (MHC, ~ 200 kDa) anahdeti42 kDa) are largely responsible for

the textural properties of processed meat products.

16



Rod

F _}..
Trypsin
digestion

ih

Light Heavy WA ":"'
Mearomyosin _ Meromyosin \J43,

Further
digestion —
it I'-
+ Ve ‘11-.;"5:‘a
5-2 5-1
fragment fragmenls

Figure 1.8 Schematic of the generation of LMM, HMM, S-1, an@ 8agments (Source: Bechtel, 1986).

Actin is a globular protein (G-actin) with a molémuweight of 42 kDa; it contributes about
22% of the myofibrillar protein (Kijowski, 2001).-@ctin molecules polymerize into a double-
stranded fibrous form (F-actin) which is considetied backbone of the thin filament and also
provides binding sites for tropomyosin and troponomplex which regulates the activity of
myosin ATPase (Huxley, 1963). In the presence dfiwa ions, F-actin contacts with the
myosin heads of the thick filaments and thereiigpad breakdown of ATP, ultimately resulting
in muscle contraction (Bechtel, 1986; Choi and K2009).

Some models showed that actin alone had no bindrogerties (Fukazawet al., 1961;
Samejimaet al., 1969) but there is “synergistic effect” betweastiraand myosin due to the
formation of the actomyosin complex. It was fouhdttthe strongest gels were formed when the
myosin-actin weight ratio was 2.7 (Yastial., 1980; Sathe, 2012).

Connective tissue proteins (Stromal proteins) aeeniy composed collagen, elastin, and
lipoproteins of the cell membrane, but collagenmatively predominates (Kijowski, 2001).
The toughness of the meat is generally associaitidcallagen, which is made of three helically
twisted polypeptide chains stabilized by intramalac and intermolecular bonds (e.g., hydrogen
bonds). As animals age, more covalent bonds amegidinside and between collagen molecules,
which contribute to the toughness of the meat. &gelh is not able to form a gel at temperatures
less than 80°C (Asghat al., 1985; Kijowski, 2001; Aret al., 2010).
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Several studies showed that the solubility of myafar and sarcoplasmic proteins are highly
correlated with water retention (drip loss and mwois uptake). Protein solubility has a major
role in the physical properties of the meat. Irs tregard, lower protein solubility imparts poor
functionality like in the case of PSE meat (Camnd &ebranek, 1991; Sathe, 2012)

Tenderness and juiciness of fresh and processed pneducts are considered the most
important quality criteria that are used by theszoner during the selection. Tenderness of meat
depends on different pre- and post-slaughterintpfaavhich form the cyto-architectural design
of the finished products while the juiciness depegadnainly on the ability of meat to hold and
bind water during processing. Juiciness and temdsritan be improved by marination and
tumbling processes (Robbisesal., 2002; Alvarado, 2007).

1.4 Genetic improvement and muscletraits

Genetic selection may increase the growth rate a$abe by inducing hypertrophy in the
existing fibers due to fusion of satellite cellsddaio a lesser extent by hyperplasia because the
total number of fibers is generally fixed beforedmng (Schreurs, 2000; Picastl al., 2002;
Scheuermanmt al., 2004; Berriet al., 2007). In particular, fibers number may increasth
increasing growth rate and feed efficiency in thens strain, while the cross-sectional area of
muscle fiber may increase with age (Dransfield Sodnicki, 1999). On the other hand, selected
modern chicken hybrids showed higher density of-tfiagch fibers which characterized by
higher diameter and lower rate of protein degradaiin respect to unselected birds (Dransfield
and Sosnicki, 1999; Schreurs, 2000; Branabal., 2009). The lower rate of protein degradation
in broilers compared with that in layer strainsyglaa major role in increasing body weight,
muscle weight and relative maturity (Schreurs, 3000

Selection towards increased growth rate and brgakt-has obviously put more stress on the
growing bird which may induce the appearance oesshante- and post-mortem histological
and biochemical modifications in the muscle tis¢Betracci and Cavani, 2012a). Increase of
fiber size determines a lower capillarization leadio large diffusion distances for oxygen,
metabolites and waste products which can comprofitisemetabolism (McRaet al., 2006). In
addition, it results to homeostatic dysregulatiohich leads to cellular dysfunction. It was
hypothesized that both growth- and stress-relatgdpathies may result from disruption of

intracellular cation homeostasis (calcium and sogiu
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1.5 Muscle abnormalities

Muscle has plastic tissue structure that makeblé o adapt highly to different functional
demands. The structure and functionality of musecée usually changed as the growth and age
change. In some cases, it is difficult to differat® the muscle abnormalities due to the aging
process from one which is due to loss of functitpahs a result of myopathy. Muscle
abnormality or myopathy normally occurs when thesabel loses its ability to meet the demands
placed upon it. This failure in response may be tuhe presence of too big or continuous or
acute stress, as well as due to trauma or gerefects (Mahon, 1999).

As mentioned before, muscle has high capabilitgdopt or recover from stress conditions by
repairing system or regeneration process to reflaeelead tissue. There are different forms of
muscle abnormalities: hypotrophy or atrophy, hyjgty, degeneration, regeneration, and
cytochemical alteration (Anthony, 1998; Mahon, 1099

Therefore, muscle disorders or diseases can bsifedsinto two main groups according to
source of insult or stress. The first group is whenmuscle has defects in the fibers (myopathic)
as a result of congenital, dystrophies, inflammatenetabolic, ion channel, and secondary
disorders. The second group is when the muscleléi@ets in the nervous system (neurogenic)
which could be central, peripheral, and junctiomsgain, muscle disorders can be classified
according to the origin of insult as acquired ongjec.

In hypotrophy, muscle fibers have smaller size iamgter than normal fibers as a result of
growth retardation due to lack of nutrition, endoer neural or mechanical stimulation or
inherent genetic defect. Atrophy is case of abnobffibars that are resulted due to changing in
the size from native to small and rounded or tmd angular. The causes that are responsible
about atrophy are several which could be defiagrmiutrients, hormones, nervous stimulation or
mechanical tension. Both hypotrophy and atrophy@ed by hormonal and neural reasons and
occur, particularly in specific populations of fisgAnthony, 1998; Mahon, 1999).

Hypertrophic muscle abnormality is characterizedibgrs size larger than normal as a result
of increased workload or failure in the divisiondamultiplications of normal mature muscle
fibers. Hypertrophic fibers may contain some aegttitral defects like splits, whorls or hyaline
changes. In general, detection of fibers in hypetiic case is relatively hard, especially when
all fibers are similarly larger than normal. Thisoplem can be overcome by morphometric

measurements. The appearance of hypertrophic fimerg be induced by the presence of
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atrophic fibers. Accordingly, atrophic fibers leam®re space in the muscle and change the
workload which activates the growing of hypertrapfibers to compensate these changes, this
case called compensatory hypertrophy. The syntlodsig/pertrophic fibers is a sophisticated
process which includes a combination of myofilamamd skimmer assembly, myofibril splitting
and satellite cell activity (Anthony, 1998; Mahdr®99).

Muscle fibers are very excitable and differentiabiel in addition they have very sensitive
membranes. Hence, when they subject to stresssiliydeads to irreversible cell death (necrosis)
or degeneration. As a response of inflammatoryesystnacrophages start to attack the cells and
eliminate the cell debris. Because the muscle ditsee very long, degenerative process may
target whole cell or some selected areas which nhételogical evaluation of single section
samples is not sufficient. There are several featuhat characterize degenerated or damaged
fibers such as: loss of membrane integrity, lossngbfibrillar material, hypercontraction, and
hyalinization. Moreover, activity of some metaboknzymes like succinate dehydrogenase
decreases companied by different structural changbes level of some enzymes usually
increases in bloodstream like creatine kinase (Qi)severe cases, urine could contain high
level of myoglobin. Finally, macrophages invade tlegenerated cells by hydrolysis enzymes,
which completely lead to loss of muscle fibers. Magriggers the fibrosis process to replace
lost fibers by connective tissues. In responseegfederation process, a regeneration process of
partial or whole fibers may occur if the insult damage is not too big or continuous. The
regeneration process consists from several stéggsactivation, proliferation and migration of
satellite cells, which proceed to normal muscleeffiddevelopment (from myoblasts to
myofibres). The regeneration process can be rezednand characterized by nucleation of
muscle fibers, high basophilic staining, fibersitiply or fusion, and manifestation of many
basophilic fibers. The ability of muscle to regeaterdepends on several factors like genetic,
neural, hormonal, age, and vascular supply (Mah889; Mitchell, 1999).

The ratio between contractile myofibrillar and nietiic components of muscle fibers is
normally changed as well as the number of aerobigctsires like mitochondria and their
enzymes. These changes may be induced by enzymetsleischaemia, exercise, electrical
stimulation, drugs, denervation, re-innervation attered tension. In some cases, storage of

metabolite like lipid or glycogen is increased aseault of increased vacuoles. Alteration in
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metabolic and contractile components can indugestoamation of fiber type as a consequence
of neural disorders (Mahon, 1999; Mitchell, 1999).

Chronic atrophy and degeneration is normally foowby fibrosis (fast proliferation of the
connective tissues) and lipidosis (proliferation fafty tissues). Additionally, muscle fibers
transform to rounded and separated from adjacdéetriby thick endomysium which may
activate ischaemia. In several inflammatory dismsddhe level of white blood cells or
macrophages increase between and within the filbersimmune response, this increase
accelerates muscle fibers destruction. In additiofemmatory disorders increase blood vessel
density (increase capillary to fiber ratio) as suteof increased metabolic demands. Moreover,
thickness of blood vessel wall also increases esngequence of inflammation, immune, or a
specific vascular disorder. On another side, neusmular disorders may occur because muscle
fibers are connected with nervous system wherediaee driven by motor neurons (motor units)
(Mahon, 1999; Mitchell, 1999).

Experimentally, the etiological causes of musclencaimalities and myopathological
mechanisms can be evaluated by exposing cell eultanimals or human muscles to
experimental insults or altering the physiologic@mands. In this case, muscle is normally
exposed to different sources of insults or stresh @s exercise, changing the gravity, disuse,
tenotomy, overuse, stretch, myectomy of synergistanatogonist, denervation, electrical
stimulation, transplantation, temperature modifaat, perturbation of endocrine or vascular
system, changing nutrition, irradiation, applicataf drugs, toxins, metabolic inhibitors, growth

factors, infectious agents or genetic manipulafdahon, 1999; Mitchell, 1999).
1.5.1 Myopathic muscle diseases

In these types of muscle disorders, muscle fibeesdirectly affected by primary lesions
which are usually distributed equally and symmathc They occur commonly in the weight -
bearing muscle. There are several symptoms ofrtbahally company muscle disorder such
weakness, wasting, fatigue, and pain in severesca3ee main common features that appear
during histological analysis are high contrastibef size, degenerated and regenerated fibers,
and modification of internal fiber characterist{d4ahon, 1999; Mitchell, 1999).

Congenital muscle abnormality is non-progressiven-destructive myopathy, and it is
characterized by the appearance of undevelopedieniisers that stop to grow at myotube stage

or other stages, cessation of growth of a fibeetgppulation, the disproportion in fiber type,
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aberration in the distribution of various typediEment (e.g. desmin, tropomyosin), and central
cores due to disorder in the distribution of mitmctiria. In some cases, gene deletion that affects
the ryanodine receptor may be responsible abosétlisorders (Mahon, 1999; Mitchell, 1999).

Dystrophies are a group of progressive, destruatiyeptahies which usually occur due to
deleted genes coding for membrane or membraneiasmbgroteins (Emery, 1993; Partridge,
1993). Dunchenne (DMD) and Becker muscular dystyo(@MD) are the most well known
dystrophies which are caused due to lack of dybirdp type of protein connecting contractile
flament and the plasma membrane) (Matsumura andhpBell, 1994). Dunchenne is
characterized by progressive wasting and weakmesisei muscle during the human childhood
and also death in early adulthood may happen. €he gefect for DMD was identified in an X
chromosome gene that encodes the 427-kDa intréarepuotein dystrophin. Dystrophin is part
of a multimeric protein complex, the dystrophingdprotein complex (DGC) (Figure 1.9).

The dysfunctionality of the membrane of myofibessjointed with abnormal intracellular
calcium and dysregulated calcium-responsive patewgigure 1.10). The patients with DMD
and mdx mice showed higher levels of calcium (Rbbeal., 2001; De Backeet al., 2002).
Some researchers speculated that the presenceclgsions in the sarcolemma could be the
reason of entering extracellular calcium to dydtioffibers (Bodensteiner and Engel, 1978).
Several authors found that calcium-permeable cHannduced by stretch (Vandebrouekal.,
2002; Yeunget al., 2005). The increase of calcium level has differeonsequences on the
metabolic system of the myofibers. Firstly, it cemdluce the activity of calcium-dependent
proteases (like calpain) which they can lysis défé proteins located on the membrane of
myofibres leading to myonecrosis (Iwataal., 2003). Secondly, increase of cellular calcium
level can also lead to abnormal mitochondrial fiorxc{Millay et al., 2008)

In general, there is a strong relation betweeniwaladysregulation and the occurrence of
pathophysiology of muscular dystrophy. Thereforecovering calcium homeostasis or
controlling calcium-dependent proteases can beoa gtrategy to reduce muscle degeneration.

Increase the level of intracellular calcium caminaged by different strategies:

- It was found that feeding mdx mice with calcium hel blocker streptomycin
mitigated the muscle damage (Yewt@l., 2005)
- Injecting mdx mice with protease inhibitors (Boneilticet al., 2003)
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- With transgenic overexpression of the calpain iitbrbcalpastatin (Spencer and
Mellgren, 2002

Protein Mitcchondrial
degradation dysfunction

Membrane Macrophage
oxidation reCrisltrmsent

Figure 1.9 Mechanisms for membrane degeneration in dystrophiscle. Thex7B1 integrin linkage system and dystrophin
glycoprotein complex (DGC) are distinct, multimepiotein complexes that link the extracellular xatomponent to the actin
cytoskeleton in muscle celld.dft) A model of these complexes in normal muscle. @Fl integrin dimer binds laminirblue
cruciforms) extracellularly and associates intracellularlfthaactin-binding proteins, including vinculin (Vna talin (T). The
DGC consists of the sarcoglycan subcompler,d, y, 6 sarcoglycans and sarcospan (SSPN); this subcorapkociates with
the matrix through biglycan. Thedystroglycan subunit is heavily glycosylated, dhese carbohydrate moieties are necessary
for laminin binding. The3-dystroglycan subunit associates directly with dysiin, and dystrophin binds directly to filamengou
actin. The carboxy-terminal domain associates wihtrobrevins (Db) and syntrophins (Syn) that, umt bind nitric oxide
synthase (NOS). Absence of components of eitherptmmcan cause muscular dystrophies characterizedabcolemmal
disruptions and muscle degeneratioiglt). In the absence of proper membrane-matrix attaciytears may simply develop as
a result of the mechanical stress. An increaseea fadicalsdreen triangles) is thought to be caused by the displacement of
NOS from the plasma membrane. The high levels @ fiadicals in dystrophic muscle are thought totrdmrte to muscle
degeneration via the oxidation of muscle membramesrecruitment macrophages. Calcium-sensitivewaath also contribute

to muscle degeneration in muscular dystrophy. @aigpink spheres) may enter dystrophic muscle through membranenssi

or through calcium channels. Calcium dysregulatiay also lead to abnormal mitochondrial functiomadi as the activation

of the calcium-dependent protease calpain to degragscle membrane proteins (Wallace and McNall9920

From the other side, it was found that myofibresk ldystrophin are susceptible to oxidative
damage by free radicals (Randbal., 1998). Neuronal nitric oxide synthase (nNOS) allye
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binds the syntrophins in the DGC, when myofibritsvé a deficiency in dystrophin; nNOS is
moved from the plasma membrane into the cytoplaBrenfmanet al., 1996). NOS generate
nitric oxide (NO) which has the ability to reacttiviree radicals and regulates vascular tone. It
was found that irmdx muscle, a decrease in membrane-associated nNO®scaascident
reduction in NO (Wehlingt al., 2001) which may cause free radical-mediated dam&gveral
hypotheses showed that NO has a dual function astbw oxidative reactions by reacting with

superoxides and from the other side, acting as)aoxadant (Figure 1.10) (Milest al., 1996).
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Calpain
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Figure 1.10 A model for dysferlin-mediated membrane repad). Pysferlin (green) is localized at the sarcolemma
as part of a membrane repair complex. CaveoliptBp{e), a muscle-specific caveolin, interacts with dyléfie
Dysferlin also interacts with AHNAKygllow) and Chopin dark blue), a calcium-activated proteas®) [Tears in
the sarcolemma result in an influx of calcium (pbpkeres), which activates and alters the binding properaé
proteins in the membrane repair complex. Annexiinght{ blue) bind dysferlin and phospholipids with higher
affinity in the presence of calcium, the C2A domaihdysferlin binds phospholipids in a calcium-degent
manner, and calpains are activated. These interectire thought to encourage the recruitment efrial vesicle
structures red). (c) Within seconds of activation, membrane lesions sesealed, calcium concentrations are
normalized, and the repair complex is deactivaidte deactivation of the complex may be mediategart by
calpain-dependent cleavage of annexins and AHNAMKtatlons in the genes encoding proteins of thisacdlammal
repair complex cause LGMD2B and Miyoshi myopathysfdrlin), LGMD1C (caveolin), and LGMD2A (calpain-3
(Wallace and McNally, 2009).
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Several markers of oxidative stress have been widghmined inmdx mice and DMD
patients. It was found that the level of byproduatdree radical-mediated lipid damage was
higher in DMD muscle (Kaet al., 1979). Myofibres in dystrophic muscle exhibitadhlevels
of the antioxidant molecules like vitamin E and mogme Q (Touboulet al.,, 2005) and
antioxidant enzymes such as superoxide dismutasmthlase, and glutathione peroxidase
(Ragusaet al., 1997; Disatniket al., 1998). This increase can be explained as an pitém
protect against oxidative damage. Several studies/ed that an increase of antioxidants in the
feed of mdx mice by including green tea extractoov-iron diet reduced the level of muscle
degeneration (Bornmaat al., 1998; Buetleet al., 2002).

Histological analysis showed that these dystrophiescharacterized by the appearance of
hyaline fibers, gross degeneration and regeneradsfomuscle fibers and fibrosis. All these
changes are normally companied by an increaseeitetlel of creatine kinase (CK) in the blood
stream. It was found that several animals like mpusmster, mink, chicken and quokka
exhibited similar muscle disorders like dystrophiBst because of mdx mouse, CMD cat, and
GRMD dog have a similar gene deletion, they arel e experimental true models (Mitchell,
1999).

Additionally, inflammatory myopathies are the maesimmon of muscle myopathies which
are normally treated with steroids. In mild inflamtory response, they are characterized by little
increase of white blood cells and restricted degeed and regenerated fibers while in severe
inflammatory response there is muscle destructiompanied by different degrees of
regeneration. The main causes of these types opatlyies are bacterial, viral, protozal, or
parasitic. It leads frequently to a focal reactwich makes it difficult to diagnosis in several
cases. In other hand, the causes of non-infeatl@mmatory myopathies are not well known
and in some cases could be due to vascular path@iticchell, 1999).

In some cases, metabolic myopathies usually oageirta defect or losing enzymes or related
carrier molecules involved metabolism. Severaliiecs in glycolytic metabolism, lipid storage,
or mitochondrial cytoplasm are examples of theseabwic myopathies which characterized by
the production of abnormal mitochondria and lipidrage. The main symptoms of these
myopathies are low ability to exercise, rapid faéig and production of lactic acid, muscle

damage and as consequence muscle degeneratiomessaind wasting (Mitchell, 1999).
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Many disorders in different channels that are rasgie in regulating ions in the cells may
occur which lead to muscle weakness, severe musdeosis, increase the level of CK and
potassium, high temperature, and eventually dddtare are different channels that are usually
affected by disorders such as chloride channelsofomya), sodium channels, calcium
(dihydropyridine receptors), and potassium or cacichannels (malignant hyperthermia)
(Gronert, 1986; Maclennan and Philips, 1992). Bigge mutation in the ryanodine receptor
gene (calcium release channels) are exposed tgmaali hypothermia, which is related to the
porcine stress syndrome (Fugtial., 1991)

Secondary myopathies are frequently destructivecaedr due to external insult like toxins,
drugs, trauma, or infectious agent which causes bim@me damage. As consequences, different
degrees of muscle degeneration, inflammation, @&ggneration may occur according to the
severity and duration of insult. In addition, son@ses metabolic disorders in endocrine system
may occur. Pituitary hypersecretion causes muselkness and lobulation of fibres, increase of
type 1 muscle fibers can be induced by hypothysodiMoreover, some non-specific muscle

abnormalities may occur due to hyperthyroidism laygerparathyroidism (Mitchell, 1999).
1.5.2 Neurogenic muscle diseases

These types of muscle abnormalities occur due tectiein the nervous system which leads
to disorders in the structure and function of thesate. Defects may occur in lower motor
neuron, peripheral nerve, or the neuromusculartjpmevhich leads to weakness and wasting of
the muscle companied by slight signs of degeneratma regeneration.

Central neurogenic disorder is a type of spinal culas atrophy, which leads to disorders in
the arrival of trophic and excitatory supplies @ tmotor unit of muscle fibers (denervation).
Denervation induces the generation of atrophic heusibers distributed between fibers of
healthy motor unit. Atrophic fibers may degenex@atbecome re-innervated from frontal braches
of adjacent intact fibers which lead to transforimraf their fiber type characteristics. Intensive
denervation, may lead to grouped atrophy, whichnmaly leads to muscular wasting
companied by fibrosis and fatty replacement. Inegalh central neuronal myopathies affect
upper motor neurones (cerebellar system) and hdeading to disturbance in muscle
functionality showing little muscle pathology.

Occurrence of insult such as trauma, pressureparigheral neuropathy in peripheral nerve

may cause denervation which eventually leads tocoias atrophy. According to the severity

26



and duration of insult, subsequent re-innervaticay moccur, leading to fiber type grouping.

Junctional neuromuscular disorders may affect theipus two neurogenic diseases.
1.6 Muscle abnormalitiesin poultry
1.6.1 Deep Pectoralis Myopathy (DPM)

This myopathy usually occurs in supracoracoid iarnsl not related to dietary deficiency or
toxicity. It is generally thought DPM is due to lmania and increase the growth of muscle in the
inelastic sheath (Figure 1.11). It was found theerodevelopment of supracoracoid is not
connected with its blood vessel. Deep pectoraladisealso known as Oregon disease or green
muscle disease was first described in 1968 as fdagtve myopathy” in turkeys and it was
subsequently studied at the Oregon State University

DPM was firstly recognized in chicken breeders, ibw#lso appeared in fast-growing birds
about 30 years ago (Siller, 1985). Despite thertffthat have been exerted by poultry breeders
and producers to reduce its occurrence, DPM istetiay a significant quality issue in poultry
processing plantsPectoralis minor muscles affected by DPM are trimmed which causing
downgrading of the breast meat and subsequent egorass for the poultry industry, while the
guality of the rest part of the breast is not aidcand it is accepted for human consumption
(Kijowski et al., 2014).

However, this abnormality is still today a relevgoglity issue in poultry processing plants. It
is interesting to note that this anomaly does nbtslow- and medium-growing chickens. In
2006, it was estimated that the incidence rateasasnd 1% in broilers weighing more than 3 kg
(Bianchiet al., 2006). Poultry industry reports confirmed thatiiicidence is not much different
today. No public health implications are associatgth deep pectoral myopathy, but it is
aesthetically undesirable. The fillet should be oged, whereas the rest of the carcass is still fit
for human consumption. However, required trimmipgmtions cause the downgrading of the
products and produce an economic loss for the tngusspecially because it affects the more
valuable part of the carcass. In addition, thegmes of DPM also causes significant commercial
complaints when whole carcasses are sold to smalligc or processor units or butcher shops.

The incidence of DPM is certainly related to thentendous development of the pectoral
muscles achieved in modern commercial hybrids (8B0% of the body weight), but it has been

also favored by the relatively low activity duriggowing period.Pectoralis minor muscles are
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confined ininelastic compartments which . insufficiently enlarged if these muscles are po
exercised by the birds. This lack of movement isi-growing chickens is not mainly due
intensive farming environment, but rather to a genpredisposition as evidenced by tF
behaviorunder organic farming conditions (Castelet al., 2002).

Figure 1.11 DeepPectoralis Myopathy (Source: Petracci and Cavani, 2012a)

Recently, Lienet al. (2012) found that susceptibility to induction of MPappeared t
develop at approximately 26 d of age in male brsilend 36 d of age in female broile
Increased bird activity (flock nervousss, flightiness, struggle, and wing flapping) indddy
factors such as feed or water outages, lightinggnaras and intensity, human activity, ¢
excessive noises in and around the chicken housmsds be looked at as a trigger for

development of BM in broilers As selection for breast meat yield is continuing anoilers are
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growing to heavier body weight, the occurrence BMDwill likely continue to increase (Liegt
al., 2012). The same authors suggested that creaiaesek levels could be used as tools in
genetic selection programs to screen for green lmassease susceptibility.

It was found that selection for increased musike resulted in modification of vascular
structure in relation to the muscle or skeletonakhihange the flow of blood circulation in the
deep pectoral muscle. The exercise-stimulated dqemyioral muscle of heavy-type strains
exhibited an increase in pressure within the fasmapartment by one-fifth more than light-
type strains (Martindalet al., 1979). These findings showed that the myopathy tha result of
ischemia brought about by an increase in interredgure in the muscle that occludes the cranial
and pectoral arteries resulting in a loss of blsadply and leading to a necrotic lesion. In all
types of poultry, the muscle increases in weighabgut 20% during activity, but because of its
anatomical compartment, the increase of the sizmtdunuscular activity is so marked in the
heavy-type breeds that the muscle becomes straadudad ischemic (Siller, 1985). The same
phenomenon does not occur in light-type breeds usecghere is enough space available to
accommodate the swelled muscle. It is unknown wigy compartment in birds selected for
increased musculature has not also enlarged entmughow for the normal function of the

muscle.
1.6.2 PSE- like meat

The term PSE was originally described for pork mehich characterized by light colour,
flaccid texture and poor water-holding capacitye ®uggestion that a pale, soft, and exudative
(PSE-like) conditions exist in poultry was mentidremme decades ago (Barbut, 2009). In 1996,
a comprehensive Symposium entitled “Atypical pgulneat in relation to PSE pork: causes,
biochemistry, processing and resolutions” was amghin Louisiana and this gave evidence to
the importance this problem since twenty years &gofor DPM, despite the advancements of
knowledge, there is still a significant proportiohbreast meat having PSE-like characteristics.
This is because no genetic marker for commerclat8en has been shown.

Several studies conducted in different EuropeanNwmth American countries between 1998
and 2007 estimated the incidence of PSE-like brewstt which was economically significant
(Petracciet al., 2009). In Canadian poultry industry, it was fduhat the rate of PSE in young
turkey breast muscles ranges from 18 to 34%, whileature turkey hens from 5 to 41% and in
chicken broilers was from 0 to 28% (Barbut, 199897a, 1997b). In the USA, the incidence
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range of PSE defect in turkey breast muswas 30-41% (Owenet al., 1998, 2000) and -
47% in chicken broilers (Woelfet al., 2002). In EBgland, The incidence of PSE \ about 20%
of examined chicken broilers (Wilkiret al., 2000). Fletcher (1999) found that about 7%
packages which contain four broiler breastts per package had one or more fillets that \
noticeably different in colourom the other fillets in the same packe

PSElike meat is also a major source of breast meatngoadingin particular forthe retail
marketof boneless, skinless breast fil (Figure 1.12)Although there are no establistborder
linesfor optimum colour, extremities of either dark hit meat have been identified as nega

gualities. At least, processors need to coloulrspuf fillets prior to packaging (Fletcher, 20(
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Figure 1.12 Colourdifferences between normal and I-like breast megtPetracci and Cavani, 2Ca)

However, the PSE pork meis associated with a rapid glycolytic process du a post-
mortem time (pH lower than 6.0 just after 45 min after theath) which leac to extensive
acidification, and thushe achieveme of extremely low ultimate pH values (<5.7/5.tand
these changes sedm be the main origin of P&like conditions in chickens (Lclos et al.,
2007).

Sandercock and Mitchi{R003) suggested that genetic selection for ine@gsowth rate an
breast yield has altered inteompartmental cation regulation in muscle cellsnofderr chicken
hybrids, which reflectechdaptive responseto high metabolic demands. The impositions

stress upon broiler birds (i.e. heat -slaughter stress) further exacerbate these probéerd
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underlie additional quality decrements such as R®&t. It has been generally recognized that
stress during pre-slaughter phases (i.e. catclitagsportation and lairage) is associated with
detrimental effects on meat quality. Exposure tghhiemperatures during these phases may
exacerbate negative effects. Faster growing or ieedirds have been shown to be more
susceptible to heat stress because of the redheedd-regulatory capacity compared with their
genetic predecessors. It has been demonstrateddhed heat stress increased superoxide free
radical production in chicken skeletal muscle. Tmechanism may be responsible for the
transport stress- and heat stress-induced musoiaggaand for the changes in muscle and meat
quality observed in broilers.

According to previous studies, there are two caiegaf conditions that are involved in the
occurrence of PSE meat. The first category reledegenetics, in which the selection for muscle
growth has induced histological and biochemicahges (intracellular calcium homeostasis and
sarcolemmal integrity) in the tissues of the museldch are relevant to PSE defect. These
modifications may result from excessive myofibepéntrophy and inadequate development of
support tissues and vascular supply. The secorejaat is related to environmental factors
(catching, transportation and lairage) (Sosnetlal., 1998). Recently, it has been observed that
genetic selection for growth has resulted in theaosjie effect of PSE meat conditions. Le
Bihan-Duvalet al. (2001) found that selected birds for muscle ytedd lower glycogen storage
and higher ultimate pH which could have a posigffect in processing ability.

Finally, integrated approaches by employing "omissience are still needed to study the
relationship between genome and functional progertof meat in order to optimize the

transformation process of muscle to meat.
1.6.3 White striping and wooden breast abnormalities

A new quality defect has been recently observedted| to the appearance of muscle
abnormality in chicken breast described as the festation of white striations parallel to
muscle fibres mainly on the ventral surface of lerobreast fillets (Kuttappaset al., 2009)
(Figure 1.13). Histological observations for whigtriped meat indicated an increase in
degenerative and atrophic fibers associated wih @ cross striations, variability in fiber size,
floccular/vacuolar degeneration and lysis of fihendd mineralization, occasional regeneration
(nuclear rowing and multinucleated cells), monoeacicell infiltration, lipidosis, and interstitial

inflammation and fibrosis (Kuttappaal., 2013a).
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Even though that white striping has some simikesitto nutritional muscular dystrophy
(NMD) which relevant to vitamin E deficiency, butwas found that including vitamin E in
different level in feed had no effect on the incide of white striping (Kuttappaet al., 2012a).
Breast fillet affected by white striping exhibitéegher weight and dimensions (heights in top
cranial, middle, and end of the fillet) than norrfilikéts (Kuttappanet al., 2009, Petracait al.,
2014a). In addition, white striping abnormality waghly associated with heavier birds. In other
hand, white striped meat showed a different chelntiomposition. Moreover, hematologic and
serologic profiles of white striped meat showedsgstemic infectious or inflammatory condition
while elevated serum enzyme levels (creatine kmeagre relevant to the muscle damage
associated with the degenerative myopathy (kuttappal., 2013b; Ferreirat al., 2014).

The aetiological causes of white striping are stbrly known. Until now, there are several
factors that could be involved somehow with theuomnce of white striping which can be
summarized as follows: genotype (high>standard stgeald; Petracciet al., 2013b), sex
(males>females; Kuttappaet al., 2013c), growth rate (high>low; Kuttappash al., 2012a;
Kuttappanett al., 2013c), diet (high>low energy diet; Kuttapparal., 2012a), and slaughtering
weight (heavy>light; Kuttappagt al., 2013c).

In other hand, new myopathy "wooden abnormalityomepanied with white striping has
recently been observed. Wooden defect appearechicken breast meat characterized by
macroscopic and histologic lesions. Wooden musafe e discriminated from normal muscle
by visually hard, outbulging, pale, and often acpamied with white striping (Figure 1.13).

The histological changes in wooden meat showederdifit levels of polyphasic
myodegeneration with regeneration companied by raotative with interstitial connective

tissue (Fibrosis). The etiological causes for thigpathy are still undefined (Sihebal., 2014).
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Normal (NORM)

Wooden breast (WB)

Severe white striping (WS)

Wooden/White striping (WS/WB)

Figure 1.13 Different levels of white striping and wooden abmalities in the chicken breast meat.
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1.7 Muscle abnormalities: pathophysiological mechanisms

A better understanding of normal physiological fime of the muscle can help to find
explanations or the pathophysiological mechanisonséveral muscle abnormalities which are

caused by genetic factors or environmental stress.

1.7.1 Skeletal muscle form and function

The main function of skeletal muscle is to genefatee by contraction which is used for
movement or to support the skeletal structuresinAand myosin filaments are the main
contractile proteins that are organized in pattergive a striated appearance. Troponin I, C and
T, tropomyosin, and alpha-actinin are considerecegalatory contractile proteins (Harvey and
Marshall, 1986; Szczesra al., 1996; Watanabet al., 1997). The contraction of muscle is
usually started by reception of excitatory eleetrisignal at the neuromuscular junction which
induces the interaction of contractile proteinsd@polarization of the muscle membrane in the
presence of certain calcium level which called f&tion-contraction” coupling (EC).

Sarcoplasmic reticulum (SR) releases the storediural under regulated physiological
conditions. EC coupling consists of three phasks pdace at triads which are specified sites at
junctional constant between the T-tubule and sdasomic reticulum. The first phase is voltage
sensing which measures intra-membrane charge maneniy charging sensor molecules
located in the membrane of T-Tubule (high in dilogridine binding receptors, DHPRS). It is
thought that DHPRs are responsible about the tressgon the second phase. In the third phase
calcium releases from SR in the myoplasm throudfergint types of calcium channels that
mediating the release of calcium from internal etowhich leads to increase the level of
myoplasmic calcium (Schneider, 1994).

Calcium has a different role in the body not just fnuscle contraction but also it is
responsible about regulating different metaboliad acellular activities (proteins-proteins
interaction, phosphorylation, gene expression, givth, etc.) (Ashley, 1995; Berridge, 1997).
In addition, calcium is present as immobilized fowhich works as a reservoir and it is used
according the requirements of organisms. Calciunensarkably toxic because its concentration
cannot be easily regulated by metabolic synthesid degradation as other biological

messengers. It is thought that the toxicity of ikaftis a consequence of its regulatory role.
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Hence, Increase the intracellular calcium level tueathological effect can be explained by
over-stimulation of multiple calcium-sensitive patys.

Intracellular levels of phosphate are always higitduse phosphorylated compounds are
continuously used to generate and regenerate enArgl so when the calcium level is very
high, phosphate-calcium precipitate may occur whigad to inhibition of oxidative
phophorylation and as a consequence mitochondygudction and physical damage. Because
the dual characteristics of calcium between fumetity and toxicity, intracellular free calcium
is precisely regulated by different mechanismsndnmal conditions, cells keep cytosolic free
calcium level 16fold less than extracellular calcium due to vesw Ipermeability of the cell
membrane as well as controlling the release, upaakieextrusion of calcium by mobile proteins
and storage of calcium in the membrane-bound cameat (Ashley, 1995)

Cytosolic C&? levels can be regulated by two groups of bindirggins. The first group of
binding proteins works as high capacity storageckdcium, which are present in intracellular
compartments and sarcoplasmic and endoplasmiculgtic such as calreticulin (CR) and
calsequestrin (CSQ). While the second group ofgimetare cytosolic proteins such as troponin
C and parvalbumin which exhibit their action in thgcleous and the cytoplasm (Zimneeal.,
1995). Unused calcium ions cannot stay as freehnén dytoplasm and should be stored by
accumulation in a suitable complex form without geting calcium-phosphate precipitate
(Pozzanet al., 1994). Because calcium has several roles in allinty different metabolic and
biochemical reactions in the cell, it is importémkeep intracellular free calcium homeostasis.

Hence, release, buffering and re-uptake of calcasen controlled by precise regulation in
order to maintain calcium homeostasis (Konishial., 1991). Therefore, any failure in the
system of calcium homeostasis leads to toxic eféect adverse consequences which must be
taken into considerations in the pathology of thesatle and myopathies. In some cases due to
excessive muscle contraction, calcium level iseciand if the energy depletion proceeds, then
extrusion is restricted and increase of calcium teay to exercise-induced myopathy.

Malignant hyperthermia (MH) is a pharmacogeneti@édmnetabolic disorder due to an
inherited defect in sarcoplasmic reticulum RyR aicium release channels which leads to
increase the concentration of cytosolic calciunis lhormally induced by exposure the animals
to halothane anaesthesia separately or in concanitavith muscle relaxants. MH is usually

characterized by several physiological disordershsas uncontrolled muscle contraction,
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increase of metabolism, hyperthermia, and aberratiosarcolemmal membrane followed by
release in intracellular muscle enzymes into tlumdblstream. Moreover, due to the increase of
calcium level in the cells, muscle contraction eages sharply (hypermetabolism) in order to
eliminate calcium from the cytoplasm by pumping @&Be) into the SR, mitochondria, and by
extrusion through the sarcolemma which generate éngount of energy (hyperthermia).
Sarcoplasmic reticulum ryanodine-sensitive calcitglease channel (SR-RSCRC) plays a
major role in regulating calcium release from sgeras well as myoplasim calcium level during
the process of excitation-contraction couplingslexpressed by three distinct genes producing
different isoforms (RyR1, RyR2, and RyR3) distriditin specific locations in the tissues.
Hence, SR-RSCRC disorders may lead to several mysthologies, lesion, muscle damage,
and dysfunction. In addition, genetic selection vesll as other factors like nutrition and
environmental stressors may cause disruption goggmic calcium homeostasis which leads to

muscle pathology (Mitchell, 1999).
1.7.2 Indicators of muscle cell damage

In the last years, different clinical indicatoravie been developed to understand the type,
extent and origin of muscle abnormalities. A mugutgsy is important in histological analysis
tool to understand the morphological changes. lditimesh, blood analysis can be considered
more desirable and less destructive. Changing énirtkegrity of sarcolemma due to muscle
lesion or myopathy may lead to leakage of intratatl enzymes and metabolites into the
bloodstream. Hence, measuring the activity and ldevef different enzymes (lactate
dehydrogenase (LDH), aspartate aminotransferas@)(A8dose, and creatine kinase (CK) in
blood can be used as indicators for muscle patlyolSgeatine (phospo) kinase (CK/CPK) is the
most common enzyme that is often used as an imdié@t myopathy due to very high activity in
respect to other enzymes.

1.7.3 M echanism of myopathy in poultry

It was found that commercial lines of chickens amdkey had a degree of myopathy rised
with age while muscle damage in selected fast grgvines was higher than in their genetic
predecessors (or traditional lines). Additionalglected broilers exhibited higher muscle
damage due to acute heat stress than control IBegeral studies that have been done by
Mitchell and Sandercock (1994, 1995, 1997) to drpkhe mechanism of stress induced
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myopathy and monensin myotoxicity by evaluatinga@btopic calcium ©°Ca) uptake and CK
efflux. They found that the increased level of acgllular calcium either by increased calcium
crossing inside the cells (by specific calcium iphores) or release calcium from sarcoplasmic
stores leads to changes in membrane integrity #hok ®f CK. It was found that both increase
of calcium and sodium may increase the enzyme lamdl causing membrane damage due to
activation of phopholipase (PLAS). Monensin incexhshe entry of sodium by sodium-proton
exchange into the cells, which also allow the emeaof calcium by sodium-calcium exchange
mechanism in the sarcolemma as well as calciueasel into cytoplasm by SR calcium channel
or ryanodine receptor. The disturbance in ion bzdamnderlying the myopathies in poultry is
consistent with the mechanisms proposed by mamnvdsiensin A is a type of antibiotic
produced by streptomyces cinnamonensis. It formspbexes with different monovalent cations
such as Ui, Na', K*, Rb’, Ag®, and Ti. Recently, it was found that monensin may havétpid
transport sodium ion through the membrane in bé&thtegenic and electroneutral conditions
(Huczynski et al., 2007). Increase the level of sodium and calcianthe muscle of Duchenne
muscular dystrophy patients reduced the conceaotrati potassium and magnesium (Jackston
al., 1985).

Based on the former previous studies, it was fdaiedevels of Na, K, Mg and Ca based on
inorganic matter content were higher in broilereinthan layers and traditional lines. Broiler
lines had a higher content of creatine kinase fones than layer and traditional lines. In other
hand, broiler lines exhibited lower initial and iolate pH than layer and traditional lines
(Sandercocket al., 2009). Increase of sodium concentration in setedbroiler muscle in
comparison to unselected lines indicates to presehchanges in muscle cation homeostasis,
and as consequences a sign of the initiation ofclaugegeneration (Sandercock and Mitchell,
2004).

Skeletal muscle has the ability to regenerate whgaoses to stress like exercise, injury, and
disease. Regeneration process is triggered byasiciivsmall population of quiescent stem cells
(satellite cells) to proliferate, differentiate,dafuse into multinucleated myotubes (Montareas
al., 2005; Collinset al., 2005; Kuanget al., 2007). The presence of abnormalities during the
regeneration process in proliferation or differatitin in satellite cells can lead to muscle

dysfunction and can induce the appearance of mdsssase (Mitchell, 1999).
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1.8 Conclusion

Ever-increasing genetic pressure to improve graatd and breast yield of broiler chickens
has led to very high occurrence of several abnotiesin the breast muscles during the last 20
years (Petracait al., 2009; Kijowskiet al., 2014; Lorenziet al., 2014). However, until a few
years ago, economical loss due meat downgradinbdeslargely counterbalanced by gains due
to increasingly high growth rates of the birds agréater breast meat yields. Nowadays,
occurrence of emerging breast meat abnormalitiesd) as white striping and wooden breast, is
determining high percentages of downgrading no dorgustainable for the poultry industry.
Beside to the increase in downgrading percentafese is also a decrease in the nutritional,
sensory and technology quality which may impairrenr consumer attitude towards poultry
meat in the near future. As a consequence, eitleemdustry should consider a step back with
the increase in growth rates and breast developimentder to reduce related problems; or
should it go forward? However, the answer to thisggion may be different depending on the
geographical market. In fact, the most vulnerabbrkets seem to be those where production
systems are more efficient and have higher groatigsr birds are slaughtered at higher slaughter
weights/ages, and the majority of poultry produats sold under the forms of whole carcasses
and pieces. In these developed poultry marketse@sing the occurrence of myopathies may
also negatively affect consumer attitude towarc@eed animal welfare. Greater specialization
of broiler chicken hybrids following the peculiagi$ of the producing areas could be the answer.
Meanwhile, poultry industry may mitigate the negateffects of abnormalities on meat quality
by modulating growth rate of birds through farmstgategies and by incorporating downgraded

meat into processed products.
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CHAPTER 2

Incidence of white striping under commercial conditions in medium and

heavy broiler chickens

2.1 Abstract

The Poultry meat producers are currently facing several types of emerging muscle
abnormalities as a result of genetic selection, which lead to many economical and quality
implications. The appearance of thin (<I mm, considered as moderate) to thick (>1 mm,
considered as severe) white striping (WS) striations parallel to muscle fibers on the surface of
broiler breast fillets is one of the most troubling issues in the poultry industry. White striped
breast meat was characterized by low visual acceptance, nutritional value and processing ability.
The aim of this study was to evaluate the incidence of white striping in two different years (2012
and 2013) under commercial production in Italy taking into consideration the effect of market
class (medium and heavy birds), genotype (standard and high breast yield hybrids), age and
weight at slaughter, growth rate, and sex. In the first survey, which has been carried out in 2012,
it was found that the total incidence of white striped breast fillets was 12.0% (8.9 and 3.1% in
moderate and severe degree, respectively). Considering the effect of genotype, high-breast yield
hybrids exhibited a higher overall incidence of WS compared with standard breast yield birds
(15.2 vs. 10.0%; P < 0.001). On the other hand, the second survey in 2013 showed a dramatic
increase in the incidence in both levels (moderate and severe) of WS. In particular, the total
incidence of WS for both medium and heavy broilers was high (43.0%), with 6.2% of samples
were considered as severe. Heavy flocks had significantly higher percentages of both moderate
(46.9 vs. 25.8%; P<0.001) and severe (9.5 vs. 2.7%; P<0.001) WS than medium flocks.
Considering the effect of genotype, high breast yield hybrids exhibited a higher incidence of both
moderate (40.2 vs. 33.2%; P<0.001) and severe WS (7.2 vs. 5.0%; P<0.001) compared with
standard breast yield birds. In addition, within the medium class, the occurrence of WS reached
higher levels in flocks of males. Within the heavy class, male flocks reached higher slaughtering
weights (3.8-4.2 kg) exhibited a higher incidence of WS than flocks slaughtered at lower weights
(3.0-3.8 kg) at a similar age. The main broiler genotypes used for commercial production were

affected by a high rate of WS; hybrids selected for higher breast yields were more prone to the
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WS abnormality. In addition, severe cases of WS are even more prevalent at higher slaughter age
and weight, although reduced growth rate was associated with a lower incidence and severity of
WS. In conclusion, both surveys revealed that the incidence of WS was relatively very high
under commercial conditions which may lead economical consequences for the poultry industry.
The differences in the findings between both surveys indicated the importance of the role of
farming factors on the incidence of WS where different farming conditions led to a different
occurrence rate of WS. Finally, the growth rate can be considered one of the most determining

factors which were relevant to the incidence level.

Keywords: Broiler, breast fillet, white striping, slaughter weight, genotype, incidence.

2.2 Introduction

Although genetic selection for growth rate has led to significant economic benefits to poultry
broiler producers, but there has been a growing increase in the occurrence of breast meat
abnormalities such as deep pectoral muscle disease, pale-soft-and-exudative condition, white
striping (WS), and wooden breast. Breast meat affected by muscle abnormalities has low quality
and poor aesthetic appeal. As a consequence, this defected meat, particularly in severe cases, are
usually downgraded and transformed into further processed meat products or by-products.
Inclusion breast meat as a high cost raw material in the formulation of further processed meat
products may lead to economic losses for the poultry industry. Previous studies showed that the
occurrence level of the most of these muscle abnormalities was associated with increased growth
rates and breast yield of birds due to genetic selection in the last 50 years (Kuttappan et al.,
2012b; Lien et al., 2012; Petracci et al., 2012a, 2013b, c; Sihvo et al., 2014).

WS is a recent abnormality characterized by the appearance of thin (<1 mm as moderate) or
thick (>1 mm as severe) white striations on most of the ventral surface of breast fillets. Severe
white striped fillets are used in processed meat products because of their unacceptable visual
appearance. In fact, it was found that over 50% of consumers had no desire to purchase fillets
showing moderate or severe WS (Kuttappan et al., 2012b). The impact of WS is not confined to
unacceptable visual appearance, as the WS abnormality also reduced the nutritional value as well
as the water holding and binding capacities (Petracci ef al., 2013b; 2014a; Mudalal et al., 2014a).

The different implications of WS on meat quality traits have been explained in chapter 3.
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Moreover, about 50% of heavy broilers (live weight around 3.5 kg) farmed under experimental
conditions exhibit moderate to severe WS (Kuttappan et al., 2013c).

Many studies revealed that several parameters such as: sex, age, body weight, growth rate,
and genotype were highly associated with an increased occurrence rate of WS. Regarding
genotype, Kuttappan et al. (2013c) evaluated three high yield and one moderate yield classic
breeds and reported that all breeds exhibited WS abnormalities in a certain proportion.
Considering the sex of birds, Kuttappan et al. (2013c) found that male birds showed a higher
percentage of severe WS compared to females, which was attributed due to differences in the
growth rate. The same authors also observed that WS was highly associated with heavy birds and
high growth rates (kuttappan et al., 2012b).

Currently, in both the US and Europe, there is a growing trend to produce heavy birds for
further processing due to economical outcomes (Brewer et al., 2012). This trend raised some
challenges because heavier birds are more prone to have breast meat abnormalities with several
quality implications. However, there are no available studies have evaluated the incidence of WS
in medium and heavy birds produced under commercial conditions. The aim of this study was to
evaluate the incidence of white striping under commercial production in Italy during the years of
2012-2013, taking into consideration the effect of market class (medium and heavy birds),
genotype (standard and high breast yield hybrids), growth rate, weight and age at slaughter, and

Sex.
2.3 Materials and methods
2.3.1 Experimental design of survey conducted on 2012

The study was conducted in one of major Italian commercial processing plants of Amadori
group, during the period from July to October 2012. In this study, 28,000 broiler breast fillets
(pectoralis major muscles) were randomly selected from 56 flocks during a 3-mo period.
Chickens of both sexes belonging to commercial meat-type strains (Ross 308, Ross 708, Cobb
500, Cobb 700, and Hubbard) were reared under intensive conditions of commercial production
and slaughtered from 45 to 54 d of age (average live weight: 2.75 kg).

The evaluation of the occurrence rate of white striping was performed on the processing line
at 3 h of post-mortem after the breast-deboning area. Five hundred breast fillets were selected for

each flock of birds and used to establish the presence or absence of the white striping. Fillets
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showing no white striping were classified as normal, while for those breasts with white striping
appearance, it was determined whether the defect level was moderate or severe based on the
intensity and thickness of white striation according to the criteria proposed by Kuttappan et al.
(2012c). The fillets with small thin lines (<1 mm) were considered as moderate, while those
having had thick white striations (>1 mm) covering most of the surface area were graded as

Severe.

2.3.2 Experimental design of survey conducted on 2013

This survey has been carried out in collaboration with Martini Alimentare (plant of Gatteo)
Company (Italy) from October to December 2013. During this survey, the following ante-
mortem variables were collected from each flock to understand their impact on the incidence of

WS:

e Genetic strain (Ross708 or Ross308);
e Gender (males or females);

e Skin colour (white or yellow skin);

e Feed (vegetal or commercial feed);

e Average weight;

e Slaughtering age.

The production system of broiler chickens in Italy is mainly characterized by production
systems that separate females and males to obtain three different market classes: light, medium,
and heavy-sized broilers (Bianchi et al., 2007). The first market class is light female birds which
are normally reared up to a live weight of 1.5-1.7 kg to yield 1.0 to 1.2 kg carcasses and used for
rotisserie-type products. The second market class is medium birds are usually females (but may
also be males) where reared to a live weight of 2.2-3.0 kg to produce 1.5-2.1 kg carcasses, and
mainly used for cut-up products. Finally, heavy birds are male broilers, reared up to a live weight
of 3.0-4.2 kg to yield 2.2-2.9 kg carcasses and used for the production of cut-up and processed
products. Based on the previously-mentioned market classes, a survey was designed to use only
breasts from medium and heavy chicken broilers that are commercially used for production cut-
up products, while light birds were excluded because they are sold as whole carcasses.

Through this survey, 70 flocks of medium (n=37) and heavy-sized (n=33) broilers farmed and

slaughtered under commercial conditions were randomly selected for evaluation the incidence of
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WS. The presence of WS was assessed directly in the deboning area of the plant at 3 h post-
mortem on 500 breasts/flock (total of 35,000 breasts) where they were randomly selected. Flocks
of medium-sized birds were slaughtered at a live weight of 2.2-3.0 kg (41-50 days old). This
market class was divided according to the sex of birds into males (Medium-M, n=15) and
females (Medium-F, n=22). Flocks of heavy-sized birds were produced using only male broilers
slaughtered at a live weight of 3.0-4.2 kg (50 to 58 days old). This category was divided
according to slaughter weight into light-heavy (L-Heavy-M, n=17) and super-heavy (S-Heavy-
M, n=16) subgroups corresponding to birds weighing 3.0-3.8 and 3.8-4.2 kg, respectively. Flocks
of both market classes belonged to chicken hybrids having different breast yields and therefore
were classified into high (n=47) and standard breast yield (n=23) according to criteria used in
previous studies (Petracci ef al.; 2013b, c). Whole breasts (with both pectoralis major and minor
muscles) were selected and used to establish the different levels of WS using the classification
criteria proposed by Kuttappan ef al. (2012c) and previously adopted in a similar study (Petracci
et al., 2013b) and as described in “2.3.1 Experimental design of survey 2012”. Age and weight at
slaughter were also recorded for each flock. Based on these data, growth rates (g/day) were

calculated as the ratio between weight and age at slaughter.
2.4 Statistical analysis

Data from the first survey 2012, were analyzed by descriptive statistics (mean, SEM,
minimum and maximum values). To evaluate the effect of genotype, flocks were divided into 2
groups: group 1 included 21 flocks belonging to commercial strains with standard breast yield
(SBY) and group 2 consisted of 36 flocks from commercial strains with high breast yield (HBY).
Subsequently, data on occurrence of WS were analyzed using the ANOVA option of the GLM
procedure of SAS software (SAS Institute Inc., 1988), testing the effect of genotype.

While data on the occurrence rate of WS that have been obtained from the second survey
2013 were analyzed as a 4 x 2 factorial with market classes (Medium-F, Medium-M, L-Heavy-
M, and S-Heavy-M) and strain (high vs. standard breast yield hybrids) as the main effects. In
preliminary analyses, no significant effects of interactions were detected, and therefore the
interaction term was not considered in the final model. Because of the disproportionate numbers
in each subclass, data were analyzed by least squares analyses using ANOVA. Least square
means were compared by orthogonal contrasts. The rate of moderate and severe WS expressed as

percentages were normalized by the function ArcSin (\ Variable/100) prior to statistical analysis.
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The analyses were performed using general linear models present in the SAS program (SAS

Institute Inc., 1988).

2.5 Results and discussion

The result of incidence of WS in broiler chickens which was evaluated under commercial
conditions during the first survey is shown in Table 2.1. The total incidence of moderate and
severe breast fillets in both types of high and standard breast yield hybrid was 12.0% (8.9 and 3.1
with moderate and severe degree, respectively). The range in the incidence of total WS was
fairly large and varied from 2.4 to 26.2%. Considerable variations were also observed for

moderate (range: 2.4 to 18.6%) and severe (range: 0 to 8.8%) levels (Table 2.1)

Table 2.1 The incidence of white striping (WS) in breast fillets under commercial conditions.

Degree of white striping' (%)

Item Moderate Severe Total
Mean 8.9 3.1 12.0
SEM 0.53 0.30 0.80
min-max 2.4-18.6 0.0-8.8 2.4-26.2

"No. of considered flocks: 56, corresponding to 28,000 examined broiler breast fillets.

Considering the effect of genotype, high-breast yield hybrids (HBY) exhibited a higher
overall incidence of WS compared to standard-breast yield (SBY) hybrids (15.2 vs. 10.0%; P <
0.001) (Figure 2.1). This difference in the result was due to the higher incidence of breast fillets
affected by both severe (3.9 vs. 2.6%; P < 0.05) and moderate (11.3 vs. 7.4%; P < 0.01) levels of
WS in HBY birds in comparison to SBY birds (Figure 2.1).

This study was the first one that has been carried out to evaluate the magnitude of white
striping defect under commercial conditions. The breasts were randomly selected from flocks of
birds of high yield carcasses slaughtered at quite homogenous different ages (from 45 to 54)
which are commonly used for the production of cut-up and further processed products. The
overall incidence of WS in broiler breast meat accounted for 12.0% of which 3.1% with severe

striping. Kuttappan et al. (2012a, b) assessed the incidence of WS in experimental trials by a
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growing commercial strain of broiler chickens that were fed with different diets. It was found
that the incidence of WS can vary from 52 to 95%. However, it is difficult to compare these
results that were obtained under commercial conditions, with one that obtained under
experimental conditions.

A “is2 osey
161 ex BHBY

11.3
12 10.0

7.4

3.9
4 1 2.6

Moderate Severe Total

Figure 2.1 The incidence of white striping (WS) in breast fillets (mean = SEM) in standard-breast yield
(SBY, n=21) and high breast-yield (HBY, n=35) hybrids. (*** = P<0.001; * = P<0.05).

The magnitude of WS found in the present study demonstrated the relevance achieved by this
quality issue. By the way, fillets having severe white striping are downgraded in commercial
plants and cannot be used for fresh market retail which causing a relevant economic damage.
This because as recently demonstrated by Kuttapanen ef al. (2012c) the consumer is able to
detect presence of white striping and perceived it as a negative attribute which is frequently
associated with marbling appearance and they tend to reject packaged fillets with noticeable WS
defects.

The evaluation of the impact of genotype also allowed to demonstrate that among main strains
used for commercial broiler production, those marketed especially with the purpose to bear
higher breast yield presented much higher incidence of WS. This result was in agreement with
Kuttappan et al. (2009; 2012 a, b) who found that the higher degrees of white striping were
mainly associated with thicker or heavier fillets. Overall, it seems that selection for rapid growth

and in particular for breast meat yield is still continuing to induce dramatic quality issues as
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extensively reviewed through the last 15 years (Dransfield and Sosnicki, 1999; Mitchell and
Kettlewell, 2008; Petracci and Cavani, 2012a).

In general, these results are considered the first estimation about the incidence of white
striping under commercial conditions. The findings showed that there were big differences in the
incidence rate of WS between experimental and commercial productions. The causes of
differences are still unknown. For this reason, a second survey has been carried out in 2013
trying to evaluate the incidence of WS under different commercial conditions with respect to the
first survey. Different farming factors such as age, weight at slaughter, sex, genotype, feed, and
color of skin have been taken into consideration to understand the magnitude of each variable on
the incidence.

The total incidence of WS in breast fillets is reported in Table 2.2. The total incidence of WS
in both medium and heavy birds was 43.0% (36.8 moderate and 6.2% severe). The range of the
incidence of WS between flocks was highly variable, ranging from 3.0 to 78.1%. In addition,
there was considerable variation between flocks in the incidence of moderate (range 2.6-68.1%)
and severe (range 0.2-23.8%) WS. Interestingly, severe cases of WS in some flocks were
extremely high and reached up to 23%. Fillets showing severe WS are usually downgraded by
processors and used for manufacturing processed products (e.g. sausages, nuggets), while fillets
with moderate WS are not generally downgraded, and are marketed for fresh retailing. Therefore,
the economic loss to poultry industry is basically due to the presence of severe WS as has been

mentioned in the first survey.

Table 2.2 The total incidence of white striping in broiler breast fillets under commercial conditions.

Incidence of white striping (%)’

Item

Moderate Severe Total
Mean 36.8 6.2 43.0
SEM 2.08 0.66 2.58
Min-max 2.6-68.1 0.2-23.8 3.0-78.1

'The presence of white striping was classified as normal, moderate, and severe according to
Kuttappan et al. (2012c).

*No. of flocks considered: 70, corresponding to 35,000 broiler breast fillets.

46



The incidence of WS was different between the two market classes (medium and heavy)
(Table 2.3). Heavy flocks exhibited significantly higher percentages of both moderate (46.9 vs.
25.8%; P<0.001) and severe (9.5 vs. 2.7%; P<0.001) WS compared to medium flocks. The
incidence of severe WS in medium birds was in agreement with previous findings (2.7 vs. 3.1%),
while the presence of moderate WS was much higher (25.8 vs. 8.9%) compared to a previous
report in 2013 (Petracci et al., 2013b, data from the first survey). While this apparent
discrepancy may be due to different parameters (e.g. strain, age, body weight, growth rate,
season, etc.), and moreover, it cannot be excluded that the relevance of this quality issue has
increased throughout the last year. On the other hand, the increased incidence of WS in heavy
broilers compared to medium broilers was in agreement with previous studies. In particular,
Bauermeister et al. (2009) and Kuttappan et al. (2013c) reported that the overall incidence of WS
reached up to 50% by increasing live weight (approximately 3.5 kg). It may be speculated that
the differences observed between heavy and medium market classes may be due to differences in
weights/ages at slaughter and in the gender of birds.

In addition, orthogonal contrasts were used to discriminate the differences in the incidence of
WS between different market class sub-categories to ascertain the influence played by gender
and slaughter weight (Table 2.3). By comparing males and females within medium-sized classes,
no significant difference in the incidence of severe WS (2.6 and 2.8%, P=0.755) was found,
while male broilers had greater levels of moderate WS (31.1 vs. 21.7%; P<0.05) than females.
Flocks of female and male birds had similar average live weight (around 2.7 kg) and age (48
days) at slaughter, so that any interference played by these factors can be excluded. This finding
was partially in agreement with Kuttappan et al. (2013c) who reported that male chickens had a
higher incidence of WS compared to female birds. The authors attributed this dissimilarity to the
differences in live weights, while in the present study this effect was excluded as previously
mentioned.

The reciprocal comparison of the three sub-categories in male gender alone (medium-M, L-
heavy-M and S-heavy-M) allowed to evaluate separately the influence of slaughter weight. There
was a dramatic increase in the rate of WS moving from medium (33.9%) to light-heavy (52.7%)
to super-heavy (60.3%) male broilers. L-heavy-M and S-heavy-M birds also had higher
incidences of moderate WS compared with medium-M broilers, while no differences were found

between L-heavy-M and S-heavy-M birds.
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Table 2.3 Least squares means of moderate and severe white-striping prevalence as affected by market

class and genotype on the incidence of white striping (WS) in broilers under commercial conditions

(flocks: n=70).

Flocks Age Liye Growth rate Incidence of WS (%)
(n) (days) W(ilglt (g/day) Moderate  Severe

Market class

Medium-F' 22 477  2.676 56.1 21.7 2.6
Medium-M? 15 48.0  2.684 56.4 31.1 2.8
L-Heavy-M’ 17 533 3.548 66.5 45.2 7.5
S-Heavy-M* 16 544  3.950 72.6 48.8 11.5
SEM 0.020 0.014
Probability <0.001 <0.001
Planned contrasts

Medium vs. Heavy <0.001 <0.001
Medium-F vs. Medium-M 0.019 0.755
Medium-M vs. L-Heavy-M 0.012 0.001
Medium-M vs. S-Heavy-M 0.001 <0.001
L-Heavy-M vs. S-Heavy-M 0.468 0.032
Genotype

Standard breast yield 23 51.0 3.192 62.6 33.2 5.0
High breast yield 47 50.5 3.173 62.8 40.2 7.2
SEM 0.011 0.007
Probability 0.035 0.032

'Medium size birds of female gender (2.2-3.0 kg)

*Medium size birds of male gender (2.2-3.0 kg)

*Light heavy size birds of male gender (3.0-3.8 kg)

*Super heavy size birds of male gender (3.8-4.2 kg)
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Overall, these results confirmed that the severity and incidence of WS increased with
increasing slaughter weight were in agreement with previous findings (Bauermeister et al., 2009;
Kuttappan et al., 2013c).

However, it is interesting to note that the differences in slaughter weight were not only due to
differences in age at slaughter, but also due to differences in growth rate. In particular, within the
heavy market class, the greater slaughter weight reached by S-heavy-M birds (3.950 kg)
compared with L-heavy-M (3.548 kg) animals was related to a faster growth rate (72.6 vs. 66.5
g/day) rather than higher age at slaughter (54.4 vs. 53.3 days).

In addition, Kuttappan et al. (2012b; 2013c) found that the increase in growth rate increased
the incidence and severity of WS. In this context, Kuttappan et al. (2012b) found that a low-fat
diet can decrease both the growth rate and fillet weight in birds, resulting in a decrease in the
percentage of fillets with severe WS compared to birds fed a high-fat diet.

Considering the effect of genotype, high breast yield strains had a higher incidence of both
moderate and severe WS compared with standard breast yield hybrids (Table 2.3). A previous
study (Petracci ef al., 2013b, data from the first survey) also showed that medium-sized broilers
from high breast yield strains exhibited a higher incidence of white striped fillets than broilers
than standard breast yield hybrids. This result further supports the hypothesis that strains selected

for higher breast meat yields are more prone to developing WS abnormalities.
2.6 Conclusions

Both surveys (2012 and 2013) showed that the incidence of WS under commercial conditions
was very high which may have economic consequences for the poultry industry. In addition, both
surveys indicated that all commercial hybrids had a certain incidence level of WS. The
differences in the total incidence of WS between the first and second survey (12 vs. 43%) were
very great which can be attributed due to an apparent discrepancy in the farming factors (e.g.
strain, age, body weight, growth rate, season, etc.). In addition, it may be that the relevance of
this quality issue has increased throughout the last year. Both surveys revealed that high breast
yield hybrids are more susceptible to white striping abnormality than standard breast yield
hybrids. On the other hand, there was a clear effect of sex on the incidence of WS where males
had higher rates than female birds. As a matter of fact, the growth rate was one of the most
impacting farming factors on the incidence rate. Surprisingly, heavy birds exhibited a higher

incidence of WS than medium birds, which was explained due to the apparent differences in
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growth rate. According the findings of the second survey, the percentage of fillets affected by
severe WS, which are not normally accepted for the cut-up market, was relatively high (6%). In
summary, the incidence of white striping abnormality under commercial condition was very
high; this may raise some concerns for poultry industry about quality implications. Hence, it is
necessary for the poultry industry to adopt some strategies and approaches to mitigate the
consequences of this quality issue. In this context, reducing broiler chicken growth rates will
decrease the incidence of WS in breast fillets. Moreover, the use of male birds should be limited
and production of heavy birds with the strains currently available should be limited to live body

weights of fewer than 3.8 kg.
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CHAPTER 3

Implications of white striping abnormality on the quality traits of raw and

marinated chicken breast meat

3.1 Abstract

The aim of this study was to evaluate the different implications of white striping abnormality
on the quality traits of chicken breast meat. Three separated experiments have been carried out to
achieve the aim of this study. In the first experiment; 153 fillets were selected in three
replications based on white striping (WS) degree (normal, moderate, or severe) and used to
assess ultimate pH, color, drip loss, cooking loss, and Allo- Kramer-shear force on raw meat as
well to determine marinade uptake, purge loss, cooking loss, total yield, and Allo-Kramer-shear
force after marination. The findings of the experiment showed that severe white striped fillets
showed higher pH than moderate and normal groups (5.95 vs. 5.88 and 5.86; P < 0.05). Fillets
with severe and moderate WS also exhibited lower marinade uptake compared with normal
fillets (7.92 and 10.97 vs. 12.67%; P < 0.05). Moreover, cooking loss increased as the degree of
WS increased from normal to moderate to severe groups in both raw (21.27 vs. 23.20 vs.
26.74%; P < 0.05) and marinated meat (14.59 vs. 14.84 vs. 15.93%; P < 0.05). Finally, non-
marinated fillets with severe white striping had lower Allo-Kramer-shear force compared with
moderate and normal ones (3.69 vs. 4.41 and 4.91 kg/g; P < 0.05). The second experiment was
dedicated to evaluate the effect of white striping on chemical composition and nutritional value
of chicken breast meat. During three replications, a total of 108 Pectoralis major muscles
representing three degrees of white striping (absence= normal; presence of WS classified in 2
levels as moderate or severe) were selected to determine proximate composition (moisture,
protein, lipid, ash and collagen) as well as sarcoplasmic and myofibrillar protein profile SDS-
PAGE analysis. The results showed that both severe and moderate white-striped fillets had a
higher fat content (2.53 and 1.46 vs. 0.78%; P<0.001), lower protein level (20.9 and 22.2 vs.
22.9%; P<0.001), and increased of the content low quality protein as evidenced by higher
collagen content (1.30 and 1.37 vs. 1.43%; P<0.001) in respect to normal. Both abnormal fillets

exhibited different patterns of myofibrillar and sarcoplasmic fractions when compared to normal
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fillets. Moreover, severe white-striped fillets exhibited higher energy content (450.7 vs. 421.1
KJ/100g; P<0.01) with respect to normal meat. Finally, the third experiment was designed in
order to find some explanations or evidences about reasons standing behind the reduction of
processing ability of white striped meat that have been found in the first experiment. During this
experiment, a total of 12 pectoralis major muscles from both normal and white striped fillets
were used to evaluate chemical composition, protein solubility (sarcoplasmic, myofibrillar, and
total protein solubility), protein quantity (sarcoplasmic, myofibrillar, and stromal proteins), water
holding capacity, and protein profile by SDS-PAGE analysis. White-striped fillets exhibited
similar changes in the composition as what's found in the second experiment (less protein and
more fat and collagen). There was a decrease in the solubility of sarcoplasmic, myofibrillar, and
total proteins as well as an increase in cooking loss (33.7 vs. 27.4%; P < 0.05) due to presence
severe white striping defects. Moreover, gel electrophoresis showed that the concentration of 3
myofibrillar proteins corresponding to actin (42 kDa); LC: slow-twitch light chain myosin (27.5
kDa); and LC3: fast-twitch light chain myosin (16 kDa), and almost all sarcoplasmic proteins
were lower than normal. In conclusion, the overall findings of these experiments revealed that
white striping had an adverse impact on the nutritional properties (as a consequence of chemical
changes) and processing abilities (low water holding/binding capacity and texture). These
changes can be attributed due to changes in the quantity and functionality of breast meat proteins
as well as changing the chemical composition. These changes in different aspects of the quality
traits of breast meat may have an adverse impact on the consumer sensory perception. This side

still needs for further investigations.
Key words: White striping, SDS-PAGE, quality traits, composition, myofibrillar.
3.2 Introduction

In the last few decades, the consumption of the poultry meat products has been dramatically
increased due to different reasons such as low price, attractive sensory quality traits, higher
nutritional value, the absence of cultural or religious effect, and their suitability for processing
(Barbut et al., 2008). In response to the growing demand toward the poultry meat, tremendous
improvements in strain selection, feed conversion, size of the breast, reduction of fat, and growth

optimization had been implemented, which caused a reduction of growing time to half with
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double BW when compared to the early 1950s which reflected sharply in the cost of production
(Anthony, 1998).

In Europe and North America, the demand is mainly concentrated on breast meat, sold both
fresh and processed due to nutritional quality, high tenderness and easiness of culinary
preparation (Barbut et al., 2008). In particular, great efforts have been exerted by genetic
selection to increase the breast yield. As a consequence, modern hybrid birds showed dramatic
development in breast yield, which represents more than 20% of BW (Havenstein et al., 2003).
Regarding the nutritional aspects, poultry meat and in particular breast meat fits the modern
consumer demand for a low-fat meat with a high unsaturation degree of fatty acids and low
sodium and cholesterol levels (Cavani et al., 2009). It is noteworthy that in avian species, lipid
accumulation occurs mostly under the skin and so it is easy to separate this fat, while the
deposition of intramuscular fat (marbling) is more limited (Mourota and Hermierb, 2001).

Poultry meat may also be considered as a functional food because it provides bioactive
substances with favourable effects on human health, e.g. long-chain n-3 polyunsaturated fatty
acids (PUFA), conjugated linoleic acid (CLA), bioactive peptides, vitamins and antioxidants
(Cavani et al., 2009; Gibbs et al., 2010; Ryan et al., 2011). In particular, chicken breast meat is
actually considered as a high quality meat because it bears most of features that previously
mentioned in regard of nutritional aspects (i.e. low energy level, cholesterol content, and high
polyunsaturated fatty acid content). Recently, it has been observed that chicken meat has not still
kept the same nutritional features as in the past. Some studies showed that today’s poultry meat
contains higher lipid content compared with that produced some years ago (Wang et al., 2009;
Crawford et al., 2010; Kuttappan et al., 2012b).

Several studies have shown that fast growth rate increased the possibility of incidence of
abnormalities or distortions mainly in the breast muscles (Dransfield and Sosnicki, 1999; Mahon,
1999). In fact, the most current poultry meat quality concerns up to now; are associated with
deep pectoral muscle disease (Bianchi et al., 2006; Lien et al., 2012) and white striping (WS;
Kuttappan et al., 2012a,b), PSE-like meat (pale, soft, and exudative-like condition) (Barbut et
al., 2008; Petracci et al., 2009; Zhu et al., 2012) as well as poor cohesion (tendency to separation
of muscle fiber bundles) related to immaturity of intramuscular connective tissue (Velleman et

al., 2003; Voutila, 2009; Petracci and Cavani, 2012a).
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White striping defect is a new quality issue that was firstly pointed out by Bauermeister et al.
(2009) and Kuttappan et al. (2009) and has been described as the appearance of white striation
parallel to muscle fibre on the surface of pectoralis major muscles. What we know is that several
factors can affect its incidence rate, which can be summarized as follows: genotype (high >
standard breast yield; Petracci et al., 2013b), sex (males > females; Kuttappan et al., 2013c),
growth rate (fast > low; Kuttappan et al., 2012b, 2013c), diet (high > low energy diet; Kuttappan
et al., 2012b), and weight at slaughter (heavy > light; Kuttappan et al., 2013c). Some studies that
have been done under experimental conditions showed that the incidence rate of WS can be over
50% (Kuttappan et al., 2012a, b). A recent survey has estimated that incidence of white-striped
breast fillets was around 12% (Petracci et al., 2013b).

It was found that WS significantly decreased the acceptance of meat for consumers and also
affected in a purchase decision because it changed the appearance and exhibited marbling look
(Kuttappan et al., 2012c). As a result, the poultry processors are enforced to downgrade breasts
showing severe WS and use them to manufacture processed products. The aetiological causes of
WS are still not known, but histological evaluations showed that it is usually associated with
muscle degeneration and myopathic changes beneath the striation area such as loss of cross
striations, variability in fiber size, floccular/vacuolar degeneration and lysis of fibers, mild
mineralization, occasional regeneration (nuclear rowing and multinucleated cells), mononuclear
cell infiltration, lipidosis, and interstitial inflammation and fibrosis (Kuttappan ef al., 2013c).

Kuttappan et al. (2012a) also hypothesized a similarity in the appearance between WS and
nutritional muscular dystrophy; however, they found that dietary vitamin E level was not
associated with the modern condition of white striping in broiler breast meat. It was observed
that the occurrence of WS increased in large male birds with high breast weight and yield
(Kuttappan et al., 2009). It seems that the majority of WS occurred in the finisher age period of
the birds especially in the age of 6 to 8 wk (Bauermeister ef al., 2009). Some studies have also
shown that WS can affect some quality traits of breast meat. Fillets with severe WS have been
characterized by higher fat content with more monounsaturated fatty acids and lower protein
content compared with normal fillets (Kuttappan ef al., 2012b). Otherwise, little impact of WS
on technological quality traits of poultry meat was observed (Bauermeister et al., 2009;

Kuttappan et al., 2009).
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Protein composition of breast meat has a crucial impact on processing, sensory, and
nutritional quality traits (Smyth et al., 1999). Particularly, proteins are considered as the most
important components of meat from a nutritional and processing viewpoint. Indeed, meat
proteins contain all the amino acids essential to the human body, thus making them highly
nutritious (Friedman, 1996). Moreover, meat proteins greatly contribute to processing abilities by
imparting specific functionalities. The overall properties of meat and meat products, including
appearance, texture, and mouth feel are dependent on protein functionality (Xiong, 2004).

It is well known that myofibrillar proteins (i.e., myosin and actin) are mainly responsible for
the WHC and textural properties of meat and meat products, whereas sarcoplasmic proteins (i.e.,
muscle enzymes) play a minor role (Smith, 2010; Sun and Holley, 2011). Solubility of
myofibrillar and sarcoplasmic proteins are highly correlated with water retention (Li-Chan et al.,
1987; Warner et al., 1997). Protein solubility also has a major role in the physical properties of
the meat because lower protein solubility imparts poor functionality, as in the case of pale, soft,
and exudative (PSE) -like meat (Van Laack et al., 2000; Bowker and Zhuang, 2013).

In general, there are different processing and compositional aspects are still not sufficiently
investigated for breast meat affected by white striping abnormality. Therefore, the main
objectives of this study were to evaluate the impact of white striping abnormality on the quality
traits (technological and nutritional properties) of chicken breast meat. To achieve the objectives
of study, different processing (such as WHC/WBC, texture, color, pH, protein solubility) and
nutritional parameters (such as proximate chemical composition and protein composition) have

been evaluated through this study.
3.3 Materials and methods

Chemicals and solvents, unless specified, were of analytical grade and purchased from Carlo
Erba Reagenti (Rodano, Italy), Merck (Darmstadt, Germany), and Sigma-Aldrich (St. Louis,
MO).

During this study, three experiments have been conducted to evaluate the impact of white

striping on different quality traits of breast meat as described in (Table 3.1)
3.3.1 Sampling and storage conditions

In all experiments, whole breasts were collected from the deboning area of a commercial

processing plant at 1-2 h post-mortem. Breast fillets were classified into three degrees of WS
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depending on the intensity and thickness of white striations: normal fillet when there are no
white striations; moderate when the fillets showed small thin lines (<1 mm); whereas those
having thick (>1 mm) white striations covering most of the surface area were graded as severe
(according to the criteria suggested by Kuttapan et al., 2012c¢). In each sample collection, breast
fillets were bagged by group, packed on ice, and transported to the laboratory.

In the laboratory, the samples were stored under refrigeration conditions (2-4°C) for the next
day. The pectoralis major muscles were excised from the whole breast muscle. The excess of
visual fat, connective tissues, cartilage, and bone fragments were trimmed. After 24 h of post-
mortem, the samples were reclassified again to three categories (normal, moderate, and severe)
as previously mentioned to ensure that each sample is fit to each group because sometimes the

thickness of white striation may slightly change during post-mortem time.

Table 3.1 The experimental design of the study

Total sample number* 153 108 12
Replication number 3 3 1
Sample (n) /Group 17 12 6
Type of groups Normal, moderate, severe Normal, moderate, severe Normal and severe white
white striping white striping striping
Quality traits - Raw meat: pH, color, Proximate composition Chemical
drip loss, cook loss, and (moisture, protein, lipid composition, protein
Allo- Kramer-shear force and collagen), energy solubility (sarcoplasmic,
- Marinated meat: distribution myofibrillar, and total
marinade uptake, purge as well as sarcoplasmic protein solubility), protein
loss, cook loss, total yield, and myofibrillar quantity (sarcoplasmic,
and Allo-Kramer-shear protein profile by SDS- myofibrillar, and stromal
force PAGE analysis** proteins), water holding
capacity, and protein
profile by SDS-PAGE
analysis **

* the sample is always whole pectoralis major muscle, but according to the analysis, a part of fillets were selected
which has been described very well in each experiment.

** For SDS-PAGE analysis, 6 samples from each group were selected.
3.3.2 Quality traits analysis

Each fillet was subjected to different chemical (proximate chemical composition, protein
composition, protein solubility, etc.) and physical (color, pH, drip loss, purge loss, cooking loss,

marinade uptake, texture, etc.) measurements.
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3.3.2.1 Color measurements

The color parameters were measured based on CIE system. CIE organization (Commission
Internationale de I'Eclairage) determined standard values that are used worldwide to measure
color. The values used by CIE are called L*, a* and b* and the color measurement method is
called CIELAB. L* (lightness) represents the difference between light (where L*= 100) and dark
(where L*= 0). a* represents the difference between green (-a*) and red (+a*), and b* represents
the difference between yellow (+b*) and blue (-b*). Using this system any color corresponds to a
place on the graph shown in Figure 3.1. Variables of L*, a*, b* or E* are represented as delta L*,
delta a*, delta b* or delta E*, where AE* = A (AL**+Aa**+Ab*?). It represents the magnitude of

color difference, but it does not indicate the direction of the color difference.

CIELab
L (100)

-a (-12 -b (-120)

B
+a (120)

+b (120)

L (0)

Figure 3.1 A three-dimensional representation of L, a, b CIE Lab (L*, a*, b*) system used to measure the
colour parameters.

CIE 1976 (L* a* b*: CIELAB) for color measurements are based on the Opponent-Color
theory that assumes that the color is perceived by human eye receptors as a pair of opposites
described as the following:
 L* scale: Light vs. dark; where a low number (0-50) indicates dark and a high number (51-100)
Indicates light.

* a* scale: Red vs. green; where a positive number indicates red and a negative number indicates

green.
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» b* scale: Yellow vs. blue; where a positive number indicates yellow and a negative number
indicates blue.

Reflectance colorimeter (Minolta Chroma Meter CR-400) with C as illuminant source was
used to carry out the measurements. The colorimeter was calibrated with a reference white
ceramic tile (Y = 93.9, x = 0.3130 and y = 0.3190) before measurement. Avoiding areas with
color defects, color (CIE L* = lightness, a* = redness, and b* = yellowness) was measured in
triplicate on the bone-side surface of each fillet. In addition, color was measured on non-

marinated and marinated samples after cooking.
3.3.2.2 Breast weight and size measurements

Geometrical measurements were determined in millimeter with a caliper as described by
Mehaffey et al. (2006) with slight modifications (Figure 3.2). Length (L) was measured from the
longest dimension of the fillet. The width (W) was measured from the longest distance from side
to side in the middle of fillet. The height was measured in three points. The first height (H3) was
measured as vertical distance far from the end of caudal part by 1 cm toward dorsal direction.
The second height (H2) was measured at the half distance of the breast length (L). The third
height (H1) was measured at the highest point in the cranial part.

Length

Figure 3.2 Fillet dimension measurements

3.3.2.3 pH measurements

The color, water-holding capacity, flavor, tenderness and shelf life of meat are highly affected

by pH. Therefore, pH was measured to understand its effect on those quality traits. It was
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determined according to the Jeacocke (1977) procedure of iodoacetate method which was
adapted and utilized and used it for measuring the pH for raw, marinated and cooked chicken
breast meat (Figure 3.3). From each sample about 2.5 g of meat was collected from the top of the
cranial part (Figure 3.3), minced manually, and homogenized with ultra-turrax for 30 s at speed
10000 rpm in 25 mL of iodoacetate (5 mM) and potassium chloride (150 mM) solution. The pH

of meat suspension was measured by pH-meter calibrated at pH 4.0 and 7.0.
3.3.2.4 Samples preparation for processing

To evaluate the impact of white striping abnormality on meat quality traits during processing,

two parallelepiped cuts as described in the Figure 3.3 were dedicated for this purpose:

Colour

Ultimate pH 7 (Lra*b*)

@ Drip loss

@ Cooking loss
@ AK-shear force

Marinade uptake
Purge loss
Cooking loss

©C oo

AK-shear force

Proximate
composition

Figure 3.3 The sampling protocol for evaluating the quality traits of marinated and non-marinated meat.
3.3.2.4.1 Non-marinated meat cuts

A parallelepiped cut (8 x 4 x 3 cm) weighing about 80 g was excised from the cranial part of
each fillet parallel to muscle fiber directions and used to assess non-marinated quality traits (drip

loss, cooking loss, and Warner-Bratzler shear force) (Figure 3.3).
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a) Drip loss

Parallelepiped cuts, which were dedicated to non-marinating cooking, were used to determine
the drip loss. The cuts were stored in covered plastic boxes over sieved plastic racks for 48 h at 2
to 4°C. After 48 hours, cuts were gently cleaned from the excess of superficial juices with paper
towel, weighted again, and drip loss determined as percentage of weight lost by the sample
during refrigerated storage period (Petracci and Baeza, 2011) according to the following formula
below:

Drip Loss (%) = (initial weight - weight after storage) / (initial weight) % 100
b) Cooking loss

After finishing the measurement of drip loss, meat cuts were packaged under vacuum (-99%
ambient pressure for 4s). The biggest sample in the weight was selected to measure the
temperature during cooking (in general the samples were homogenous in the weight, about 80 +
3 g). The meat cuts were cooked in water bath adjusted at 80°C until the core temperature
reached 78°C (estimated time 35 min). Subsequently, cooked samples were cooled to room
temperature using a cold water bath. The packages were removed, and the meat cuts were dried
from superficial liquids with a paper towel and re-weighed again. The cooking loss was

calculated based on the difference in weight loss before and after cooking as follows:

Cooking loss (%) = (Wezght of sample after storage — weight of sample after cookzngj <100

Weight of sample after storage
¢) Allo-Kramer shear force for cooked meat cuts

After 3-4 h of refrigerated storage (2-4°C) of cooked meat cut (8§ X 4 X 3 cm) to optimize
sample preparation during cutting, parallelepiped cut (approximately 4 x 2 x 1 cm) was excised
parallel to muscle fibre direction to measure the shear force needed to cut the sample by Allo-
Karmer method. The weights of the samples were recorded in gram in order to express the final
results. Samples were stored for 3-4 hour in the refrigerator to have similar temperature for all
samples before shearing.

Allo-Kramer shear force was evaluated by a TA.HDi Heavy Duty texture Analyzer (Stable
Micro Systems Ltd., Godalming, Surrey, UK) provided with an Allo-Kramer shear cell with 10
blades, using the procedure described by Sams et al. (1990). Samples were perpendicularly
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sheared to fibre direction with 10 blades probe using a 25 kg load cell at 500 mm/min rate

(Figure 3.4). Shear force values were expressed as kilograms force per gram of sample.

Figure 3.4 Allo-Karmer shear force measurements

3.3.2.4.2 Marinated meat cuts

A parallelepiped cut (8 x 4 x 2 cm) weighing about 60 g was excised from the caudal part of
each fillet parallel to muscle fiber directions and used to assess marinated quality traits (marinade
uptake, purge loss, cooking loss, yield and Allo-Kramer shear force) (Figure 3.3). Meat Cuts
were subjected to tumbling and marination procedure, were individually labeled and marinated
by addition of 150 ml marinade solution (7.6% sodium chloride and 2.3% sodium
tripolyphosphate) per 1 kg of meat using a small-scale vacuum tumbler (model MGH-20,
Vakona Qualitat, Lienen, Germany) that were employed to achieve a standard concentration of
salts (1.0 and 0.30%, respectively) in the final marinated meat. Tumbling time was 46 min under
vacuum (-0.95 bar) and the total number of revolutions was 800 rounds at a speed of 20 RPM (3

working cycles of 13 min/cycle and two pause cycles of 3 min/cycle).
a) Marinade uptake

Marinade uptake measures the quantity of marinade solution that is able to be absorbed by the
meat during the marinating process. After marination, the excess of superficial liquids was
removed by paper towel. The marinade uptake was calculated considering the weight difference

before and after marination as follow:

marinated sample weight — raw meat weight} <100

Marinade uptake (%) = ( X
raw sample weight
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b) Purge loss

Purge loss is usually used to evaluate the ability of marinated meat to retain liquids during
refrigerated storage conditions. The marinated meat cuts were placed over sieved plastic rack
inside covered plastic box and kept for 24 h at 2-3°C to facilitate the diffusion and the balance of
the absorbed marinade in the muscle of the sample. After this, samples were weighed again and

the percentage of purge loss was calculated as below:

Purge loss (%) = (marznated sample weight — sample weight after storagej <100

marinated sample weight

¢) Cooking loss and yield

After measuring the purge loss, all meat cuts were packaged in polyethylene packs under
vacuum. The samples were cooked in thermo stated (80°C) water bath until the core temperature
reached 78°C and the cooking time was about 25 min. Subsequently, cooked samples were
cooled to room temperature using a cold water bath and weighed again. Cooking loss and total

yield were determined as follows:

Cooking loss (%) = Weight of sample aﬂer storage — weight of sample after cooking <100
Weight of sample after storage
Total yield (%) = W‘ezght of sample after cookzn‘g <100
Weight of sample before tumbling

3.3.2.5 Proximate chemical composition

The remaining part of the fillet after all samples have been excised was minced to obtain

homogenous meat mass and used to determine the proximate chemical composition.

3.3.2.5.1 Moisture

The moisture analysis was performed on raw meat according to official methods of AOAC
(1990). About 5 g of finely chopped meat was accurately weighted in previously dried and
weighted aluminium pan (pans were heated for 1 h at 103°C and cooled in desiccators to obtain
stable weight). Samples were dried in conventional oven for 16 hours at 105°C then cooled in
desiccators. The dried weights of the samples were weighted to determine the moisture content

as a following:
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Moisture (%) = (initial weight — dry weight) / (initial weight) x 100

3.3.2.5.2 Total crude fat content

Fat is important to all aspects of meat production and processing. Fresh and frozen meat
prepared for manufacturing purposes is specified in terms of fat content (expressed as chemical
lean). It can be considered as a part from the commercial importance of the fat content of
unprocessed meat, especially manufacturing meat. Fat content is an important technical and
regulatory specification for almost all processed meat products. The “Soxhlet” method was used
to determine fat content in this study. It is recognized by the Association of Official Analytical
Chemists (AOAC) as the standard method for crude fat analysis.

Crude fat content is determined by extracting the fat from the sample using a solvent, then
determining the weight of the fat recovered. The sample is contained in a porous thimble that
allows the solvent to completely cover the sample. The thimble is used to hold the sample during
the extraction and it works as strainer that allows recycling the solvent over the sample
continuously. This extends the contact time between the solvent and the sample which ensure
enough time to dissolve all of the fat contained in the sample. It is necessary to comminute finely
the sample as much as possible in order to optimize solvent extraction process. Before and at the
beginning of the solvent extraction step, the sample must be usually dried. Frequently, the
moisture analysis is required as well as fat analysis and this can be achieved by accurately
weighting the sample after drying and before extraction, as well as before drying. If the moisture
analysis is not required, the sample has to be weighed before drying and after solvent extraction.
In either case, the sample must be weighed accurately on an analytical balance at each stage of
the analysis. The procedure of fat analysis is described as follows:

- All aluminum cups that were used in the analysis have been rinsed by petroleum ether,
drained, dried in an oven at 102°C for 60 min., cooled in desiccators, and accurately
weighted.

- About 1.5 of finely minced meat samples were accurately weighted and put in the bottom
extraction thimble then covered with fat free cotton.

- The thimble with the sample was inserted in a Soxhlet liquid/solid extractor and 50 ml of

petroleum ether was added to previously weighted aluminum cup, the thimble was
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lowered inside the extraction solution in the cup where the sample was completely
covered with petroleum ether (Figure 3.5).

The assembled extraction unit was fixed over electric heating block adjusted at 95°C. The
extraction at this stage has been conducted by recirculating the evaporated extraction
solvent through the condenser for 45 min (Figure 3.5: Boiling phase 1).

The thimble was raised up to be separated from the extraction solution in the cup, and in
this stage, the extraction was preceded by dripping the evaporated extraction solvent that

comes from the condenser over the sample for 45 min (Figure 3.5: Rinsing phase 2).

1. Boiling: rapid
solubilization in boiling
solvent

2. Rinsing: efficient removal
of remaining soluble matter

3. Recovery: automatic
collection of distilled
solvent for re-use

4. Auto-shut down: the

system closes down and the
cups are lifted from the hot

plate

Figure 3.5 Different phases of fat extraction

The recirculating of the evaporated extraction solvent was ceased, and the content of the
cup was dried for 15 min over a heating block in order to remove the major part of
extraction solvent from fat (Figure 3.5: Recovery phase 3). The remaining of extraction
solvent was collected from the condenser.

The aluminum cup containing the extracted fat was dried at 85°C for one hour in order to

remove any residue of the extraction solvent, then cooled inside the desiccators (Figure

3.5: Auto-shut down 4).

Then the content of the cup was weighted and the weight of fat was determined as the

difference in the weight of the cup and fat subtracted by weight of empty cups. The percentage

fat content was calculated as follows:

Crude fat % =

Weight of fat
Weight of sample

x 100
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3.3.2.5.3 Total crude protein content

Protein content was determined according to the procedure reported by Kjeldahl method
(AOAC, 1990). In Kjeldahl method, the basis of protein determination is based on the total
nitrogen content (including protein, amine, and ammonia and urea nitrogen fractions) that is
usually obtained through three different phases: digestion of the sample, distillation and titration
of liberated ammonia. In order to calculate the percentage of protein, nitrogen content is
converted to protein content by multiplying with specific coefficient that considers the amino
acid composition of the sample.

In the first phase, which is the digestion, about 0.5 g of finely minced meat sample was
accurately weighted and put in the Kjeldahl tube. Half tablet of Kjeltabs (containing 3.5 g of
K,SO4 and 3.5 mg of selenium) and 12 mL of solution containing 96 % sulfuric acid and 4 %
ortho-phosphoric were added to the tube containing the sample. The contents of the tube were
digested at 400/420°C for 3 h. During the digestion, temperature was gradually increased
(50°C/15 min) from 80 to 420°C. The digestion was finished when the contents of tube were
completely changed to clear colour. At the end, ammonium sulphate is generated as described in

the following equation:

Heat

Organic N + H2504 4>(NH4)2S04 + H20 + CO2 + Other sample matrix by — products

Both the distillation and titration phases were carried out using a “Biichi 339” distil-titrator
unit (Figure 3.6). Digested samples were cooled at room temperature and then moved to the
distillation unit. Distillation stage was performed by adding 50 mL of distilled water and 65 mL
of sodium hydroxide (solution with 30% of NaOH) in order to neutralize the effect of the acid
solution used in the mineralization phase. During neutralization, ammonia starts to liberate in the
form of gas, then it condensates in the distillation unit and captured by boric acid in the form of

ammonium borate:

Ammonia  gas

f_‘A‘_\
(NH 4)280 4 + 2NaOH —2 5 2NH 5 T +Na 250 4+ 2H 20

Ammonia  gas Boric acid Ammonium  — borate complex Excess boric acid
_

ONH 3 T +2H2BOs—— NH 3:H2BO3 + H2BO 3

Color change
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Titration of distilled ammonia was performed using 0.2 N hydrochloric acid (HCL). Protein
content was obtained multiplying the concentration of nitrogen by the conversion factor of 6.25

(calculated for meat and meat product) and expressed as a percentage (Equation 3.1+3.2).

Ammonium  — borate complex Hydrochlor ic acid Ammonium  chloride Boric acid
——— —— ——— — =
NH 3:H2B03 + HCL —— (NH 4)CL + H3BO 3

(ml of acid for sample—ml of acid forblank) x N of acidx1.4007

Nitrogert/o= : : .
Weightof samplein gram (Equation 3.1)

Protein % = Nitrogen% x Conversion factor

(Equation 3.2)

Figure 3.6 Biichi 339 units used to distillate and titrate the sample for the total protein determination

(Kjeldal).
3.3.2.5.4 Total ash content

The ash content is a measure of the total amount of minerals present within a food. Ash is the
inorganic residue remaining after the water and organic matter is removed by heating in the
presence of oxidizing agents, which provides a measure of the total amount of minerals within a
food. The most widely used methods are based on the fact that minerals are not destroyed by
heating, and that they have a low volatility compared to other food components.

There are three main types of analytical procedure used to determine the ash content of foods
is based on this principle: dry ashing, wet ashing and low temperature plasma dry ashing. The

chosen method for a particular analysis depends on the reason for carrying out the analysis, the
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type of food analyzed and the equipment available. Ashing may also be used as the first step in
preparing samples for analysis of specific minerals, by atomic spectroscopy or the various
traditional methods described below. Ash contents of fresh foods rarely exceed 5%, although
some processed foods can have ash contents as high as 12%, e.g., dried beef.

Dry ashing procedure:

This method was chosen to analyze ash content in this study. Dry ashing procedures use a
high temperature muffle furnace capable of maintaining temperatures of between 500 and 600°C.
Water and other volatile materials are vaporized and organic substances are burned in the
presence of the oxygen in air to CO,, H,O and N,. Most minerals are converted to oxides,
sulfates, phosphates, chlorides or silicates. Although most minerals have fairly low volatility at
these high temperatures, some are volatile and may be partially lost, e.g., iron, lead and mercury.
If an analysis is being carried out to determine the concentration of one of these substances, then
it is advisable to use an alternative ashing method that uses lower temperatures.

Ashing sample dish was heated in a muffle furnace at 525°C for one hour and cooled in
desiccators. The ashing dish was accurately weighted; About 5 g of finely minced meat was
accurately weighted in the ashing dish. The sample was dried in an air oven at 102°C for two
hours. The sample was charred in a muffle furnace at 200°C, and then followed by charring step
at 525°C for 4 hrs, after the samples have been cooled to 200°C, moved to desiccators for cooling
at room temperature. The food sample was weighed before and after ashing to determine the
concentration of ash present.

The ash content can be expressed on a wet basis:

M ash

Ash (wet basis) % = x100
M

wet

Where Mgy refers to the mass of the ashed sample and My, refer to the original mass of the

wet samples.

3.3.2.5.5 Total collagen content

The spectrophotometric-based hydroxyproline assay is one of the few assays that allows for
the actual quantification of collagen content. The assay was first described in 1950 (Bateman et
al., 1996), based on the fact that all collagens contain globular domains and share the common
structural of triple helical segments. This triple helical structure is composed of three a-

(polypeptide) chains, which range from 10 to 150 kDa per chain. Each chain consists of a
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repeating triplet amino acid sequence (Gly-X-Y) n, where X and Y can be any amino acid, but
are often proline and hydroxyproline, respectively (Bateman et al., 1996). Collagen is one of the
few proteins that containing hydroxyproline amino acid. Thus, based on the absolute
quantification of hydroxyproline (which represents a fixed percentage of amino acid composition
of collagen in most meat tissue, the amount of collagen content and concentration in tissues can
also be derived (Jackson and Cleary, 1967; Gallop and Paz, 1975).

Collagen content was evaluated using the modified spectrophotometric-based hydroxyproline
assay (Kolar, 1990). About 4 g of finely minced meat was accurately weighted in 250 ml round
bottom flask. 30 ml of sulphuric acid solution (A) was slowly added to the sample; the neck of
the round bottom flask was covered with an evaporating glass dish and put it in an air oven at
105°C for 16 hr for collagen digestion. The content of each flask was transferred while they were
hot into 500 ml volumetric flask and then the flask was filled with distilled water to the mark.
The content of the flask was agitated very well to ensure the homogeneity of the solution.

About 50-70 ml of the sample has been used for filtration. Precisely, 5 ml of the filtrate was
transferred into 100 ml volumetric flask and then the filtrate was diluted with distilled water to
100 ml and the content was agitated again. After, 2 ml of the diluted solution was transferred into
a test tube, then 1 ml of oxidizing agent (B) was added and the content of the tube was mixed by
vortex for 1 min. To develop the reaction, the tubes were left in the dark for 20 min. Finally, 1 ml
of colorimetric solution (C) was added to the tube, mixed by vortex for a few seconds and then
the tubes were left to complete the colour development in water bath at 60°C for 15 min.

The samples were filled in cuvettes and the absorbance of the solution was measured at 558
nm. Blanks were prepared from all reagents that were used in the analysis except the sample and
then the absorbance was measured. The absorbance that has been obtained from blank was
subtracted from the sample.

To find the real concentration of collagen in samples, a standard curve (Figure 3.7) was
prepared between known concentration of hydroxyproline and the absorbance.

Finally the absorbance was read with UV-visible spectrophotometer (Shimadzu model UV-
1601, Shimadzu Italia S.r.l., Milano, Italy) at 558 nm of wavelength (A). The hydroxyproline
content (HYP) was calculated with the following formula:

HYP (%) =(hx25)/(mxV)
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Where h= HYP in pg/mL of filtrate, derived from calibration curve, m= sample weight in grams,
and V= mL of filtrate for the 100 mL dilution.

The percentage of collagen was calculated by multiplying the percentage of hydroxyproline by 8.

2

1.8

1.6

14

Y =0.186x + 0.034

1.2 R*=0.991

1

Absorbance

0.8
0.6
0.4
0.2

0 2 4 6 8 10 12
Hydroxyproline (pg)

Figure 3.7 standard curves for determination of collagen content by hydroxyproline.

Sulphuric acid solution (A): 750 ml D.W was added in volumetric flask 2 L then 575 ml of
concentration sulphuric acid was slowly added to flask content. The solution was left to get cool,
after that the volume was completed to the mark.

Buffer solution (pH=6): 30 g of citric acid monohydrate, 15 g sodium hydroxide, 90 g sodium
acetate.3H20 were weighted and added into 1 L V.F then 500 ml D.W was added to dissolve
them, slowly 290 ml 1-propanol was slowly added, transferred the content to 1 L beaker and
adjust the pH to 6 by acid or base while stirring, return back the content to V.F and then
complete the volume, keep in refrigerator (2 months at 4°C).

Oxidizing solution (B): 1.4 g of chloroamine T was accurately weighted and put it 100 ml V.F
dissolve it by buffer solution (stable for one week in refrigerator)

Colorimetric reagent (C): 10 g of 4-dimethylaminobenzyldhede was accurately weighted, 35
ml of perchloric acid 60% was slowly added while stirring until the content dissolved, then

added slowly while stirring 65 ml of 2-propanol (1 day in refrigerator stable).
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3.3.2.6 Nutritional index calculation

The Atwater general factor system was used to estimate the total caloric content. This system
is based on the total energy of combustion for protein, fat, and carbohydrates after they are
corrected by losses in digestion, absorption and urinary excretion of urea. Irrespective of the
food, it utilises a single factor for each of the energy-yielding substrates (protein, fat,
carbohydrate) where the energy values are 17 kJ/g (4.0 kcal/g) for protein, 37 kJ/g (9.0 kcal/g)
for fat and 17 kJ/g (4.0 kcal/g) for carbohydrates.

Moreover, collagen/total protein ratio was calculated as follows (European Commission,

2005):

( Collagen. jXIOO
Total protein

Finally, fat to protein ratio was determined as the following:

Total fat content
- x 100
Total protein content

3.3.2.7 Total content of myofibrillar and sarcoplasmic proteins

To determine the total content of myofibrillar and sarcoplasmic proteins; firstly, both fractions
were extracted as described in section "3.3.3.10.1 Protein extraction". The extracted proteins
were quantified by the Bradford method. The Bradford assay is a protein determination method
that involves the binding of Coomassie Brilliant Blue G-250 dye to proteins (Bradford, 1976).
The dye exists in three forms: cationic (red), neutral (green), and anionic (blue) (Compton and
Jones, 1985). Under acidic conditions, the dye is predominantly in the doubly protonated red
cationic form (Amax= 470 nm). However, when the dye binds to protein, it is converted to a stable
unprotonated blue form (Am.x = 595 nm) (Fazekas et al., 1963; Reisner et al., 1975; Sedmack
and Grossberg, 1977). The blue protein-dye form is usually detected at 595 nm in the assay using
a spectrophotometer or microplate.

In any protein assay, the ideal protein to use as a standard is a purified preparation of the
protein being assayed. In the absence of such an absolute reference protein, another protein must

be selected as a relative standard. The best relative standard to use is one that gives a colour yield
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similar to that of the protein being assayed. Selecting such standard protein is generally done
empirically. Alternatively, if only relative protein values are desired, any purified protein may be
selected as a standard. The two most common protein standards used for protein assays are BSA
and gamma-globulin.

In this study, the Quick Start Bradford protein assay was used, where dye color development
is significantly greater with BSA than with most other proteins, including gamma-globulin.
Therefore, the BSA standard would be an appropriate standard if the sample contains primarily
albumin, or if the protein being assayed gives a similar response to the dye. For a color response
that is typical of many proteins, the gamma-globulin standard is appropriate.

The standard protocol can be performed in three different formats: 1 and 5 ml cuvette assay,
and 250 pl microplate assay. The linear range of these assays for BSA is 125-1,000 pg/ml,
whereas with gamma globulin is linear the range 125-1,500 pg/ml.

Procedure: the 1x dye reagent was removed from 4°C storage and left out to warm to ambient
temperature. The 1x dye reagent was inverted a few times before use. Duplicate samples of
protein solutions were assayed. For convenience, the BSA or gamma-globulin standard sets can
be used, but blank samples (0 pg/ml) should be made using water and dye reagent. Each standard
and unknown sample solution was pipette into separate clean test tube. The dye reagent was
added to each tube and vortex (or invert). The tubes were incubated at room temperature for at
least 5 min. Samples should not be incubated longer than lhr at room temperature. The
spectrophotometer was set at 595 nm. The instrument has been set to zero with the blank sample.
The absorbance of the standards and unknown samples were measured.

A standard curve was created by plotting the absorbance of each protein concentration at 595
nm (y-axis) versus their concentration in pg/ml (x-axis). Seven different concentration points (2,
1.5, 1, 0.75, 0.5, 0.25, 0.125 mg/ml) of Bovine Serum Albumin Standard have been selected to
prepare the standard curve with good linearity. The unknown sample concentration was
determined by using the standard curve (Figure 3.8). Some time the samples were diluted, the
final concentration of the unknown samples was adjusted by multiplying by the dilution factor

used.
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Figure 3.8 Standard curve prepared from known concentrations of BSA versus absorbance.

The absorbance of the blue protein-dye complex was detected at 595 nm using a
spectrophotometer UV-1601 from Shimadzu (Germany). The concentration was calculated using

a calibration curve obtained with quick start BSA standard set from Bio-Rad (Italy) (Figure 3.8).
3.3.2.8 Protein Solubility

Protein solubility was estimated according to differences in extractability of proteins in
different ionic strength solutions (Warner et al., 1997). Sarcoplasmic protein solubility was
measured in 3 replications by weighing 1 g of breast meat sample. Ten milliliters of cold 25 mM
potassium phosphate buffer (pH 7.2) were added to each sample and homogenized by high-speed
blender (Ultra-Turrax, T25 basic, New Brunswick, NJ) on the lowest speed (11,000 rpm/min).
The homogenized samples were kept under refrigeration conditions (4°C) for 20 h and then
centrifuged at 2,600 % g for 30 min at 2-3°C.

The supernatant was decanted and protein concentration was measured using the Bradford
assay (Bradford, 1976) with bovine serum albumin as a standard as described in section
(3.3.2.7). Total protein solubility was similarly determined in a 1.1 M KI, 0.1 M potassium
phosphate (pH 7.2) buffer. Myofibrillar protein solubility was calculated by the difference in the

solubility of total and sarcoplasmic proteins.
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3.3.2.9 Water Holding Capacity (WHC)

Cooking loss was used as a measure for WHC. About 6 g of minced breast meat was weighed
into a 50-mL plastic test tube. After the addition of 10 mL 3.5% NaCl solution, the tubes were
vigorously shaken for 15 s and then held for 30 min at room temperature. The supernatant was
separated after centrifugation for 15 min at 3,000 % g (temperature 2-3°C), and the sediment was
weighted (Van Laack et al., 2000). After cooking the tube content at 80°C for 20 min, cooking

loss was determined by weight difference.
3.3.2.10 SDS-PAGE analysis
3.3.2.10.1 Protein extraction

Normal and WS fillets were selected to separate the extracted proteins according to their
molecular weights by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) analysis. The analysis was repeated twice for each sample. Minced meat sample (2 g)
was added to 20 ml of rigor buffer (RB) containing 75 mM KCIl, 10 mM KH2PO4, 2 mM
MgCl2, and 2 mM EGTA (Ethylene Glycol Tetraacetic Acid) (pH 7.0) and homogenized with a
high-speed blender (Ultra-Turrax, T 25 basic) on the lowest speed (11,000 rpm/min). The
homogenate was centrifuged at 10,000 x g, keeping the temperature at 4°C for 10 min, and the
supernatant (S1) decanted and saved. Twenty ml of fresh RB was added to the sediment and the
homogenization repeated. A sample (0.5 mL) of this homogenate (P1) was saved and the
centrifugation repeated. This process was repeated to obtain S1 up to S4 and P1 up to P4 (Fritz et
al., 1989). The S1 was dedicated to sarcoplasmic protein evaluation, whereas P4 was used for
myofibrillar protein evaluation. Moreover, a composite sample from S1 to S4 was used for

sarcoplasmic fractions.
3.3.2.10.2 Protein separation and quantification by SDS-PAGE analysis

Samples were mixed 1:1 with a standard sample buffer that contained 8 M urea, 2 M thiourea,
3% (wt/vol) SDS, 75 mM dl-dithiothreitol, and 25 mM TrisHCI at pH 6.8 (Fritz et al., 1989),
then it was heated at 100°C for 5 min in a water bath, cooled, and applied to the gel. The
concentration of extracted protein was measured using the Bradford assay (Bradford, 1976)
before loading to gel. Fifteen microliters of myofibrillar protein extract was loaded at 12% Mini-

Protean TGX Stain-Free Gel (Bio-Rad), and the same amount of sarcoplasmic extract was loaded
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at Mini-Protean TGX any kDa Stain- Free (Bio-Rad). The separated protein bands were
identified by comparing their mobilities against those of molecular weight of protein marker
(Precision plus Standard protein, all blue prestained, Bio-Rad) made of 10 purified proteins with
different molecular weights (10, 15, 20, 25, 37, 50, 75, 100, 150, and 250 kDa). The point to
point (semi-log) regression method was used to calculate the molecular weights. The reservoir
buffer used in the Mini-protean II cell small electrophoresis unit (Bio-Rad) contained 50 mM
Tris, 0.384 M glycine, and 0.1% (wt/vol) SDS (Figure 3.9). Small gels were run at a constant
voltage of 80 and 120 V for stacking and running gel, respectively.

Sarcoplasmic and myofibrillar protein gel images were captured by a ChemiDoc MP (Bio-
Rad) tabletop scanner with Image Lab Rev 4.0 software (Segrate (MI), Italy) (Figure 3.9).
During the acquisition of images, Stain Free Gel application was used with 5-6 s (Auto-Intense
Bands) as exposure time. Gels were activated by UV Trans illumination and subsequently
managed by Image Lab Rev 4.0 software on a tabletop computer to determine protein
concentration. Calibration curve was prepared by standard bovine serum proteins (BSA: 0.1,
0.25, 0.5, 0.75, 1.00, and 1.5 pg/L). Image area was X: 95.0, Y: 71.0 (mm) with a pixel size (um)
X:68.2,Y: 68.2.

Figure 3.9 SDS-PAGE analysis system from Bio-Rad (source: Electrophoresis guide, Bio-Rad)

One dimensional SDS-PAGE analysis was used to evaluate the molecular weight profile of

sarcoplasmic and myofibrillar proteins. The concentration of each band was expressed in 2 ways
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as absolute (mg/g of meat) and relative abundance (%). The latter was calculated based on the
sum of protein concentration in all bands within the same lane to avoid the small differences due
to protein loading among lanes. In each band, the dominant protein was determined based on
molecular weight and relative abundance. Electrophoretic protein bands were assigned by
comparison with data reported in literature where gel purified sarcoplasmic and myofibrillar

proteins were identified by mass spectrometry (Huang et al., 2011; Zapata et al., 2012).
3.3.2.11 Endothermic transitions by Differential Scanning Calorimetry (DSC)

A TA Instruments, differential scanning calorimeter (DSC), model SDT Q600, with
computer-assisted data acquisition and curve sensitivity analysis function, was used for all
thermal analysis. Changes in the structure of the protein during heating are much clear if use the
2nd order derivative of the heat flow. Small pieces of meat, free from visible traces of fat and
connective tissue, were selected for analysis. At least 3 samples with 20-30 mg meat of each
sample were accurately weighed in an aluminum pan to 0.001 mg by an electronic balance was
used for each individual sample. The samples were scanned at 10°C/min from 20 to 100°C under

dry nitrogen purge of 20 mL/min (Hanne et al., 2006).
3.4 Statistical analysis

The differences in quality traits between normal, moderate, and severe white striping fillets
were evaluated by ANOVA. The model tested the main effects of WS degrees (normal,
moderate, or severe) and replication, as well as the interaction term using the general linear
model (GLM) (SAS, 1988) on meat quality traits. Means were separated using Tukey’s honestly

significant difference multiple range test with P < 0.05 considered as significant.
3.5 Results and discussion
3.5.1 Experiment 1

The results of quality trait analysis, such as pH, color, drip loss, cook loss, and Allo-Kramer-
shear of raw breast meat are presented in Table 3.2. The pH of severe white striped breast fillets
was significantly higher than in normal and moderate groups (5.95 vs. 5.86 and 5.88; P < 0.05).
There were no differences in the L* of meat among different degrees of WS, but moderate and

severe samples showed a significant increase in a* and b*.
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In general, severe white striped fillets had significantly higher redness and yellowness values
(1.77 vs. 1.21 and 3.16 vs. 2.37, P<0.001) than normal one, respectively. No differences were
observed in drip loss, while cooking loss increased as the degree of WS increased from normal to
severe groups (21.27 vs. 23.20 vs. 26.74%; P < 0.05). For the texture of non-marinated meat,
severe WS resulted in significantly lower shear values compared with moderate and normal
groups, which did not differ from each other (3.69 vs. 4.41 and 4.91 kg/g; P < 0.05).

The results for marinade uptake and quality traits of marinated breast meat with different
degrees of WS are presented in Table 3.3. All these parameters were significantly affected due to
the presence of white striping abnormality. There was a decrease in the marinade uptake as the
degree of striping increased from normal to severe (12.67 vs. 10.97 vs. 7.92%; P < 0.05).
Moreover, severe group had a higher purge loss, cooking loss, and lower total yield compared to
moderate and normal groups, which did not differ from each other. Finally, severe white striped
fillets had significantly higher Allo-Kramer-shear force values (2.09 and 1.89 vs. 1.83 kg/g,
P<0.001) than moderate and normal fillets.

Table 3.2 Effect of white striping degree (normal, moderate and severe) on pH, color (L*, a*, b*), drip
loss, cooking loss and AK-shear force of broiler raw breast meat (means + SE).

Level of white striping’

Probability
Normal Moderate Severe

n. 51 51 51

pH 5.86£0.01° 5.88£0.01° 5.95+0.01° 0.000
Lightness (L*) 53.81+0.32 53.80 +0.38 53.42 +0.38 0.644
Redness (a*) 1.21 £0.08" 1.50 +£0.10° 1.77 £0.10° 0.000
Yellowness (b*) 2.37+0.26° 2.61+0.27% 3.16°+0.31 0.003
Drip loss (%) 1.04 £ 0.03 1.08 £ 0.04 1.06 £ 0.04 0.827
Cook loss (%) 21.27+0.25° 23.20 +0.37° 26.74 +0.48" 0.000
AK-shear force (kg/g) 4.91+0.22° 4.41+£0.12° 3.69£0.13 0.000

" the occurrence of white striping was classified into normal, moderate and severe according to Kuttappan

et al. (2012b)

*“ Means within a row followed by different superscript letters differ significantly (P < 0.05).
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Table 3.3 Effect of white striping degree (normal, moderate and severe) on marinade uptake, purge loss,

cooking loss and AK-shear force of broiler marinated breast meat (means + SE).

Level of white striping'

Probability
Normal Moderate Severe

n. 51 51 51

Marinade uptake (%) 12.67 £ 0.43" 10.97+ 0.38" 7.92 +0.36° 0.000
Purge loss (%) 1.82 +0.06° 1.97 £0.06™ 2.11 +0.09* 0.003
Cooking loss (%) 14.59 £ 0.22° 14.84 £ 0.26° 15.93 +0.28" 0.000
Total yield (%)’ 83.86 £ 0.21° 83.47 +0.25 82.23+0.31° 0.000
AK-shear force (kg/g) 1.83 +£0.03° 1.89 +0.04° 2.09 = 0.06" 0.004

" the occurrence of white striping was classified into normal, moderate and severe according to Kuttappan
et al. (2012b)
*“ Means within a row followed by different superscript letters differ significantly (P < 0.05).

Overall, the findings of quality trait analysis revealed that breast fillets affected by white
striping abnormality do not only impair product appearance, but also the main technological
traits (water holding and binding capacities and texture) were adversely affected. Fillets affected
by WS exhibited reduced ability to hold and bind water. Indeed, WS determined a decrease in
the ability to retain liquid during cooking in non-marinated fillets, but also a very poor ability to
pick up marinade solution and retain it during refrigerated storage and cooking as indicated by
the higher purge loss and cooking loss values. This effect was dramatic in fillets with severe
striping, but also the presence of moderate WS was associated with a significant impairment in
the functionality of protein. This effect was not pH-dependent because severe striped fillets had a
higher pH compared with moderate and normal ones, which is usually associated with greater
water-holding capacity (Petracci et al., 2013b). Also, Kuttappan et al. (2009) observed high pH
values in fillets with severe WS, but no significant differences in water-holding capacity were
previously found (Bauermeister et al., 2009; Kuttappan et al., 2009). However, more recently the
same authors demonstrated that breast fillets showing severe white striping had reduced protein
content and myopathic lesions (Kuttappan et al., 2013a).

Also in the present study, an extensive poor cohesion (tendency to separation of muscle fiber
bundles) was visually observed beneath the striation area during sampling preparation similar to
that described by Petracci and Cavani (2012a). This observation was also confirmed by Allo-

Kramer-shear force assessed on non-marinated fillets, which was lower in severe white striped
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fillets by evidencing a softer texture after cooking. It can be hypothesized that WS is associated
with muscle degeneration very similar to that occurring in muscular dystrophies as also
suggested by Kuttappan ef al. (2013a). This degeneration may result a strong decrease of muscle
contractile proteins (e.g., myosin and actin) which leads to breast meat with a reduced ability to
hold and bind water as well as a softer texture. This hypothesis should be further investigated by
histological approaches. In addition, water is generally distributed in different form in muscle
structure. It can be structurally organized in layers around polar molecules (bound water and
between layers of cellular materials (steric water)). Most of water in the muscle is entrapped by
different forces and it is difficult to move. Bound water (about 5%) usually bonds with proteins,
it has an ice-like structure (Bertram et al., 2002; Brewer, 2004; Pearce et al., 2011). But, the
changes in the cyto-artchitectural design due to degeneration may lead to disturbance in the steric
water distribution as well as bound water due to loss of contractile proteins.

On the other hand, effect of WS on color attributes (L*, b*, a*) was limited with only a small
increase of a* and b*. Overall, these results are in agreement with Kuttappan et al. (2009) who
found that b* values increased with WS severity, and no effect on L* and a* values. The increase
of b* value can be attributed due to increase of fat content that has been observed by Kuttappan
et al. (2012b) and Petracci et al. (2014a). Finally, a difference detected in Allo-Kramer shear
force of cooked marinated meat was of little practical importance. It is most likely that
marinating determined an overall increase in meat tenderness, which smoothed differences found

in non-marinated fillets.
3.5.2 Experiment 2

The results of chemical composition for different degrees of white-striped chicken breast meat
have been presented in Table 3.4. The results for normal fillets agreed with those reported in the
main food composition database (International Network of Food Data Systems, 2013; USDA,
2013). On the other hand, it was found that there were significant differences (P<0.001) in
protein and lipid percentages among normal, moderate and severe groups. Protein content
decreased as the degree of WS increased from normal to severe groups (22.9 vs. 22.2 vs. 20.9%;
P<0.001), respectively, while the opposite trend was observed in lipid (0.78 vs. 1.46 vs. 2.53%;
P<0.001) and collagen (1.30 vs. 1.37 vs. 1.43%; P<0.001) contents which exhibited the highest
values in severe white-striped fillets. Finally, white striping defects did not show any effect on

the moisture content of the breast meat.
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These results are consistent with Kuttappan et al. (2012b) who found that severe white-striped
fillets had higher fat content and lower protein content when compared with normal fillets, but
they did not find any differences between moderate and normal fillets. In addition, Mudalal ez al.
(2014b) found a similar trend for the effect of white striping on the chemical composition of
breast meat and these results have been mentioned in the section 3.5.2 and Table 3.7.

The changes in chemical composition of white-striped fillets can be due to the occurrence of
degeneration process for muscle fibers as some studies have pointed out the presence of different
histological changes in the breast of modern chicken hybrids like increased eosinophilia,
floccular/vacuolar degeneration and lysis of fibers, mild mineralization, occasional regeneration
(nuclear rowing and multinucleated cells), mononuclear cell infiltration, lipidosis and interstitial
inflammation and fibrosis (Kuttappan et al., 2013a; Petracci et al., 2013c; Sihvo et al., 2014).
Hence, these modifications explain the increase of intramuscular lipids (e.g. lipidosis) as well as
the higher content of collagen (e.g. fibrosis) in fillets affected by WS, while lower protein level

may be an indirect effect of increased accumulation of intramuscular lipid.

Table 3.4 Chemical composition of chicken breast meat affected by different degrees of white striping

(WS) (normal, moderate, and severe) (means = SEM).

Degree of WS
Composition Probability
Normal Moderate Severe

Samples (n.) 36 36 36

Moisture (%) 75.10+£0.13 75.16+0.15 74.90+0.16 0.635
Total protein (%) 22.90+0.25° 22.20+0.29° 20.90+0.23° <0.001
Intramuscular fat (%) 0.78+0.09° 1.46+0.11° 2.53+0.30° <0.001
Collagen (%) 1.30+0.01° 1.37+0.01° 1.43+0.02° <0.001

*“Means within a row followed by different superscript letters differ significantly (P < 0.001).

The results of SDS-PAGE for meat proteins also evidenced great differences in the pattern of
sarcoplasmic (Figure 3.10) and myofibrillar (Figure 3.11) fractions. Severe WS resulted in

reduction of total amount of sarcoplasmic and myofibrillar proteins.
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Figure 3.10 SDS-PAGE image for sarcoplasmic proteins of normal (NORM) and severe (SEV) white-
striped samples (Mp: Marker proteins; BSA: bovine serum albumin as reference protein with

concentration 0.5-2 pg/ml).

Mp NORM; NORM, SEV, SEV, BSA(s BSA; BSA s BSA;;s BSA,
Figure 3.11 SDS-PAGE image for myofibrillar proteins of normal (NORM) and severe (SEV) white-

striped fillets (Mp: Marker proteins, BSA: bovine serum albumin as reference protein with concentration

0.5-2 pg/ml).
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Certain protein bands of sarcoplasmic proteins showed low concentration, while the other
ranges of molecular weights did not exhibit any change (Figure 3.10). Severe white-striped meat
showed lower myofibrillar protein concentration at almost all molecular weights (Figure 3.10).
Degeneration of myofibrils (Kuttappan et al., 2013a; Petracci et al., 2013c; Sihvo et al., 2014)
which coincided with an increase in the levels of some serum enzymes like creatine kinase and
alanine transaminase (Kuttappan et al., 2013b) can explain the disparity in the pattern of
sarcoplasmic and myofibrillar proteins as well as the differences in the concentration for both
types of proteins between normal and severe white-striped fillets.

Based on the data obtained on proximate composition, some nutritional indexes were
estimated and the results have been summarized in Table 3.5. The total energy content of the
normal chicken breast was in agreement with those reported in the main food composition
database (International Network of Food Data Systems, 2013; USDA, 2013). However, severe
white-striped fillets had significantly higher total energy content in comparison to normal fillets
(450.6 vs. 421.1 kJ/100g; P<0.01), while moderate white-striped samples did not differ from
each other. The effect of WS was not confined in increasing the total energy content, but there
was a change in energy contribution from fat and protein. The energy contribution from protein,
with respect to total energy, decreased from 93.0% to 78.8%, while the energy contribution from
fat increased from 7.0 to 21.2% when normal fillets compared to severe fillets, respectively
(Table 3.5). Energy from fat in severe and moderate fillets were significantly higher (95.5 vs.
54.9 vs. 29.5 kJ/100g; P<0.001) than normal fillets. The fat/protein ratio was also significantly
increased in moderate and severe white-striped fillets (0.067 and 0.118 vs. 0.027; P<0.05) in
comparison to normal.

Many factors may be involved in favoring this trend, however, it is very likely that intensive
genetic selection towards increasing growth rate and breast yield, which have been achieved in
modern chicken hybrids, have fostered some modifications in muscular anatomy and metabolism
like those of WS (Petracci and Cavani, 2012a) and its consequent strong effect on the nutritional
value of breast meat which has been observed in this study.

Certainly, the use of high-energy diets in conjunction with farming systems, allowing a low
mobility of the animals and increasing slaughter ages and weights, which have been employed
by processors during the last years in order to optimize the production performance of meat to

meet the persistent demand on processed products, may be other important factors involved in
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this problem (Wang et al., 2009; Crawford et al., 2010; Kuttappan et al., 2012b, Petracci et al.,
2013c).

The ratio between collagen and total proteins was significantly increased (Table 3.5) in severe
and moderate fillets in comparison to normal (6.73 vs. 6.19 vs. 5.72; P<0.05). This increase
means that the nutritional quality of proteins in white-striped fillets may be reduced due to low
digestibility of collagen and the deficiency of some essential amino acids (e.g. tryptophan, sulfur
amino acids, and lysine) in connective tissue with respect to myofibrillar and sarcoplasmic

proteins (Young and Pellett, 1984; Boback et al., 2007).

Table 3.5 Total energy content, energy distribution, and collagen: protein and fat: protein ratios of
chicken breast meat affected by different degrees of white striping (WS) (normal, moderate, and severe)

(means + SEM).

Degree of WS
Nutritional index Probability
Normal Moderate Severe
Samples (n.) 36 36 36

Energy from proteins (kJ/100g) 391.62+0.79° 381.08+1.16" 355.13+0.90° <0.001

Protein energy (%) 93.00+0.74° 87.40+0.86" 78.82+1.76° <0.001
Energy from fat (kJ/100g) 29.50+0.88° 54.94+1.03° 95.55+2.72° <0.001
Fat energy (%) 7.00+0.79¢ 12.60:£0.86" 21.18+1.76% <0.001
Total energy (kJ/100g) 421.12£1.36 436.02+1.52" 450.68+2.93" 0.009
Fat: protein ratio 0.027+0.001° 0.067+0.002" 0.118+0.002° <0.001
Collagen: protein ratio 5.72+0.09° 6.19+0.19" 6.73+0.12° <0.001

*“Means within a row followed by different superscript letters differ significantly (P < 0.05).

The impact of WS defect should not be underestimated because a recent survey estimated that
current incidence rate under commercial production was around 43.0% (36.8 and 6.2% in
moderate and severe degree, respectively) (Lorenzi et al., 2014). At present, if fillets showing
severe WS are usually downgraded by processors and used for manufacturing further processed
products (e.g. Sausages, nuggets) where chemical composition can be modified during
formulation, fillets with moderate WS are not downgraded and marketed for fresh retailing. This

means that an increasing share of chicken breast meat currently marketed in the form of cut-up
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(whole or sliced) can have rather different nutritional characteristics in respect to those reported

on the label and to consumer expectations towards poultry meat (e.g. Low calories and fat).
3.5.3 Experiment 3

The weights and dimensions of normal and WS fillets are presented in Table 3.6. WS fillets
exhibited higher weight (290.4 vs. 243.1 g, P<0.05), length (18.4 vs. 19.9 cm; P<0.05), and
middle (H2, 3.1 vs. 2.4 cm; P<0.01) and top (H3, 3.5 vs. 2.1 cm; P<0.01) heights, while breast
width and bottom height (H1) did not vary between groups.

Table 3.6 Weight and dimensions (means = SEM) of normal and WS chicken breast fillets (n=6/group).

Parameter Normal WS Probability
Weight (g) 243.1+10.6 290.4+15.8 *
Length (cm) 18.4+0.1 19.9+0.5 *
Width (W) (cm) 8.9+0.5 9.24+0.6 NS
Bottom height (H1)' (cm) 0.7£0.1 0.8+0.1 NS
Middle height (H2)*(cm) 2.4+0.1 3.1+0.2 **
Top height (H3)* (cm) 3.1+0.2 3.5+0.1 *

" HI was measured far from the end of the caudal part by 1 cm toward a dorsal direction
? H2 was measured at the half distance of the breast length
* H3 was measured at the thickest point in the cranial part

* = P<0.05; ** = P<0.01; NS not significant

Table 3.7 Chemical composition (means £ SEM) of normal and WS chicken breast meat (n=6/group).

Parameter Normal WS Probability
Moisture (%) 73.8+0.24 75.4+0.31 ox
Protein (%) 22.84+0.63 18.7+£0.25 ok
Intramuscular fat (%) 0.98+0.23 2.15+0.40 ook
Ash (%) 1.34+0.04 1.14+0.02 Hoxok
Collagen (%) 1.22+0.03 1.36+0.04 ok

** = P<0.01;***= P<0.001
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The results of proximate composition of normal and WS fillets are reported in Table 3.7. All
parameters were significantly modified by occurrence of white striping. WS fillets showed
significantly lower content of protein (18.7 vs. 22.8%; P<0.001) and ash (1.14 vs. 1.34;
P<0.001), as well as higher percentage of moisture (75.4 vs. 73.8%; P<0.001), intramuscular fat
(2.15 vs. 0.98%; P<0.01) and collagen (1.36 vs. 1.22%; P<0.01).

Total sarcoplasmic and myofibrillar protein contents are shown in Figure 3.12. It was found
that white striping determined a lower content of both sarcoplasmic (2.6 vs. 3.2 g/100g of meat;

P<0.001) and myofibrillar (8.7 vs. 14.0 g/100g of meat; P<0.05) proteins.
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Figure 3.12. Total content (means = SEM) of sarcoplasmic and myofibrillar proteins (g/100 g meat) of
normal and WS chicken breast meat (n=6/group; *=P<0.05; **=P<0.01).

The results of SDS-PAGE analysis for meat proteins from normal and WS fillets showed
different patterns of both sarcoplasmic and myofibrillar proteins (Figure 3.13). Eight bands of
myofibrillar proteins with molecular weights ranging from 16 to 80 kDa were quantified (Table
3.8). Instead, for sarcoplamic proteins, 12 bands were detected, but only 11, having a molecular
weight from 25 to 90 kDa, were quantified (Table 3.8).

An unknown protein of 80 kDa, actin (42 kDa), LC1 slow-twitch light chain myosin (27.5
kDa) and LC3 fast-twitch light chain myosin (16 kDa) were significantly lower in the

concentration in WS fillets than in normal ones. No significant difference was detected in protein
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concentration of troponin (70 kDa), desmin (53 kDa), partial hydrolysis of troponin (29 kDa) and
LC2 slow-twitch light chain myosin (19 kDa) between normal and WS meat.
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Figure 3.13 Stain free SDS-PAGE of sarcoplasmic (a) and myofibrillar (b) proteins of normal and WS
samples. GP, glycogen phosphorylase; PGM, phosphoglucomutase; PK, pyruvate kinase; PGI,
phosphoglucose isomerase; EN, enolase; CK, creatine kinase; ALD, aldolase; GAP, glyceraldehyde
phosphate dehydrogenase; LDH, lactate dehydrogenase; PGAM, phosphoglyceratemutase, LC2 slow-
twitch light chain myosin, LC2 slow-twitch light chain myosin, LC3 fast-twitch light chain myosin.

WS samples also exhibited a lower relative abundance of the 80 kDa band, LC1 slow twitch
light chain myosin (27.5 kDa), LC3 fast-twitch light chain myosin, and partial hydrolysis of
troponin. G-actin (42 kDa) had an exceptionally higher value of relative abundance in WS meat.
The remaining proteins did not show any significant difference in relative abundance. In general,
all proteins showed the same trend between the concentration and relative abundance for both
normal and WS fillets, except for partial hydrolysis of troponin (29 kDa). In this type of protein,

there were no significant differences, but at the same time there was a significant difference in
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relative abundance. Actin was the highest in concentration (156.2 and 136.5 mg/g) and relative

abundance (81.2 and 86.1%) for both normal and WS fillets.

Table 3.8 Concentration (mg/g)' and relative abundance (%)* of SDS-PAGE myofibrillar protein bands
(means = SEM) of normal and WS chicken breast meat (n=6/group).

Relati
Molecular Concentration (mg/g) clative abundance

Band . ) 9
No Protein name weight Prob. (%) Prob.
(kDa) Normal WS Normal WS
1 Unknown 80 7.6+0.6 3.7+0.7 ok 3.9+0.2 2.2+0.3 ok
2 Troponin 70 2.3+£0.6 1.2+0.4 NS 1.1+£0.3 0.7£0.2 NS
3 Desmin 53 2.3+£0.7 2.1+£0.9 NS 1.1+£0.3 1.2+0.5 NS
4 Actin 42 156.3+7.7 136.5+6.3 * 81.2+1.7 86.1+1.5 **
5 Partial hydrolysis 29 2.0£0.6 14404  0.06 09403 0802  *
of troponin
LC1 slow-twitch
6 light chain 27.5 7.7+1.1 4.0+0.6 ok 3.9+0.3 2.4+0.2 ok
myosin
LC2 slow-twitch
7 light chain 19 1.5+£0.4 0.6+0.4 NS 0.7£0.2 0.3+£0.2 NS
myosin
LC3 fast-twitch
8 light chain 16 13.6+1.2 9.6+0.7 ok 6.9+0.2 6.0+£0.3 ok

myosin

" The concentrations of proteins were expressed in mg per g of raw chicken breast meat

? The relative abundance was calculated by measuring the concentration of extracted protein on each band
divided by the sum of the concentration for all bands in the same gel lane multiply by 100

* = P<0.05; ** =P<0.01; *** =P<0.001

The concentration of sarcoplasmic proteins of band 1 (glycogen phosphorylase), 2 (pyruvate
kinase), 3 (phosphoglucose isomerase), 4 (enolase), 6 (aldolase), 7 (glyceraldehydes
dehydrogenase), 8 (lactate dehydrogenase), 9 (31.8 kDa), 10 (264 kDa) and 11
(phosphoglyceratemutase) were lower in WS meat samples (Table 3.9). On the contrary, there

was no significant difference in the concentration of creatine kinase (43 kDa). WS samples
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exhibited a lower relative abundance of enolase (47 kDa), aldolase (39 kDa), and
phosphoglycerate mutase (25 kDa) than normal ones. Glycogen phosphorylase (22.8 vs. 18.3%;
P<0.01) and lactate dehydrogenase (25.1 vs. 23.3%; P<0.05) showed exceptionally higher
relative abundance in WS fillets when compared to normal ones. The remaining proteins did not
exhibit any difference in relative abundance. The concentration and relative abundance of lactate
dehydrogenase were the highest in both normal and WS samples when compared with other
types of proteins. In general, there was no increase in the concentration of any type of

sarcoplasmic proteins.

Table 3.9 Concentration (mg/g)' and relative abundance (%)* of SDS-PAGE sarcoplasmic protein bands
(means = SEM) of normal and WS chicken breast meat (n=6/group).

Molecular Concentration (mg/g) Relative abundance (%)
Band . .
N Protein name weight Prob. Prob.
0. (kDa) Normal WS Normal WS
1 Glycogenphosphorylase 90 12.1+0.6 9.240.6 ok 18.3+0.4 22.8+1.1 ok
2 Pyruvatekinase 60 2.8+0.3 1.4+0.2 o 4.2+0.2 3.3+0.3 *
3 Phosphoglucose 58 20403 10802  ** 29102 24403 NS
isomerase
4 Enolase 47 4.0+0.3 2.0+0.2 *oxk 6.0£0.2 4.9+0.2 **
5 Creatine kinase 43 1.6+0.2 1.0+0.2 NS 2.4+0.3 2.4+0.3 NS
6 Aldolase 39 2.8+0.2 1.4+0.1 HoAk 4.1£0.1 3.4+0.1 HoAk
Glyceraldehyde
7 phosphate 36 9.4+0.5 5.5+0.6 *oxk 14.3+0.4 13.240.6 NS
dehydrogenase
8 Lactate dehydrogenase 34 15.3+0.7 10.3+£0.9 oAk 23.3+0.5 25.1+0.5 *
9 Unknown 31.8 6.60.3 4.0+0.4 *oxk 10.0+0.3 9.6+0.2 NS
10 Unknown 26.4 4.5+0.6 2.6+0.3 ** 6.6+0.4 6.3£0.3 NS
11 Phophoglycerate 25 4904 274030  FRx 74x01  6.5:02  **
mutase

" The concentrations of proteins were expressed in mg per g of raw chicken breast meat

* The relative abundance was calculated by measuring the concentration of extracted protein on each band
divided by the sum of the concentration for all bands in the same gel lane multiply by 100

* = P<0.05; ** =P<0.01; *** =P<0.001
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Cooking loss is normally used to measure the loss of liquids as a result of protein denaturation
and decomposition of cell membranes during cooking. In the current study, WS fillets exhibited

higher values of cooking loss (33.7 vs. 27.4%; P<0.001) in comparison to normal fillets (Figure
1.14).
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Figure 3.14 Cooking loss (means + SEM) of normal and WS chicken breast meat (n=6/group;
##%=p<().001).

The ranges of sarcoplasmic, myofibrillar and total protein solubility for both severe and
normal fillets were 44.8-52.0, 65.3-85.5, and 110.1-137.4 mg/g meat respectively. The solubility
of total, myofibrillar and sarcoplasmic proteins are reported in Table 3.10. Protein solubility is
frequently used to evaluate protein denaturation and its effect on water holding capacity.

Severe WS fillets showed lower protein solubility for sarcoplasmic, myofibrillar and total
protein fractions when compared with normal fillets. The differences in protein solubility
between normal and WS fillets were more tangible in total (137.4 vs. 110.1 mg/g; P<0.001) and
myofibrillar (85.5 vs. 65.3 mg/g; P<0.001) proteins than sarcoplasmic (52.0 vs. 44.8 mg/g;
P<0.01) proteins. On the other hand, when protein solubility based on total crude protein content

was taken into account (Table 3.10), there were no significant differences between normal and

WS meat samples.
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Table 3.10 Total, myofibrillar and sarcoplasmic protein solubility (means = SEM) of normal and WS
chicken breast meat (n=6/group)

Solubility Normal WS Probability

Total proteins

mg/g meat 137.4+ 5.1 110.14£3.5 oAk

mg/g protein' 604.3+ 25.7 587.7+19.8 NS
Myofibrillar proteins

mg/g meat 85.5£5.8 65.3+4.3 ook

mg/g protein' 375.2£27.3 348.6+ 28.5 NS

Sarcoplasmic proteins
mg/g meat 52.0+1.1 44 8+1.7 ok

mg/g protein' 229.0+9.4 239.1+ 11.1 NS

'based on total crude proteins content

** =P<0.01; *** = P<0.001

The endothermic transition properties of normal and white striped meat are shown in Table
3.11. Three endothermic transition peaks (48.0-59.6, 59.8-63.5, and 73.3-81.7°C) have been
detected by differential scanning calorimetry (Figure 3.15). Peak 1 of white striped meat
exhibited significantly higher onset temperature (49.29 vs. 48.03°C, P<0.05) than normal meat
while there were no significant differences in the end and peak temperature and the enthalpy. In
the second endothermic transition (peak2), normal meat showed significantly higher end
temperature (68.13 vs. 67.42°C, P<0.001) and enthalpy (0.126 vs. 0.039 J/g, P<0.05) than white
striped meat while there were no significant differences in the other thermal properties. Finally,
during the third endothermic transition (peak 3), there was a significant decrease in onset

temperature of white striped meat in comparison to normal meat.
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Table 3.11 transition temperature and enthalpy of denaturation for normal and white striped chicken

breast proteins.

Endothermic Thermal Normal Severe p-value

transitions properties

Peak 1 Tonset (°C)' 48.03+0.26 49.29+0.29 <0.05
Tena(°C)° 59.63+0.73 60.43+0.14 0.313
Tpear (°C) 54.93+0.51 55.84+0.16 0.117
H (J/g)* 0.174+0.033 0.216+0.020 0.305

Peak 2 Tonser (°C) 59.82+0.74 60.94+0.20 0.176
Tena (°C) 68.13+0.04 67.4240.13 <0.001
Theax (°C) 63.51+0.23 63.36+0.17 0.601
H (J/g) 0.126+0.032 0.039+0.004 <0.05

Peak 3 Tonset (°C) 73.35+0.10 72.7240.23 <0.05
Tena (°C) 81.66+0.20 81.88+0.18 0.442
Theax (°C) 76.65+0.13 76.724+0.15 0.739
H (J/g) 0.114+0.011 0.142+0.013 0.147

" Onset temperature has been measured at the beginning of temperature rising at the baseline

? End temperature has been measured when the peak curve meet the baseline

? Peak temperature has been measured when temperature of endothermic transition reached the maximum

* The enthalpy has been recorded after normalization based on sample weight

Deconvolution for all peaks (Figure 3.16) has been carried out in order to avoid the error in

estimation of thermal properties of endothermic transitions due to overlapping between the

peaks.
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Figure 3.15 Endothermic transitions of both normal and white striped meat proteins.
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Figure 3.16 Deconvolution of overlapped endothermic transition peaks to the baseline.
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The weight and dimension measurements were used to evaluate the growth pattern of breast
fillets, because it was found that high-yield breast hybrids were affected by white striping and
related histopathological anomalous features more than low-yield breast hybrids (Kuttappan et
al., 2013c; Petracci et al., 2013b). From the current data, the WS fillets showed higher weight
and dimensions than normal fillets. These results agree with Kuttappan et al. (2009) that used a
similar approach and found that all of breast dimensions except the length were affected by white
striping. In a more recent study, the same authors evidenced that fillet weights and yields
increased as the severity of striping increased (Kuttappan et al., 2012b). Even if a small number
of samples were considered in the present study, it was confirmed that occurrence of white
striping was mainly associated with thicker or heavier fillets as suggested by Kuttappan et al.
(2013c) and, as a consequence, birds within the same flock showing higher breast sizes are more
prone to develop white striping abnormality.

Overall, the results confirmed that white striping defect had a dramatic impact on the
chemical composition. Severe white striped breast meat had higher fat and moisture content and
lower levels of total crude proteins and ash. Moreover, even if the total protein content was
dramatically reduced in fillets showing white striping, but there was an increase in collagen.
These results were consistent with Petracci et al. (2014) and Kuttappan et al. (2012b; 2013a)
who found that WS fillets showed higher fat and collagen content and lower protein content as
described in section 3.5.2 And Table 3.4.

These dramatic differences in proximate composition can be likely due to muscular
degeneration previously observed in white striped breast muscles (Kuttappan et al., 2013a) that
can explain the reduction in protein content. In addition, increase of fat accumulation due to
lipidosis can explain the higher intramuscular lipid content, while higher content of collagen can
be explained by fibrosis (Kuttappan et al., 2013c; Sihvo et al., 2014). Thereupon, lower total
protein levels may be an indirect effect of fibre degeneration and atrophy, coupled with increased
fat accumulation. This hypothesis is reinforced by the remarkable reduction of both myofibrillar
and sarcoplasmic proteins observed in the present study. It is well known that degeneration of
muscle in muscular dystrophy is characterized by an extensive loss of sarcoplasmic and
contractile protein with replacement of fat and connective tissue (Stacher ef al., 1979). Reduction

of myofibrillar proteins can be mainly due to increased myofibrillar catabolism (Hillgartner et
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al., 1981), while a sarcoplasmic protein decline can be a consequence of leakage due to
sarcolemma damage and alteration of muscular enzymes (Patnode ef al., 1976). On the other
hand, similar degenerative processes and histopathological lesions have been also described for
some of the major poultry myopathies which have been associated with selection for growth rate
of chickens (McRae et al., 2006).

SDS-PAGE revealed that the absolute concentrations of myofilament proteins such as actin,
LC1 slow-twitch light chain myosin and LC3 fast-twitch light chain myosin, which are
components of contractile fibres, were decreased. Furthermore, the decrease of concentration of
specific myofibrillar proteins (actin, LC1 and LC2) may indicate that the degenerative process
could be selective in some sites of myofilament. However, it was possible to observe a reduction
of both absolute and relative concentrations of LC1 slow-twitch and LC3 fast-twitch light chain
myosins. Previously, Stracher et al. (1979) reported that myosin from dystrophic chickens
contained less LC3 myosin than normal birds and suggested that dystrophic myosin might be
embryonic in nature and more susceptible to proteolysis. In general, SDS-PAGE analysis
revealed to certain extent that white striped meat had a different quantitative distribution of
sarcoplasmic and myofibrillar proteins.

On the other hand, all identified sarcoplasmic proteins (glycogen phosphorylase, pyruvate
kinase, phosphoglucose isomerase, enolase, aldolase, glyceraldehyde phosphate dehydrogenase,
and lactate dehydrogenase and phosphoglycerate mutase) exhibited lower absolute
concentrations with the exception of creatine kinase. Previous microscopic examinations on WS
muscle fibers showed that a part of myofibrils had poor functionality of sarcolemma and there
was a loss of sarcoplasmic fluids, which contain sarcoplasmic proteins (Stracher et al., 1979;
Sihvo et al., 2014). However, when concentrations were expressed as relative abundance,
sarcoplasmic bands did not show the same trend. The relative abundance of some bands
(glycogen phosphorylase and lactate dehydrogenase) increased while for others decreased in WS
samples or did not change. This behavior can be explained assuming that protein turnover has
not the same rate during the muscle degeneration and regeneration for all proteins, as suggested
by previous histological studies that showed polyphasic degeneration (Kuttappan et al., 2013a;
Petracci et al., 2013c¢; Sihvo et al., 2014).

As a result of quantitative changes in myofibrillar and sarcoplasmic protein contents, both

protein solubility and WHC were measured to evaluate if there were also changes in protein
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functionality. The results of protein solubility were in agreement with Warner et al. (1997) who
found very wide changes in sarcoplasmic (50-70 mg/g), myofibrillar (55-130 mg/g) and total
protein (100-200 mg/g) solubility for meats having different quality defects such as PSE-like and
dark, firm and dry abnormalities. Several studies showed that myofibrillar and sarcoplasmic
protein solubility was highly correlated with some processing properties like WHC (drip loss,
moisture uptake, cooking loss) (Van Laack et al., 1994; Warner et al., 1997) and texture and gel
characteristics (Li-Chan et al., 1987; Sun and Holley, 2010). Even in the current study, WS
breast meat showed lower protein solubility (sarcoplasmic, myofibrillar, and total proteins) when
based on the weight of fresh meat in comparison to normal meat as usually expressed in the
literature, but when the solubility was based on protein content, there were no significant
differences. WS fillets also exhibited a lower WHC which was in agreement with previous
findings of Petracci ef al. (2013b) who found lower marinade uptake and increased cooking loss
in fillets with severe white striping. Hence, the reduction in protein solubility and cooking loss of
WS fillets can be explained by reduction of total protein content and in particular of myofibrillar
and sarcoplasmic fractions and to a lesser extent by collagen increase, and not to actual
differences in protein solubility. These results can also be supported by the previous studies that
showed that the decrease of protein solubility was attributed to protein denaturation as a result of
low pH, which formed insoluble aggregates (Fischer and Honikel, 1979; Bowker and Zhuang,
2013). Van Laack et al. (2000) found that pale chicken fillets characterized by low pH and WHC
had decreased solubility for both sarcoplasmic and total proteins. By contrast, WS fillets were
characterized by higher pH values than normal meat (Petracci et al., 2013b). Therefore, the
reduction of myofibrillar and sarcoplasmic protein contents could be the main reason for
reduction of WHC in WS fillets and this contributes to exclude any similarities between PSE-like
and white striping abnormalities.

Endothermic transition is used to monitor the conformational changes and transitions for
different types of meat proteins and subunits of proteins during heating. Upon heating, the
protein start to unfold faster than aggregation then the denatured proteins reorganize themselves
to interact at certain points to give organized three dimensional network structures. In general,
the presence of three different endothermic transitions that have been found in this study was in
agreement with previous studies. In this regard, DSC studies on meat showed the presence of

three denaturation transitions that have been attributed to myosin denaturation (40-60°C),
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sarcoplasmic protein and collagen denaturation (60-70°C) and actin denaturation (70-80°C). It
was found that the F-actin in chicken breast muscle starts to unfold at 64.2°C and has a single
sharp peak at 75.5°C with calorimetric entalphy of 143.4 kcal/mol (Wang and Smith, 1994). In
general, there was no agreement between the studies about the transition temperature ranges for
meat proteins. In this context, it was found that exudates proteins (as a result of drip loss) in
chicken breast muscle exhibited three or four transitions with Tms ranging between 60 and 80°C
(Kijowski and Mast, 1988; Wang and Smith, 1994; Murphy et al., 1998) or in other study was
between 58 and 72°C (Xiong et al., 1987). On the contrary to some previous study, chicken
connective tissue (collagen) showed one thermal transition at 65.3°C (Xiong et al., 1987;
Kijowski and Mast, 1988; Murphy et al., 1998).

Three endothermic transitions in 54, 65 and 77°C have been detected by DSC thermograms,
probably reflecting the denaturation of myosin (rods and light chain), sarcoplasmic proteins
together with collagen and actin, respectively. Heat induced chicken breast myosin gelation
proceeds with unfolding LMM, S-1 subfragment and alkali LC, followed by aggregation (LMM
and S-1) at temperature lower than 55°C. During this process, DTNB LC unfolds without
aggregation at temperature 54°C, and S-2 subfragment unfolds and aggregate at temperature
above 55°C. Therefore, Ferry's gelation mechanism (i.e., unfolding, aggregation and matrix
formation) need to be extended to unfolding with or without following aggregation and matrix
formation, depending on the protein components. In the case of SSP, unfolding of actin occurs at
temperatures above 55°C.

From a practical point of view, it is important to control the heating process in such a way
(e.g., slow cooking) to allow sufficient time for unfolding and aggregation of protein molecules
before the development of a viscoelastic gel matrix. The existence of different denaturation,
aggregation, and gelation properties for white versus red poultry muscle proteins would
necessitate the design and adoption of different thermal processing conditions for breast versus
red meat (Tomasz and Xiong, 2001).

The differences in the thermal properties between normal and white striped meat may be
attributed to different amino acid compositions that may change a result of degeneration of
muscle fiber and increase of connective tissues due to fibrosis process. Several studies showed
that thermal stability during heating is influenced by its amino acid composition. It was found

that the thermal denaturation temperatures for the same set of proteins were negatively correlated
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to the presence some amino acids such as Ala, Asp, Gly, Gln, Ser, Thr, Val, and Tyr
(Ponnuswami et al., 1982). In addition, it was found that proteins that have a high content of
hydrophobic amino acid was more thermally stable than one that have high hydrophilic proteins
content (Zuber, 1988). The differences in the thermal properties between white striped and
normal meat can be attributed to the changes in the proteins profile that have been found by

SDS-PAGE analysis which may contribute to change amino acids profile.
3.6 Conclusions

In conclusion, this study revealed from different technological and compositional aspects the
influence of WS abnormality on the quality of broiler meat and in particular for those hybrids
that were selected for high cut-up yield. In contrast to the few previous studies, it was also found
that WS had a dramatic effect on the quality traits of breast, meat particularly in the water
holding/binding capacity and texture. Overall, these results indicate that the effects of WS can be
serious and critical for the poultry production chain and the necessity of conducting further
researches for understanding its biological origins.

In addition, this study concluded that appearance of white striping was associated with a
dramatic change in the chemical composition and nutritional value of chicken breast represented
by an increase of intramuscular fat, moisture, ash and a consequent reduction of the protein
content. In this regard, there was a relevant decrease in protein fractions with higher nutritional
value and processing features (e.g. myofibrillar rather than sarcoplasmic), while collagen was
increased. In general, these changes likely play the major role in the reduction of the processing
properties of meat affected by white striping. Moreover, the disparities in molecular weight
profile patterns for myofibrillar and sarcoplasmic proteins which were observed by SDS-PAGE
analysis showed different availability of some protein sub-fractions. The effect of WS on the
nutritional value of chicken breast was not confined to severe cases which can be separated in the
plant production line, but moderate white-striped breasts also exhibited reduced nutritional
quality. All these aspects might impair current consumer attitude towards poultry meat in
comparison to red meats and hamper the future development of the poultry meat market.
Therefore, it is essential, in the near future, to identify the causes of the WS defect and overall

emphasize the relevance of meat quality traits among the selection criteria of commercial

chicken hybrids.
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CHAPTER 4

I mplications of combined white striping and wooden breast abnormalities

on quality traits of raw and marinated chicken meat

4.1 Abstract

One of the consequences of intense genetic salefdiogrowth of poultry is the recent
appearance of abnormalities in chicken breast masalich as white striping (characterised
by superficial white striations) and wooden bre@s$taracterised by pale and bulged areas
with substantial hardness). The aim of this studg o evaluate the quality traits of chicken
fillets affected by white striping and wooden bteaknormalities. In two replications, 192
fillets were divided into 4 classes: normal (n=4f1sence of any visual defects), white
striping (n=48, presence of white striations), wewdreast (n=48; diffusely presence of
hardened areas) and white striping/wooden breast48(n fillets affected by both
abnormalities). Morphology, raw meat texture archtwlogical properties were assessed in
both unprocessed (weight, fillet dimensions, pHpen drip loss, cooking loss and cooked
meat shear force) and marinated meat (marinad&eipparge loss, cooking loss and cooked
meat shear force). Fillets affected by white stigpiwooden breast or both abnormalities
exhibited higher breast weights than normal fill¢805.5, 298.7, 318.3 and 244.7 g,
respectively; P<0.001). Wooden breast, either almman combination with white striping,
was associated with a significant (P<0.001) inereztillet thickness in the caudal area and
raw meat hardness compared with both normal and/kite striping abnormality, for which
there was no difference. Overall, the occurrencehef individual and combined white
striping and wooden breast abnormalities resultedubstantial reduction in the quality of
breast meat, although these abnormalities are iagsdavith distinct characteristics. Wooden
breast fillets showed lower marinade uptake andhdrigcooking losses than white striped
fillets for both unprocessed and marinated meats.tl@ other hand, white-striped fillets
showed a moderate decline in marinade and cookietd.yFillets affected by both
abnormalities had the highest(R001) ultimate pH values. In contrast, the effeetolour
of raw and cooked meat, drip loss, purge loss ao#ted meat shear force were negligible or
relatively low and of little practical importanc&hus, the presence of white striping and
wooden breast abnormalities impair not only breasat appearance, but also the quality of

both raw and marinated meats mainly by reducingwablding/binding abilities.
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Keywor ds. chicken breast; abnormalities; white striping;odlen breast; meat quality.
4.2 Introduction

In the recent past, there have been tremendousvaprents in growth rates and breast
yield, which have dramatically increased the conmiaér production of meat.
Notwithstanding, these advances are associated sgithral important implications in the
guality of the obtained meat. In particular, gemethprovements are related to the large
increase of birds during growth, resulting in hisgical and biochemical modifications of
muscle tissues that lead to different types of maylojes (Barbutt al., 2008; Petracci and
Cavani, 2012a). In this context, several studie®shown that breast muscle fibres of fast-
growing strains showed a shift towards glycolytietabolism and are characterized by a
larger diameter, lower capillary to fibre ratioegter inter-capillary distance and lower rate
of protein degradation than unselected breeds {Sot al., 1991; Mahon, 1999; Schreurs,
2000). All these changes have contributed to thpeagmance of different structural and
metabolic abnormalities within muscle that are Ugsccompanied by myodegeneration and
subsequent regeneration (Dransfield and Sosni@89;1Sandercoclkt al., 2009; Petracci
and Cavani, 2012a)

Recently, muscle abnormalities have also been wbdern the breast muscles
characterized by degenerative myofibrillar protethat impair the functionality of cell
membranes (Kuttappaa al., 2013a; Sihvoet al., 2014). This myodegeneration can be
explained by the increased rate of growth of museleich exceeds the physiologically
sustainable growth rate, leading to muscle damalyds¢n, 1990; Mahon, 1999). In
particular, the main abnormalities that have entkmgése concerns over the quality of meat
affected by white striping (Kuttappaet al., 2009) and wooden breast (Sihsal., 2014)
abnormalities. White striped fillets are charasted by the appearance of white striations
parallel to muscle fibres on the surface of Beetoralis major muscle (Kuttapparet al.,
2009). It was estimated that the incidence of sewehnite striped breast fillets was about
3.1% under commercial conditions in Italy (Petragt@l., 2013b). Recently, it has also been
observed that white striped meat can be accompéyieshother type of muscle abnormality
called "wooden breast", which is characterised lagmscopically visible hard, bulging and
pale area in the caudal part of the fillet (Sitetal., 2014). Moreover, wooden breast and
white striping exhibit similar histological changeonsisting of moderate to severe
polyphasic myodegeneration with regeneration ad a®lvarying amounts of interstitial

connective tissue accumulation or fibrosis (Sikval., 2014).
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The effect of these muscle abnormalities was nofiked to histological changes, but the
aesthetic characteristics are also strongly imgaiiéhe poultry industry downgrades this
defected meat, which is commonly used to manufaqitwcessed products. Aesthetic defects
of meats affected by abnormalities may be mitigateceliminated by including them at
certain levels in processed products, but someestuthve shown that white striped meat had
inferior technological properties, such as reduaater holding and binding capacities and
poor texture (Petracgtial., 2013b). In addition, some investigators havetsthto evaluate
the inclusion of wooden breast meat in differenbpartions in sausage and nuggets
(Puolanne and Ruusunen, 2014).

Concomitant with the dynamic and dramatic improvetsen growth rate, body size,
breast yield and feed conversion by intense gersgtiection, muscle abnormalities or
myopathies have begun to appear, which adversédygtahe poultry meat industry. White
striping and wooden breast are the most recentrataiities and occur with high incidence
under commercial growth conditions. Today, the meadtistry is forced to downgrade these
defective meats due to low aesthetic acceptabiiterefore, there is growing interest in the
meat industry to understand what effects these ramaidgies have on the different quality
traits of raw and processed meat.

Both white striping and wooden breast abnormaliti@ge a similar histological impact on
the muscle and can frequently be found in the shreast muscle that are grown under
commercial productions as recently reported by &idval. (2014). The quality traits of
white striped breast fillets have been previouslseased (Kuttappanal., 2012c; Petracat
al., 2013b; Petracait al., 2014), while no information is available on theafity traits of raw
and marinated fillets affected by wooden breashddethe aim of this study was to evaluate
the impact of separate and combined effects of ewlstriping and wooden breast

abnormalities on the quality traits of breast fdle
4.3 M aterialsand methods
4.3.1 Sample selection and preparation

Two individual trials were conducted using 192 Hess, skinlessPectoralis major
muscles from 52-day-old male Ross 708 broilers (&7live weight) selected from the
deboning area of a commercial processing plant &@o@rs post-mortem based on the
presence of white striping and wooden breast abalities. Breast fillets were grouped into
four classes based on the criteria proposed byalp#net al. (2012c) and Sihvet al.
(2014) to describe white striping and wooden brebsbrmalities, respectively, as follows:
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* Normal (N): fillets with neither hardened areas white striations on the surface;

» White striping (WS): fillets that superficially sived medium to thick white striations;

» Wooden breast (WB): fillets with diffuse hardenedas and pale ridge-like bulges at the
caudal end,;

* White striping and wooden breast (WS/WB): filletfeated by both WS and WB
abnormalities.

The samples transportation and preparation befaméity trait analysis have been done as
described in 3.3.1 Sampling and storage conditidh24 hours opost-mortem, colour (CIE
L* = lightness, a* = redness and b* = yellownesgswneasured according the description in
3.3.2.1 Colour measurements.

Afterwards, each fillet was individually weigheddansed for morphometry measurements
(width, length and height) according to section2(@32 Breast weight and size
measurements). As shown in Figure 4.1, fillets warbsequently cut to obtain four sub-
samples (C1, C2, C3, and C4) that were used fditg@nalyses. The first sub-sample (C1)
was cut from the cranial section and used to asgéssate pH as described in 3.3.2.3 pH
measurements. A raw cylindrical meat cut (C2) Z1bdiameter x 1 cm height, weighing
about 5 g, was excised from the caudal part of &élkehand used for the compression test. In
addition, a parallelepiped cut (C3, 8 x 4 x 3 cneighing about 80 g was excised from the
cranial part of each fillet and used to assessmannated quality traits (drip loss, cook loss,
colour after cooking and Warner-Bratzler shear dépré-inally, the last parallelepiped meat
cut (C4, 8 x 4 x 2 cm) weighing about 60 g was sea@ifrom the middle part of each fillet
and used, after tumbling, to evaluate the quatiyts of marinated breast meat (marinade

uptake, purge loss, cooking loss, colour after aoplnd Warner-Bratzler shear force).
4.3.2 Meat quality measurements

Meat cuts sampled from the caudal part of fill&@&,(Figure 4.1) were compressed to 40%
of the initial height by using a 25 kg loading cethnnected to a 50 mm DIA cylinder
aluminium probe using TA.HDi heavy duty texture lgsar (Stable Micro Systems Ltd.,
Godalming, Surrey, UK). The test speed of the pmwhe 1 mm/sec, while the pre- and post-
test speeds were both 3 mm/sec. The compressioa vas recorded as the maximum force
needed to compress 40% of the initial height ofsdu@ple and expressed in kg.

Parallelepiped meat cuts excised from the crarsdl @f each fillet (C3, Figure 4.1) were
initially used to determine drip loss following thprocedure described in 3.3.2.4.1 Non-

marinated meat cuts (a. Drip loss) and cooking foewing the procedure described in
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3.3.2.4.1 Nomarinated meat cL (b. Cooking loss). Colauvalues (L*, a* b*) were
measured on the upper surface the cooked cutas described in 3.3.2.1 Cur

measurements.

f’. o :;I“ h":’":d zw:.c' Sample (4 x1x1cm)
f Average weight 80 g -forAg‘I:l storago (23 ’H %I I
- cooking at 80°C for 40 min

Drip loss, cooking loss, colour (L*, a", b") Warner - Bratzler shear force

measurements
) Marinated meat cut
C4 (8x4x2cm) b )
Average weight 60 g — m-:hd storage (2 4'c)J —_— | I
- cooking at 80°C for 25 min | Sample (4x1x1cm)

Marinade uptake, purge loss,
cooking loss, colour (L*, a*, b*)

Compression test

Figure 4.1 Sampling protocol: C1, Meat cut used for pH meawergs; C2, Meat cut used for t
compression test; C3, Meat cut used for assessialjtyjtraits on no-marinated meat; C4, Meat ¢

used for assessing quality traits on marinated .

In addition, WarneBratzler shear force was measured according tedinee procedur
described in 4.4.2.1 Warn&ratzler. Finally, C4 meat cuts were individualgbelled anc
marinated by tumbling in the same conditions of frecedure described in 3.3.2.
Marinated neat cuts and marinade uptake, purge loss, and mpdéss were determine
according to procedure 3.3.2.4.2a and b, respégtioreover, colour values (L*, a*, b
after cooking were measured according to 3.3.2lbur measurements and War-Bratzler

shear force waseasured as described for C3 meat

4.3.2.1 Warner-Bratzler shear force

Parallelepiped cuapproximately 4 x1 x 1 cm) was excised paralled muscle fibre
direction to measure the shear force needed to cut the sabyplWarne-Bratzler.
Parallelepiped samples were sheared in a perpdadidirection respective to the mus
fibres using a triangular blade slot (Lyon and Lyon, 19@ftached to two different toc
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(Figure 4.1): 1) Warner—Bratzler shear machine {Beclectric Company Chicago 60618,
USA); and 2) TA.HDi Heavy Duty texture analyzerg8e Micro Systems Ltd., Godalming,
Surrey, UK). Shear values are represented by theekg force necessary to cut the samples.

Figure4.2 Warner Bratzler (WB) probe used for the sheardaetermination.
4.4 Statistical analysis

Data were analysed using the ANOVA option of theMsprocedure present in SAS
software (SAS Institute, 1988) and testing the maffects for type of meat quality
abnormality (N, WS, WB and WS/WB) and replicati@s, well as the interaction term on
meat quality traits. Means were separated usingyrakhonestly test of the GLM procedure
(SAS Institute, 1988).

4.5 Results
4.5.1 Weight, dimension and texture of raw fillets

The results for weight, dimension and the composssest of breast fillets are shown in
Table 4.1. Fillets affected by WS, WB and WS/WB aipmalities had significantly higher
(P<0.001) weights and thickness at the top (H1ljdhei (H2) and bottom (H3) positions
compared with normal fillets. None of the abnormiedi had any significant effect on either
length or width of fillets. However, fillets affesd by both defects (WS/WB) exhibited the
highest H2 (P<0.05). As for H3, fillets affected lwnly WB or WS/WB exhibited
significantly higher (P<0.05) values compared viidth WS and N fillets, which showed no
significant differences. The same trend was obskfee raw meat texture. In particular,
WS/WB and WB showed significantly higher compressialues (3.33 and 4.02 kg,
respectively) than WS and N fillets (2.28 and 202 respectively; P<0.001). There was no

significant difference between WS and N fillets.
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Table 4.1 Effect of breast abnormalities on weight, dimensaod texture of raw chicken fillets.

Breast meat categdry

Parameter White Wooden s.e.m. Probability
Normal striped breast WS/WB
™) (WS) (WB)
Weight (g) 2447 305.8 298.7 3183 34 <0.001
Top height (H13 (mm) 38.% 45.7 43.9 457 0.4 <0.001
Middle height (H2J (mm) 24.7 312 30.8’ 33.8 04 <0.001
Bottom height (H3)(mm) 8.2 8.7 11.0 11.6 0.2 <0.001
Length (mm) 195.0 196.5 196.8 196.5 0.9 NS
Width (mm) 78.7 81.5 80.3 79.9 0.6 NS
Compression test (kg) 202 2.28 4.07 33% 0.15 <0.001

! n=48/group

#¢Means within a row followed by different supergtiietters differ significantly (£0.05)
NS = not significant

2 H1 was measured at the thickest point in the atgart

% H2 was measured at the half distance of the bleagth

* H3 was measured far from the end of the caudalyyat cm toward a dorsal direction
4.5.2 Quality traits of non-marinated breast meat

The quality traits of non-marinated breast meatgamare shown in Table 4.2. Fillets
affected by WS/WB had the highest (P<0.001) ultenaitl values (6.04). In addition, while
the pH of WB fillets did not differ compared with MNlets, WS samples had a significantly
higher (P<0.05) value than N fillets. Considerimg tcolour of raw meat, the WB group
showed higher lightness values (L*) compared wits \Ahd WS/WB fillets (57.@s. 54.9
and 55.2, respectively; P<0.001), while N sampledildted an intermediate value.
Moreover, WB fillets also had higher (P<0.05) yelteess values, while there were no
significant differences among the other groups. fduness was not affected by breast fillet
abnormalities.

Compared with the N group, WS/WB fillets had simithip losses, while WB and WS
fillets exhibited significantly higher (P<0.05) anower (P<0.05) values, respectively. In
general, all types of abnormalities showed higiRet0(001) cooking losses than N fillets. In
particular, WB or WS/WB fillets had the highest (P801) cooking losses. However, the
presence of abnormalities had no effect on therdioeee or colour of cooked meat with the
only exception of yellowness, which was higher (P8) in WB and WS/WB than in N
fillets.
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Table 4.2 Theeffect of breast abnormalities on quality traitsioh-marinated chicken meat.

Breast meat categary

Parameter Normal Whlte Wooden s.e.m. Probability.
striped breast WS/WB

™ (WS) (WB)
Raw meat
pHu 5.80 5.9¢ 5.87° 6.04 0.01 <0.001
lightness (L*) 56.6 54.9 57.0 552 0.2 <0.001
redness (a*) 1.76 1.72 1.67 1.70 0.05 NS
yellowness (b*) 2.72 2.70 3.27 2.64 0.08 0.017
drip loss (%) 0.93 0.72 1.19 1.09 0.03 <0.001
Cooked meat
cooking loss (%) 21% 24.7 28.0° 295 0.4 <0.001
shear force (kg) 2.37 2.35 2.19 2.21 0.04 NS
lightness (L*) 84.0 83.7 84.0 83.5 0.1 0.037
redness (a*) 1.64 1.81 1.79 1.85 0.03 NS
yellowness (b*) 8.01 8.30" 8.43 8.47 0.05 0.001

" n=48/group
#¢Means within a row followed by different supergtiietters differ significantly (£0.05)

NS = not significant
4.5.3 Quality traits of marinated breast meat

The results of marinade uptake and quality trdithe breast meat following tumbling are
presented in Table 4.4. All parameters were sicafily (P<0.01) affected by the presence of
WS, WB, or WS/WB with the exception of cooked meatour. All groups affected by
abnormalities showed lower (P<0.001) values of nzate uptake than N fillets. In particular,
WB and WS/WB showed lower values of marinade uptdlea the WS group (6.94 and
6.24% vs. 9.33, respectively; P<0.001). Despiteléisser ability to absorb marinade, WB
and WS/WB fillets also had greater cooking loss1tWéS and N meat (17.4 and 18< 15.3
and 15.0%, respectively; P<0.001).

On the other hand, fillets affected by WS/WB shovsgnificantly lower (P<0.001)
values of purge loss than N and WB fillets, while value of WS was somewhat lower than
N and WB, but not statistically significant. Coresithg the shear force of cooked meat, fillets
with both defects showed the highest shear foraa the N and WS groups (1.68 1.25
and 1.38 kg, respectively; P<0.001), while WB eihith an intermediate value (1.45).
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Table 4.3 Effect of breast abnormalities on quality traitswdrinated chicken meat.

Breast meat categdry
White Wooden

Normal ) s.e.m.Probability

Parameter striped breast WS/WB
™) (WS) (WB)

Raw meat
marinade uptake (%) 1335 9.33 6.94 6.24 0.26 <0.001
purge loss (%) 1.30 1.26* 1.30 1.1¢ 0.02  0.007
Cooked meat
cooking loss (%) 15°3 15.0 17.4 18.7 0.2 <0.001
total yield (%) 94.5 92.00 87.3 85.6 0.4  <0.001
shear force (kg) 1.55 1.38 1.48" 1.63 0.03 <0.001
lightness (L*) 84.6 84.8 84.8 84.2 0.1 NS
redness (a*) 2.14 1.88 1.84 1.91 0.04 NS
yellowness (b*) 10.9 10.9 10.9 11.2 0.1 NS

! n=48/group
#¢Means within a row followed by different supergtiietters differ significantly (£0.05)
NS = not significant

4.6 Discussion

The rate of growth is one of the most importantdesrelated to the incidence of muscle
abnormalities (Mitchell, 1999). Herein, differencesthe physical growth pattern between
different muscle abnormalities were evaluated byasoeing the weight and dimension of
fillets. In general, the results of this study ralesl that abnormal fillets showed higher
weights and greater thickness than normal onesseTlfindings are consistent with those of
Kuttappanet al. (2013c) who found that white striping was asseclatvith heavier and
thicker fillets. However, our results also showbkdttwooden breasts generally had higher
weight and thickness. This indicates that birdstloé same flock with superior breast
development are more prone to individual and coedbimbnormalities. This can be
considered as further support for the hypothesisghlection for growth rate and breast yield
plays a major role in the occurrence of these emgrgberrations (Petracci and Cavani,
2012a).

However, the increased weight of fillet did nosuk in any changes in length or width.
This is in general agreement with previous stufliesritz, 1997; Breweet al., 2012) which
reported that weight had much greater impact ocktt@éss compared with length and width

of fillets. The wooden breast abnormality was asged with a remarkable increase in the
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bottom fillet height (H3) compared with both nornaadd white-striped fillets. This is clearly
due to the presence of a ridge-like bulge at thelabend in wooden fillets, as previously
described by Sihvet al. (2014). Accordingly, evaluation of bottom filleeight could be
proposed as a criterion to discriminate breaset§ll affected by the wooden breast
abnormality. In this regard, it has been shown thatgreater hardness observed empirically
in wooden breast fillets can be objectively evadatising the compression test. In fact,
wooden breast fillets, regardless of the presentewlite striping, exhibited higher
instrumental hardness than normal samples, whdetdéRkture of raw meat of white striped
fillets was not modified. Additionally, the increm®f hardness measured by texture profile
analysis was in agreement with the compressionegathat have been measured for raw
meat. It seems that presence of white stripingangboden abnormalities has resulted in the
reduction of force at maximum compression durirgggcond compression cycle as has been
observed by lower springiness values. This may ampdue to presence of muscle
degeneration and loss contractile fibers that gtwength to the muscle (Sihebal., 2014)

The higher ultimate pH of white striped fillets cpared with the normal group is also in
agreement with previous findings (Kuttappenal., 2009; Petraccet al., 2013b). In this
regard, several earlier studies indicated that pusitive relationship between the
development of breast muscle and ultimate pH a&saltrof a decrease in glycolytic potential
(Berri et al., 2001; Berriet al., 2007). Even if former studies compared unselected
selected lines in terms of growth rate and bregstlyand in our study birds were collected
from the same fast-growing hybrid, there was atihrge range in growth rates as seen by the
large differences in breast weights from birds wite same age. It may be argued that the
growth rate for each individual bird is involveduftimate pH, so that chickens with greater
breast development may exhibit higher ultimate pHues. However, the most interesting
result is the large difference in pH between the &Ml WS/WB groups. In fact, breast
muscles showing both abnormalities exhibited pHuealeven higher than 6, which are
common in dark, firm and dry meat (Fletcher, 2002)e cause for this increase in pH due to
wooden and white striping abnormalities is not knowm this regard, a previous study clearly
showed the presence of massive histological deggoerof muscle fibres in wooden breast
and white striped fillets (Sihvet al., 2014). This anomaly may reduce the glycogenesunt
or modify the onset of acidification during the pasortem time and lead to an increase in
ultimate pH. However, further investigations areded to confirm these hypotheses.

Concerning colour, wooden fillets showed lightetoco values (L*) compared with WS

and WS/WB fillets, while normal fillets exhibitedtermediate values. These differences may
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be due to both different ultimate pH values and ctaudissue modifications following
histological degeneration of abnormal breast mgsdte agreement with our previous study
(Petracciet al., 2013b); it appears that even if white stripingswassociated with higher
ultimate pH values, there were no relevant coldianges compared with normal fillets. On
the other hand, Sihwvet al. (2014) reported that WB fillets were visually pad@ observation
that was instrumentally confirmed in the presentgtwhere wooden breast fillets without
superficial white striping showed a higher lighthemnd increased yellowness. However,
when fillets were affected by both abnormalitiéere was no change in meat lightness. This
may be explained by the high pH observed in fillsffected by both abnormalities, which
have increased meat darkness (Swatland, 2008isthattially counteracted by the effects of
the WB abnormality. However, further studies aredez to elucidate the possible role of
these concomitant effects.

As for drip losses, it can be suggested that thhdripH values observed in white striped
fillets allowed for an increased ability to retdiquid during storage than normal breast meat.
However, in our previous study (Petraetal., 2013b), we did not find any modifications in
either moderate or severe white striped fillets. ta other hand, wooden fillets had higher
drip losses than normal ones even if the ultimdenas similar to both normal and white
striped fillets. In this case, it can be speculated the extensive loss of membrane integrity
and the presence of a thin layer of fluid viscowgarial over the wooden breast (Sitetal.,
2014) caused an increased loss of liquid duringgerfated storage of the meat regardless of
a slightly higher ultimate pH. In this regard, wh&onoden breast was associated with white
striping, drip loss was similar to normal filletds previously hypothesised for colour, this
may be due to the very high pH observed in fillaish both abnormalities, which is
commonly associated with an increased ability taireliquid (Fletcher, 2002). This may
have partially counteracted the negative effecth@fwooden breast abnormality.

However, while the negative impact of breast abradittas on raw meat quality properties
seems to be mitigated by the concomitant rise timate pH, the ability to bind marinade
solutions and retain liquid during cooking in batbn-marinated and marinated meat were
also severely impaired. In our earlier study (Retiret al., 2013b), white striped fillets were
shown to exhibit higher cooking losses and lowerinaale yields. This was attributed to a
dramatic reduction in total crude protein contesmd, in particular, of the myofibrillar
fraction (Petracet al., 2014; Mudalakt al., 2014b) which plays a major role in determining
of protein functionality during processing (Petriagtcal., 2013a). The main novel findings of

this study are that the wooden abnormality causeshniower marinade uptake and cooking
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losses irrespective to the presence of white sfyipiThese outcomes, together with the
observations on raw meat, clearly indicate thatdemobreast abnormality resulted in more
severe adverse effects on meat quality attribias thite striping. Based on these findings,
it may be argued that wooden breast was assoawtednore damage to muscle tissue than
white striping. Previous observations showed tlstbpathological changes in white striped
and wooden breast muscles have similar featureggppanet al., 2009; Sihvaet al., 2014),
and thus a common aetiology may be hypothesisedieMer, Sihvoet al. (2014) observed
that wooden fillets were affected by an inflammgat@rocess as demonstrated by the
presence of T lymphocytes, which were not obsenvechite striped fillets (Kuttappaet al .,
2013a). As a consequence, it might also be proptssdwhite striping occurs during an
early stage of muscle degeneration, while brelstsibecome "wooden" only at a later stage
of development.

Finally, the shear force of both non-marinated aradinated meat was modestly affected
by the presence of both abnormalities. In partigudaen if raw wooden fillets showed higher
resistance to compression, these differences tikdifhpact on the cooked meat texture. The
small differences observed with marinated meathsmassociated with lower marinade yield
rather than to a direct effect of the wooden braasbrmality. High amounts of liquid losses
during cooking are usually associated with incrdaseighness of meat (Murphy and Marks,
2000). In a recent study, it was also found thelusion of wooden breasts to some extent in
sausages and nuggets increased the shear forcebiadithg strength (Puolanne and
Ruusunen, 2014).

4.7 Conclusions

In conclusion, the higher weights of white strigewl wooden breast fillets compared with
normal breasts can be considered as further supmorthe hypothesis that selection for
growth rate and breast yield plays a major rolethe occurrence of these emerging
abnormalities. In addition, the presence of eidegrarated or both abnormalities resulted in a
large reduction in the quality traits of breast mmdzaven if the negative impact of both
abnormalities on raw meat quality seems to be atiig by the concomitant rise in ultimate
pH, the ability to bind marinade solutions and iretéiquid during cooking in both
unprocessed and marinated meat was severely irdp&iraddition, the implications of these
abnormalities on meat quality were very distincg wooden breast fillets exhibited
dramatically poorer cooking and processing yieldsspective of the concomitant presence

of white striping. It was also established that steaments of height or compression force in
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the caudal part of fillets may be used as a todisariminate between white striping and
wooden breast abnormalities. Further studies asslet to understand the causes of the
different behaviour of white striping and woodenedst abnormalities and to identify
processing strategies that can minimise their iofeuality.
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CHAPTER 5

Histology, composition and quality traits of chicken Pectoralis major muscle

affected by wooden breast abnor mality
5.1 Abstract

Just a few years ago, poultry industry startecht® fa recent abnormality in breast meat termed
as wooden breast which frequently coincided withtevistriping. The aim of this study was to
evaluate the impact of this abnormality on histglogroximate and mineral composition, protein
distribution pattern and technological traits otdst meat. Meat affected by wooden or wooden
plus white striping exhibited different chemicalngposition and harder texture than normal meat.
In addition, a decrease in water holding/bindingazdty as characterized by lower marinade uptake
and higher cooking loss has been observed. On tther dland, both muscle abnormalities had
higher levels of calcium (G§ and sodium (N3 and histological lesions than normal meat. In
particular, calcium-ATPase (114 kDa), one of theyemes used as indicator of muscle damage, did
not appear in normal fillets but was present inaabral onesThis study showed that meat affected
by wooden or by wooden plus white striping abnoitiesl had poorer nutritional value, texture, and
water holding capacity. Additionally, abnormal éif showed histological damage which was
characterized by fiber degeneration, fibrosis, &pdiosis as well as high level of calcium and

sodium.

Key words: Chicken breast meat, wooden breast, white striptiadgium, sodium, SDS-PAGE,

chemical composition.
5.2 Introduction

In the last few decades, the production of pouliryat has been dramatically increased. The
majority of this increase has been supported byntifaéive selection which has tremendously
increased the growth rate of muscle by basicalliyiaing hypertrophy in the existing fibres due to
fusion of satellite cells (Dransfield and Sosnick®99; Picardet al., 2002; Scheuermanet al.,
2004).

Increase of growth rate and breast-yield due tetemprogress has obviously put more stress on
the broilers by inducing the appearance of sevargk- andpost-mortem histological and
biochemical alterations in the muscle tissue (Diiatts and Sosnicki, 1999; Sandercoekal.,
2009; Petracci and Cavani, 2012a). In particulames of these alterations are attributed to
homeostatic dysregulation which leads to cellulgsfanction (MacRaet al., 2006; Sandercoo#t

al., 2006). It was hypothesized that both growth- atrdss-related myopathies may result from
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disruption of intracellular cations homeostasislgican and sodium) (Sandercoak al., 2009).
Accordingly, elevations of sodium in muscle cellancfacilitate the increase of calcium
concentration which activates phospholipase A2 atiter proteases (i.e. calpains) leading to
membrane dysfunction and creatine kinase lossegl€8eock and Mitchell, 2003; 2004).

At present, the most recent breast myopathies poratmalities that heavily affect the poultry
producers are white-striping (white striations flatao muscle fibres mainly on the ventral surface
(Kuttapanet al., 2012) and wooden breast (visually hard, out Imgigind pale colour) and they may
occur separately or together (Sihebal., 2014). It was recently estimated that up to 40P6 o
medium (2.2-3.0 kg) and heavy (>3.0 kg) sized bmaised under commercial conditions were
affected by different levels of white striping (lemzi et al., 2014), while wooden abnormality
affects mainly roaster chickens (personal commuioica Because of the impaired visual
appearance, white striped and wooden breast fikksisecially in severe cases, are downgraded and
transformed into processed meat products leadingctmomic losses for the poultry industry
(Mudalal et al., 2014). Previous observations showed that hish@@gical changes in white
striped and wooden breast muscles had similar festauch as increase in degenerative and
atrophic fibres associated with loss of cross g, variability in fibre size, floccular/vacuola
degeneration and lysis of fibres, mild mineraliaafioccasional regeneration (nuclear rowing and
multinucleated cells), mononuclear cell infiltratjolipidosis, and interstitial inflammation and
fibrosis (Kuttapparet al., 2013; Sihveaet al., 2014). These myopathies may have great impliegtio
on meat quality. White striping has already beendibject of several studies that have investigated
its consequences on consumer acceptability (Kudtapipal., 2012), histological traits (Kuttappan
et al., 2013), chemical composition (Kuttappeinal., 2012; Petraccgt al., 2014), protein profile
(Mudalal et al., 2014), and processing abilities (Petraatcil., 2013). On the other hand, there are
only a couple of studies which evaluated technalalgiraits (Mudalakt al., 2014) and suitability
for further processing (Puolanne and Ruusunen, 20fLéreast muscles affected by the wooden
breast abnormality. In addition, there are not lakée data about the mineral composition to
evaluate the homeostatic status of breast mussleetifor both emerging breast abnormalities.

Therefore, the aim of this study was to evaluate ithpact of wooden abnormality, with or
without white striping, on muscle histology and wtieal composition with special emphasis on
mineral levels and protein profile which may likedffect textural and water holding capacity
(WHC) of the meat.

5.3 Materials and methods

5.3.1 Sample selection and preparation
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According to the presence or absence of muscleratalities, 96 boneless, skinle$¥ctoralis
major muscles were selected in two replicates from 5&-add male Ross 708 broilers (3.7 kg live
weight) in deboning area of a commercial procespiagt after 3 hourpostmortem. Breast fillets
were graded into four classes (Normal, white stgpiwooden, and white striping/wooden
abnormalities) according to integrating criteri@gested by Kuttappagt al. (2012b) and Sihvet
al. (2014) which was described in 4.4.1 Sample sele&nd preparation.

For both replications, approximately 1 Tifmom onePectoralis major muscle per each group
was immediately removed, frozen in liquid nitrogeoled in isopentane and used to perform
histology and immunohistochemistry analyses as wasll morphometrical and morphological
evaluations. Subsequently, each group of samplé&yr@up/replication) were packaged and
transported under refrigerated conditions to thmodatory. At 24 hourgost-mortem, Pectoralis
major muscles were trimmed from superficial fat, cagilaand connective tissues then used to
determine pH, compression test, and drip loss, iogoloss, marination performances and textural
profile analysis. The remaining parts of the raeast fillet were ground at temperature 1-4°C by a
food processor for 1 min to obtain homogenous gilaueat mass, then ground meat samples were
kept in freezer at -20°C for further analysis (pnoate composition, mineral composition and SDS-
PAGE analysis).

5.3.2 Histological analysis

Histological evaluations were performed on thremas/group for each replication for a total
of 18 samples. Approximately 1 érffrom eachPectoralis major muscle was immediately removed
and fixed in 10% buffered formalin for 24 h at rodemperatureSpecimens were oriented for
transverse fiber sectioning, dehydrated in a graskries of ethanol, and embedded in paraffin.
From each sample, serial transverse sectionsn(@hick) were obtained, mounted on polylysine-
coated slides, and stained with Masson’s trichroRw. each section of muscle, the presence of
abnormal fibers (giant fibers, fibers with hyalidegeneration, and damaged fibers with round
profile) in 10 primary myofiber fascicles (PMF) weassessed and the levels of myodegeneration
were graded according the same criteria adoptedriprevious study (Mazzost al., 2015):

Score F1 — mild: abnormal fibers ranging from 2 tior each PMF (Figure 1A);
Score F2 — moderate: abnormal fibers ranging fram B for each PMF (Figure 1B);

Score F3 — severe: abnormal fibers represent therityeof the fibers for each PMF (Figure 1C).
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5.3.3 Proximate and mineral composition

Proximate chemical composition (moisture, protépid, ash, and collagen) of breast meat was
determined for each sample using official methdd8@AC (1990) which was described in 3.3.2.5
Proximate chemical composition.

Element analysis (Ca, Na, P, K, and Mg) was peréetnusing ICP-OES method after
microwave digestion of 3.0 g of meat. Samples wdigested by microwave using a Milestone
ETHOS ONE oven using 4 mL nitric acid and 1 mL logkn peroxide. All reagents were from
Merck, Darmstadt (Germany); acids were of Supragrade. Elements were quantified by
Inductively Coupled Plasma-Optic Emission Spectioyméechnique (ICP-OES) using a Perkin
Elmer Optima 2100 DV instrument, coupled with a @GETU5000AT+ ultrasound nebulizer for
mercury. Two blanks were run during each set ofyaisto check for chemical purity, and the
accuracy of the method was verified with referentaterials (CRM GBW 09101, human hair
control, Shanghai Institute of Nuclear Researchdéoaia Sinica; CRM 201505 and 201605 Trace
Element Whole Blood, Seronorm, Billingsad, Norwa4)l the values of the reference materials
were within certified limits. Instrumental detectibmits, expressed as wet weight (w.w.). Element

concentrations in tissues were expressed as Mdplikaast muscle wet basis.
5.3.4 Electrophoresisanalysis

One dimensional SDS-PAGE analysis was used to atalthe molecular weight profile of
sarcoplasmic and myofibrillar proteins. In two iieptions, six samples were selected from each
group to extract and separate proteins accordirigeiv molecular weights (MW) by SDS-PAGE
analysis.

In two replications, 6 samples were selected framhegroup to extract and separate proteins
according to their molecular weights by SDS-PAGRlIgsis.The MicroRotofor lysis kit (Catalog #
163-2141) was used to extract protein fraction® frfy of meat tissue was weighted in tubes
containing resin. 50Ql of the prepared PSB solution was added to the tudmtaining resin. The
content was ground by pestle, when large tissugepi@ave been reduced, an additional @08f
prepared PSB solution has been added and grindoug@ded for 5 min. The obtained suspension
was centrifuged at 20,000 x g for 30 min at 20°6e Bupernatant was transferred into a new tube
without disturbing the pellet. The separation wegeated two times with the same buffer. Protein
concentration was measured by the Bradford methuadrfering substances that can negatively
impact SDS-PAGE includes salts, detergents, desatisir or organic solvents were removed by
ReadyPrep™ 2-D cleanup kit (Bio-Rad, Catalog # 2630).
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The concentration of extracted protein was measusaty the Bradford assay (Bradf, 1976)
while samples for SD®AGE were prepart according to Fritz et al. (198%lectrophoresihave
carriedout according to the procedudescribed in 3.3.2.10 SDS-PAGE Analysis.

5.3.5 Technological traits (pH, drip and cooking losses and marinade perfor mances)

pH, drip and cooking losses and marinade perfores were measureds mentioned 3.3.2.4
Samples preparation for processing

5.3.6 Textural traits

Compression testA raw cylindrical meatcuts having 2.5 cm diameter x 1 cm height ¢
weighing about 5 g was excised from the caudal gfagtach fillet. It was compressed to 40% of
initial height by using a 25 kg loading cell conteztto a 50 mm DIA cylinder aluminium pro
using TA.HDi heavyduty texture analyser (Stable Micro Systems Ltcbd@ming, Surrey, UK)
The test speed of the probe was 1 mm/sec, whilpré- and postest speeds were both 3 mm/s
The compression value was recorded as the maxirowe heeded to compress 40% ce initial

height of the sample and expressed ir
Texture Profile Analysis (TPA)

Cylindrical meat cut (3 cm of diameter and 0.8 dmheight) was excised from the caudal |
of breast fillet cooked according to the procedigscribed in sectio3.3.2.4.1 No-marinated meat
cuts (b. Cooking loss) tevaluate TPA values (Figure ). Then samples were axially compres
(compression speed of 1 mm/s) using a cylindrioall with 5 cm of diameter to 50% of their init
height in a double compresni@ycle (Figure 5). TA.HDi Heavy Duty texture analyzer (Stal
Micro Systems Ltd., Godalming, Surrey, UK) equippéth a 50 kg load cell was us

Figure 5.1 The sample used for the evaluation of the Textuo&lE Analysis
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TPA was performed by double compression cycle, with purpose to reproduce the chewing
activity. For each sample, the TPA parameters (fess, cohesiveness, springiness, gumminess and

chewiness) were obtained by the elaboration ofditheble compression curve (force/deformation)

represented in Figure 5.2 (De Campbal., 2008; Lyonet al., 2010).

Far
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Figure 5.2 TPA general curve

Hardness is defined the peak force of the first@ssion of the product. The hardness does not
necessarly occur at the point of deepest compmsalthough it typically does for most products.
Cohesiveness is how well the product withstandscarsd deformation relative to how it behaved
under the first deformation. It is measured as dhea of work during the second compression
divided by the area of work during the first congmien. (Refer to Area 2/Area 1 in the below
graph). Springiness is how well a product physjcsafirings back after it has been deformed during
the first compression. The spring back is measatdtie down stroke of the second compression,
so the wait time between two strokes can be rehtivnportant. In some cases an excessively long
wait time will allow a product to spring back motiean it might under the conditions being
researched. Springiness is measured in several, waysmore typically, by the distance of the
detected height of the product on the second cossfme (Length 2 on the below graph), as divided
by the original compression distance (Length 1)e Dmiginal definition of springiness used the
Length 2 only, and the units were in mm or othatsuof distance. Many TPA users compress their

products a % strain, and for those applicationsui@ mlistance value (rather than a ratio) is too
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heavily influenced by the height of the sample.Bypressing springiness as a ratio of its original
height, comparisons can be made between a mord betaf samples and products.

Gumminess only applies to semi-solid products ants iequal to Hardness *Cohesiveness
(which is Area 2/Areal). Gumminess is mutually esole with chewiness for a product would not
be both a semi-solid and a solid at the same tBunminess is definite as the force necessary to
disintegrate a semisolid food until the conditibattpermits to swallow it. Chewiness only applies
for solid products. Chewiness is mutually exclusnvigh Gumminess for a product would not be
both a solid and a semi-solid at the same timew@tess indicates the force needed to disintegrate
a solid food until the condition that permits toadlw it. It is calculated multiplying hardness x

cohesiveness x springiness.
5.4 Statistical analysis

The results were statistically evaluated by usimg ANOVA option of the GLM procedure
present in SAS software (SAS Institute, 1988). meen effects of meat abnormality type (N, WB
and WB+WS) and replication, as well as the inteoacterm on meat quality traits were evaluated.
Means were separated using Tukey’s honestly tebieoGELM procedure (SAS Institute, 1988).

5.5 Results and discussion
5.5.1 Histological analysis

In pectoral muscle, overall, histological obsemasi showed correlations with the gross lesions
used as selection criteria during sampling. Indedld\ breasts not showing neither hardened nor
white striations on the surface had myofibers watmormal profile and endo- and perimysial
connective tissues without remarkable alteratigmBnary myofiber fascicles (PMF) showed few
abnormal fibers (Figure 5.3A, F1). On the otherdyanuscle fibers with an abnormal polygonal
profile (rounded fibers) were found in correspormeno diffuse hardened areas in WB breasts.
These fibers showed different diameters and nuctgarnalization (Figure 5.3B, F2 score): large
caliber fibers were associated with small calibberfs. Similarly, Sihvoet al. (2014) described
myodegeneration accompanied by rounded fibers ¢egtlin number) and central nuclei in broiler
wooden breast muscle. In addition, the same authlossrved diffuse interstitial thickening with
variable amounts of loose connective tissue, gedimu tissue, and fibrosis in the areas affected by
lesions (Sihveet al., 2014).
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Figure 5.3 Images of mild (A), moderate (B) and severe (@)@as in the histological scale (ranging F1 to
F3) used to score the levels of myodegeneratioras$lh’'s Trichrome). A = the polygonal muscle fibiars
an F1 score are well packaged and relatively ob#ee size. B = the fibers show different diamatet the
perimysial connective tissue is thickened. C = mbmber of muscle fibers is reduced; variably sizetscle
fibers are rounded and separated or replaced lmoselor more organized connective tissue. In (D) is

represented a sample (score F3) with gradual pssgne of the histopathological lesions. From thdasme
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(upper part image) up within the muscle (lower paEfrthe image) the histological lesions are gragual
disappearing. (Masson’s Trichrome).

Score F1 — mild: abnormal fibers ranging from 2 tior each PMF (Figure 1A);

Score F2 — moderate: abnormal fibers ranging fram® for each PMF (Figure 1B);

Score F3 — severe: abnormal fibers represent tharityaof the fibers for each PMF (Figure 1C).

In the present study, proliferation and thickenoighe perimysial network (fibrosis) was also
observed, which appeared to separate muscle fibemsddition, an increase in intramuscular fat
was observed. In some cases, multifocal degeneratspects of some fibers together with
inflammatory cell infiltration (probably lymphocyg were evident (Figure 5.3C). Finally, samples
from fillets having both white stripes and hardenattas (WB/WS) exhibited profound
degenerative myopathic lesions together with reptent of chronically damaged muscle with
adipocytes and fibrosis of muscle tissue which wasyreement with the observations of Kuttappan
et al. (2013a) in WS breast samples. In the presentystodcroscopic observations showed
complete reorganization of skeletal muscle strectf3 score) characterized by replacement of
muscle fibers with boundless proliferation of peand endomysial connective tissue stained by
Masson'’s trichrome. As a result of the severe 8lsoconnective tissue was the most abundant
tissue in PMF. Fibers appeared to be decreasedibotbmber and diameter and were round of
small caliber. Many degenerate and/or necrotic réibeiere accompanied by an interstitial
inflammatory infiltrate (Figure 1C) in agreementthvprevious findings (Kuttappagt al., 2013a;
Ferreiraet al., 2014; Sihvaet al., 2014).

An interesting macroscopic appearance was obsémvwedjority of F3 samples, where there was
a clear and gradual decrease of histopathologesabris from the surface towards the inside of the
muscle: histological sections corresponding to @h@sacroscopic lesions showed a gradual
modification of the architecture of muscle tisstanf external (surface muscle) to internal (about 1
cm deep) (Figure 5.3D).

5.5.2 Proximate and mineral composition

Proximate and mineral compositions are shown irlefr'all. The presence of WS and WB either
separated or together changed significantly the position of breast meat. In particular, the
presence of both abnormalities had a stronger tefieacchemical composition than that of white
striping or wooden abnormality alone. Fillets afégt by both abnormalities and wooden alone
showed significantly higher moisture content tha8 Ahd normal fillets. The presence of WS and
WB either separated or alone has led to reductigmaiein content and increase of fat and collagen
content in comparison to normal fillets. There waresignificant differences in protein and fat
contents between WS and WB while they showed irgdrate values in ash and collagen contents.

119



In general, meat affected by muscle abnormalitias wharacterized by higher fat and collagen
contents and lower protein content than normal méatparticular, the differences in the
composition were stronger when wooden abnormalityugoed in conjunction with WS. Similar
changes in the chemical composition of white sttipgeat have been observed by Mudatadl.
(2014) and Petracet al. (2014) where they found that white striped fillsteowed higher fat and
collagen content and lower protein percentages. thede results were described in chapter 3.
Additionally, Kuttapparet al. (2012a) also found similar trends, that severefil&$s had a higher
fat content and lower protein content when compavitk N fillets, although they found no effects
on moisture and ash content. In particular, evenefe were no available studies about the changes
in the chemical composition of breast meat affectedy by wooden abnormality or both
abnormalities. It could be speculated that theferdnces may be explained due to the presence of
similar histological changes in both abnormalitisshave been observed in this study (Figure 5.3)
where it was found that both abnormalities exhibitenoderate to severe polyphasic
myodegeneration with regeneration as well as aalsiamount of interstitial connective tissue
accumulation or fibrosis (Figure 5.3).

Table 5.1. Effect of wooden breast (WB) and wooden breastévktriping (WB+WS) on chemical and

mineral composition of raw meat (h=32/group).

Category
Parameter SEM Sig.
Normal WS wB WB+WS
Moisture (g kg) 7417 742 753 757 1.7 ok
Protein (g kd) 228 219 214 204 1.9
Fat (g kg') 8.7 13.6 12.8 19.8 0.78 i
Ash (g kg 13.7 13.7* 12.6° 12.T 0.16
Collagen (g kg) 10.9 11.4° 11.8 12.6 2.8 ok
Na (mg kg 393 47% 637 747 37.9 b
Ca (mg kg) 84 103" 20T 131 21.9 *
Mg (mg kg") 364" 406° 350 320° 9.0 *
K (mg kg?) 3,754" 4,117 3,794* 3,617 70.0 *
P (mg kg 2,202 2,23¢ 2,059 2,079 29.1 *

Significance: *** P < 0.001; * P < 0.05.
#“Means within a row followed by different superstiigters difer significantly (P<0.05).

Hence, myodegeneration of muscle fibres may leatktwease in protein content while fibrosis
may result in increase of collagen tissue. Reptpoindegenerated muscle fibers by adipose tissues
through lipidosis process may also increase thedatent. The increase of moisture content may be
explained due to occurrence of moderate to sewdeena (fluid accumulation) as a result of the
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inflammatory process that has been observed byo®ial. (2014). On the other hand, the changes
in the ash content may be explained as a consegueinthe overall change in the chemical
composition.

In respect to mineral content, all mineral conteh& have been evaluated in this study (Na, Ca,
Mg, K, and P) were significantly affected due tegence of muscle abnormalities. In general, the
presence of WS and WB separated or together, hasedao increase the level of the mineral
contents or in some cases there were no changeandBVS/WB had significantly higher content
of Na (637 and 74%s. 475 and 393 mg ki P<0.05) than WS and Normal fillets. Moreover, WB
fillets showed higher content of Ca that normalkfilwhile WS and WS/WB had intermediate
values. WS fillets had significantly (P<0.05) highmntents of Mg (406s/s. 320), K (4,117vs.
3,611), and P (2,238s. 2,079 mg kJ) than WS/WB, respectively. On the other hand, WS
exhibited intermediate values in Mg and K contant€omparison to normal fillets while there
were no significant differences between WB and rabriitiets. In addition, there was no significant
difference in P content between WS and normalséille

This overall increase of Na and Ca and also inother minerals especially in the presence of
both abnormalities (WS and WB) may be explained ttu¢he presence of several histological
lesions such as multifocal degeneration and negrostharacterized by fragmented
hypereosinophilic amorphous fibers that have bdmerved in this study (Figure 5.3). In addition,
several studies that have been done by SanderamtkMitchell (2003; 2004) to explain the
mechanism of stress induced myopathy showed inetlelevel of intracellular calcium either by
increased calcium crossing inside the cells (bycifipecalcium ionophores) or release of calcium
from sarcoplasmic stores which leads to changemembrane integrity. It was found that both
increase of calcium and sodium may increase thgneez level, causing membrane damage due to
activation of phopholipase. The perturbation of i@lance underlying the myopathies in poultry is
consistent with the mechanisms proposed for mammaddr as Duchenne muscular dystrophy
where patients had higher levels of calcium andusodWallace and McNally, 2009).

The dysfunctionality of the membrane of myofibess jointed with abnormal intracellular
calcium and dysregulated calcium-responsive patBwdye patients with Duchenne muscular
dystrophy and mdx mice showed higher levels ofiaaic(Robertet al., 2001; De Backeet al.,
2002). The increase of calcium level has differemisequences on the metabolic system of the
myofibers. Firstly, it can induce the activity oélcium-dependent proteases (like calpain) which
they can lyses different proteins located on thenbrane of myofibres leading to myonecrosis
(lwata et al., 2003) and some these alterations have beenwvelolsar this study by histological

analysis (Figure 5.3). Secondly, increase of caflidalcium level can also lead to abnormal
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mitochondrial function (Millayet al., 2008). In general, there is a strong relatiomben calcium
dysregulation and the occurrence of pathophysiolmiggnuscular dystrophy. Additionally, it was
found an increase of sodium concentration was densd as signs of the initiation of muscle
degeneration (Sandercock and Mitchell, 2004) argb @hese signs have been detected by
histological analysis in this study (Figure 5.3).

5.5.3 Electrophoresisanalysis

The results of SDS-PAGE analysis for sarcoplasmid anyofibrillar meat proteins obtained
from normal, wooden, and WB+WS fillets were expeekas relative abundance to avoid the small
differences due to protein loading among lanes I@&b2 and 5.3). Moreover, to exclude the
variations in protein quantification between gealdferent concentrations of the standard protein
BSA were loaded on each gel to build a separatettiard curve. Only standard curves with good
linearity (R> 0.98) were considered and no band lower or highan the linear range of
densitometer was considered. The presence of waaldee or with WS exhibited an effect on the
distribution patterns of both sarcoplasmic and niydfar proteins (Figure 5.2). The relative
abundance of nine bands of myofibrillar proteingihg MW ranging from 16 to 220 kDa has been
determined (Table 5.2).

All myofibrillar protein bands except LC1 slow-twit light chain myosin (27.5 kDa) did not
show any significant difference in the relative atbance between all groups. On the contrary,
WS/WB fillets exhibited a significantly lower reia¢ abundance (8.4s. 12.5, P<0.05) of LC1
slow-twitch light chain myosin (27.5 kDa) than nainfillets while WS and WB exhibited
intermediate values. This trend could be explaibgdunder expression of LC1 or increased
degeneration of LC1 in affected fillets than inmai ones.

For sarcoplasmic proteins, the relative abundamdel dands having MW from 25 to 114 kDa
has been determined in WS, WB, and WB+WS sampléle whly 10 bands having MW from 25
to 90 kDa have been determined in N group (Tal#¢. here were no significant differences in
the relative abundance of TPI1 (Triosephosphateissase, 26.4 kDa), carbonic anhydrase, and
pyruvate kinase (PK) between all groups. One bamtesponding to calcium-ATPase (114 kDa)
did not appear in normal meat, but was preseritarother groups. This is particularly interestisg a
calcium-ATPase is a transport protein in the plasmambrane of the cells that functions to
eliminate calcium cations. As it is very importdot cells to keep the low concentration of calcium
cations for proper cell signalling (Carafoli, 199Carafoli and Stauffer, 1994), the increase of
calcium level in WB and WB+WS groups may be depehda the presence of calcium-ATPase

which was not found in N group.
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Table 5.2 Effect of wooden breast (WB) and wooden breastiviitiping (WB+WS) abnormalities on

relative abundance (%) of myofibrillar proteingaw meat (n=6/group).

Protein M.olecular Categary s.e.m. Sig.
weight (kDa) Normal WS WB WB+WS

1.LC3 16 141 146 14.1 15.8 0.69 n.s.
2.LC2 19 1.2 3.0 11 1.7 0.22 n.s.
3.LC1 27.5 125 10.1*  9.3* 8.4 0.48 *

4. Sub-troponin 29 4.1 45 49 5.0 0.16 n.s.
5. Tropomyosin 34 4.7 43 5.2 4.6 0.14 n.s.
6. Actin 42 34.1 322 344 34.6 0.91 n.s.
7. Desmin 53 5.2 6.1 6.6 6.3 0.25 n.s.
8. Troponin 70 4.9 6.7 6.7 6.5 0.33 n.s.
9. MHC 220 15.9 17.8 15.6 154 0.91 n.s.

Significance: * R0.05; n.s., not significant.
MHC, myosin heavy chain; LC, myosin light chain.
*®Means within a row followed by different superstiigtters differ significantly (R0.05).

In general, there were significant differencesha telative abundance of sarcoplasmic protein
bands of phosphoglyceratemutase (25 kDa), lactateyditogenase (34 kDa), glyceraldehydes
dehydrogenase (36 kDa), aldolase (39 kDa), cre&imese (43 kDa), phosphoglucose isomerise
(58 kDa), pyruvate kinase (68 kDa), glycogen phosylase (90 kDa), and calcium-ATPase (114
kDa) between groups. WB+WS fillets exhibited a #igantly higher relative abundance of
phosphoglycerate mutase (PGAM: &2 6.2%, P<0.05), creatine kinase (CK: 109 9.6%,
P<0.001), and glycogen phosphorylase (GP: \&75.4%, P<0.05), while a lower relative
abundance of lactate dehydrogenase (LDH: 18% 22.3%, P<0.05), glyceraldehydes
dehydrogenase (GAP: 118 13.3%, P<0.05), and aldolase (ALD: %2 9.6%, P<0.05) than
normal fillets. There were no significant differescin the relative abundance of PGAM, TPI1,
carbonic anhydrase, LDH, PGI, and PK between noandl WS fillets while ALD, CK, and GP
exhibited intermediate values. WS fillets showetkimediate values of relative abundance of
PGAM, LDH, and CK with respect to WB fillets, whifer other bands there were no significant

differences.
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Table 5.3 Effect of wooden breast (WB) and wooden breastaviitiping (WB+WS) abnormalities on

relative abundance (%) of sarcoplamic proteingim meat (n=6/group).

Protein M'olecular Category s.e.m.  Sig.
weight (kDa)  Normal WS WB WB+WS

1. PGAM 25 7.2 7.2 6.3° 6.2 0.14 *

2.TPI1 26.4 7.3 7.3 7.3 6.8 014 ns.

3.Carbonicanhydrase 31.8 9.6 9.0 9.9 9.0 0.28 n.s.

4. LDH 34 18.8 18.6° 21.2° 22.3 0.44 *

5. GAP 36 112 13.12 13.3 12.8 0.30 *

6. ALD 39 7.F 8.4% 8.6" 0.8 0.31 *

7.CK 43 10.9 10.7° 9.8 9.6 0.14  *x

8. PGI 58 7.9 7.8 7.3 5.4 0.33 *

9. PK 68 5.6 4.9 45 4.7 018 ns

10. GP 90 1338 11.7° 11.7 14.4 0.35 *

11. Calcium ATPase 114 R.d 3.2 3.3 2.7 0.30  *

Significance: *** P < 0.001; * P < 0.05; n.s., mgnificant, n.d. not detected.

#“Means within a row followed by different superstiigtters differ significantly (R0.05).

PGAM, phosphoglyceratemutase; lactate dehydrogenadel; glyceraldehydes dehydrogenase, GAP;
aldolase, ALD; creatine kinase, CK; phosphoglucasemerise, PGI; pyruvate kinase, PK; glycogen
phosphorylase, GP.

Previous studies that evaluated the meat tisseetaff by myscle abnormalities showed that a
part of myofibrils had poor functionality of sareaima and that there was a loss of sarcoplasmic
fluids, which contain sarcoplasmic proteins (Stexcdt al., 1979; Sihvoet al., 2014). Due to the
differences in the relative abundance betweenreifieglycolytic enzymes, it can be speculated that
protein turnover has not had the same rate duringcha degeneration and regeneration of all
proteins, as suggested by previous histologicatissuthat showed polyphasic degeneration
(Kuttappanet al., 2013; Sihvoet al., 2014). In addition, Mudala¢t al. (2014) found different
sarcoplasmic protein patterns between N and WS hyeasing SDS-PAGE analysis.
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Figure 5.4 SDS-PAGE analysesf myofibrillar and sarcoplasni proteins for normal and abnorr samples.

5.5.4 Technological traits

The results of the effect of wooden abnormalitypéh drip and cooking losses and marina
performances are shown in Tabld. Overall, fillets affected by both abnormalit@¥B+WS) hac
significantly higher (P<0.001) ultimate pH valuettN and WBfillets which did not differ eac
other. Additionally, there was a general decreasthé ability to retain liquid during refrigerat
storage (i.e. drip losses) and cooking as welloapitk-up of marinade solutions (i.e. marine
uptake) in WB and WB+\8 fillets. These results were in agreement with pnavious findings
(Mudalalet al., 2014). Impairment of water holding/binding alyilin WB+WS sample:cannot be
ascribed to differences in ultimate pH where is gtudy was higher than norn(i.e. hicher pH are
associated with higher WHC), but it can be attelouto the negative effects WB abnormality
which have been described through histologicalymmal(Figure5.3) and characterized mainly |
degeneration of muscle fibres companied by fibrand lipidosis. Alterations in fibore membra
integrity may have contributetb the loss of liquid during refrigerated storage asabking.
Moreover, degeneration of muscle fibres (Figs.3) may affect the ability of meat to bind wa
because it is weknown that the majority of water (>85%) in the dslheld in the myofibrils an
most of water is retained (steric) by capillarycies which is generated due to the arrangeme
thick and thin filaments within the myofib (Huff-Lonergan andLonergal, 2005). This
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cytoarchitectural design may be disorganized dueh# histological changes that have been
previously described. From the other hand, the g&am the chemical composition is likely to have
played a major role in the reduction of WHC. Taslirate, decrease of protein content (in particular
contractile proteins due to fibres degenerationictvinas major role (due to high hydrophilicity) in
binding water molecules during storage and proogssnay contribute to this reduction.
Additionally, increase fat content (high hydrophmoty) may reduce the ability of meat to bind

water.

Table 5.4. Effect of wooden breast (WB) and wooden breasténbtriping (WB+WS) on pH and water
holding ability of non-marinated and marinated m@at32/group).

Parameter Category SEM Sig.
Normal WB WB+WS

Non-marinated meat

Ultimate pH 5.82 5.87 6.05 0.019 wk

Drip loss (g kg) 9.9 12.7 10.3* 0.36 *

Cooking loss (g kQ) 215 278 297 4.3 ok

Marinated meat

Uptake (g kd) 12¢ 69 62 5.4

Cooking loss (g kQ) 153 178 189 3.1 ok

Significance: *** P < 0.001; * P < 0.05
#“Means within a row followed by different superstiigters differ significantly (20.05).

5.5.5 Textural traits

The results of compression test and Texture Préfilalysis are shown in Table 5.5. Both WB
and WB+WS raw fillets exhibited significantly higheompression force than N fillets (4.2 and 3.3
vs. 1.9 kg; P<0.001). Moreover, the texture profilealgsis revealed the presence of significant
differences (P<0.05) between groups in hardnessngoess, springiness, and chewiness of cooked
meat, where all values except springiness wereehighWB and WB+WS groups than N group.
WB+WS and WB groups differed each other signifibaonly in springiness and chewiness that
had higher values in WB fillets.

The instrumental tests conducted in this studyiconthat the WB fillets are characterized by a
very noticeable hardness in raw meat as shown éydthmatic increase of compression force
values which confirmed our earlier findings (Mudakt al., 2014). Therefore, instrumental
compression tests can be helpful to objectivelgl#sth the presence of the wooden abnormality in
raw breast fillets. In addition, it was found thaektural traits of cooked meat are dramatically

modified in WB fillets, which were harder, more gy, less elastic (lower springiness) and thus
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requiring more energy to crumble (higher chewinessjeneral, the changes in texture profile are
considered a consequence of complex chemical chgigattanacharet al., 2004) which are more
relevant to muscle fibers and connective tissué® $DS-PAGE analysis in this study showed
primarily that there was a different pattern in rilgollar proteins between normal and abnormal
meat which may indicate compositional changes. gthie increase in the quantity of collagen (as
a result of fibrosis) may also contribute to thetdeal changes, in particular, the structural clesng
in collagen may also have a role in these changethls aspect until now was not investigated. On
the other hand, the increase in hardness, gummiaesschewiness values in WB and WS/WB
fillets can be explained due to higher cooking M&s&ch depends on lower WHC (Table 5.4) which
is normally led to shrinkage of muscle due to pgroteenaturation and hence increasing the packing
density of the fibers after cooking (Huff-Lonergamd Lonergan, 2005).

Table 5.5 Effect of wooden breast (WB) and wooden breast&vkiriping (WB+WS) on textural traits of
raw and cooked meat (n=32/group).

Parameter Category SEM Sig.
Normal WB WB+WS

Raw meat

Compression test (kg) ie) 4.2 3.3 0.23 Hkk

Cooked meat

Hardness (kg cif) 19.7 22.F 21.6 0.53 *

Cohesiveness 2.80 2.87 2.93 0.065 n.s.

Gumminess (kg cif) 52.8 63.3 61.3 2.0 *

Springness (mm) 1.66 1.66 1.58 0.017 *

Chewiness (kg x mm) 893 107.3 97.8 3.7 *

Significance: *** P < 0.001; * P < 0.05; n.s., mgnificant
#“Means within a row followed by different superstiigtters difer significantly (P<0.05).

It is clear that sensory properties of breast meatdeeply impaired by WB abnormality which
does not only affect the appearance and texturavoforeast meat, but also it can lead to a decline
of sensory traits when meat is either cooked atehonmused to manufacture processed products. In
this context, a recent study evaluated the imp&dhausion of different levels of WB on the
guality traits of coarse meat products (PuolanreRumusunen, 2014). Even if comminuting is able
to reduce negative effects of inclusion of WB inamnbatters, it was found that replacing lean meat
with meat affected by the wooden abnormality ataierlevels (15 to 30%) in formulating of
comminuted sausages and nuggets has changed theetard other quality traits of the finished

products (Puolanne and Ruusunen, 2014).
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5.6 Conclusions

In conclusion, meat affected either by WB alondoprWB plus WS had a different chemical
composition characterized by higher fat and collagmntent and lower protein content.
Additionally, the defected breast fillets exhibitiedver processing ability which was characterized
by lower WHC and harder texture. All these changay raise some questions about the suitability
of these types of meat for processing and consamegptance. On the other hand, the results of
mineral composition indicated that there was iomsrdgulation which may be relevant to the
occurrence of pathophysiology of muscular abnortyalihe discrepancy in protein patterns of
sarcoplasmic and myofibrillar proteins may alsddate the presence of muscle fibre degeneration.
All these results were also confirmed by histolagi@nalysis that revealed that the aberrationen th
cation homeostasis may be somehow standing behied pathophysiology in the muscle

abnormality.
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UNIT-I1-

CHAPTER G

Literaturereview: functional ingredients and innovative formulationsin

processed poultry and rabbit meat products
6.1 Abstract

In our modern life, the consumer preferences awmdtically changing toward more
convenient, easy to prepare, and attractive foadlymts, this attitude has pushed the meat
industry to employ several additives (sodium clieyi nitrites, phosphates, etc.) during
formulation to meet the dynamic consumer demandsorlingly, different health organization
started to warn about the health implications o tisage of additives in processed meat
products. Hence, in response to these changesintkatry has launched different innovative
strategies to improve the health image of meatraedt products taking into the consideration
the technological and economical aspects. Theategtes are based on two approaches which
are usually used individually or together. Thetfmpproach is to reduce the level of unhealthy
substances such as sodium chloride, phosphategesniand nitrates, cholesterol, unsaturated
fatty acids, and total fat. The second approach iacrease the level of healthy substances such
as natural antioxidants, omega-3 fatty acids, @tots and bioactive peptides. This chapter will
deal with the first approach, in particular, foeigsion functional ingredients to improve sensory
and processing ability of meat as well as healthgen In this regard, the functional ingredients
that will be discussed are inorganic salts (i.eliwm chloride, phosphates, and bicarbonate) and
organic compounds which are mainly derived froompknd animal origins. In addition, it will
deal with functional ingredients that are commonbed in processed meat products, their
mechanisms of action, the scope of applications andent market trends. Functional
ingredients could be effectively used by adoptmeggrated approaches which manage the use of
these ingredients in a way to allow producing cledrels, accepted meat products and at the
same time optimize the cost of formulations. Iniadd, this chapter will deal with the technical
aspects of these ingredients that are relevannnovative formulation of processed meat
products.
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Key words. Processed meat, formulation innovation, functiangredients, and technological

traits.

6.2 Introduction

During the last few decades, the consumption oftpomeat has tremendously increased and
also the current forecast and projection studiemtpout that poultry market will be keep
growing in future (Anonymous, 2011). The main reasdor the success of poultry meat
production as have been explained in “Chapter litkwbriefly are: i) the healthy and nutritional
image of poultry products (high-protein contentydfat content coupled with a balanced n-6 to
n-3 polyunsaturated fatty acids ratio, low choledteand presence some of functional
components); ii) their suitability for processingpieh enables the meat producers to launch more
attractive, convenient, easy to use products;loiyer price compared to red meats; and iv)
absence of cultural or religious effect (Cavanal., 2009). Poultry meat is more favorable for
processing in comparison with other type of meatsabse it has neutral flavor, consistency and
good texture, and light color. These charactessdiblow for producers to impart desired flavor
profiles (i.e. spicyvs. mild flavor) and textures according to market reeechd consumer
segments (i.e. adws. children) (Barbut, 2012). These unique featurepafltry meat, made it
more qualified for innovation during processingthis context, rabbit meat has similar features
to poultry meat, but it is still not exploited innovation process due to relatively the high cést o
production and also due to cultural aspects thasider the rabbit as a pet animal (Cawatral.,
2009; Petracci and Cavani, 2012a).

Despite of the previous limitations, there is aeptil to exploit rabbit meat in a more
effective way by employing the nutritional propegtiof rabbit meat to produce healthy products
that are low in fat with a high unsaturation fadigids and low sodium, cholesterol and high in
heme-iron levels. In addition, employing functiomagredient during processing of rabbit meat
products can alleviate the cultural image aboubitads a pet animal, while processing of rabbit
meat can give a real opportunity to mask its wiavdur which may improve the sensory
acceptance of rabbit meat (Dalle Zotte and Szeraffd]; Petracci and Cavani, 2012a).

According to the final destination of meat musatel the degree of size reduction applied on
the muscle, processed poultry meat products coellgrbuped in 4 categories: i) whole-muscle

products such as marinated whole carcass or cutmnese the cyto-architectural design and
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geometric distribution of intra- and extra-cellulavater are maintained intact; ii)
formed/restructured products manufactured by chonlseces of meat bonded together such as
rolls and hams; iii) ground products made of coangeced meat, such as burgers and sausages
where meat fibrous structure is still detectablesame extent; iv) emulsified products such as
frankfurters which are made of finely comminute mglarry in which meat fibre structure is

disappeared (Figure 6.1).

FORMED/RESTRUCTURED COARSE GROUND EMULSIFIED

fntact musele cells with water Chunks or pieces of meat that are Crrenieted mead witde seil! Meat batfers are conplex
entrapped in cellillar and Boneled or glued wopether recognizable meat filbrons svstems consisting of
extracellular spaces Strncture solubilized muscle proteins,

msele fibers, fragmenied
myverfibrily, fat cells and

MAIN GOALS TO ACHIEVE appiets
*  Brine retention during » Binding among meat pieces * Binding among meat * Stabilize water/fat
marnatonfnjection x Dringreention dunhe pieces components in meal
+ Increase cooking vield marination/injection = Water retention during emulsion during
* Optimal texture * Increase cooking yicld processing |mx.-|:.n.~.|ng
= Optimal texture = Optimal texture

+  Optimal texoure

Figure 6.1 Classification of poultry meat products accordingstructure of raw meat materials and the

roles of the functional ingredients in each clagsroduct

The functional properties (in this chapter, the aéhe term “functional ingredients” is just
from a technological viewpoint: texture and wateldmng capacity) of raw meats depend mainly
on chemical composition which varied according he tanatomical position of the muscle,
genotype and age of animal, and feed compositioitlwhave great impact on quality of
processed meat products (Givesial., 2011). White meats like breast fillet and tendave a
soft texture, light color, low-fat and high-protesontent, therefore they are normally dedicated
to produce premium meat products. From other hdak meats like thigh and drumstick have
more harder texture, darker color, higher fat contand stronger flavor, but due to the their
lower economic value; they are widely used to om@mthe costs of product formulation
(Bianchiet al., 2009).

In the context of the functional properties of maatl meat products, there are some obstacles

and challenges which can be grouped into 3 makegoaies. The first, natural variability in the
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quality of raw meat due to variability in ante-rmeart, post-mortem and processing factors
(Petracciet al., 2009; 2010). The second, appearance of some trewascle dystrophies or
abnormalities due to the improvements in growtle mtd muscle yield such as pale, soft and
exudative (PSE) meat, immaturity in intramusculanrective tissues, white striping and
wooden which impaired water binding capacity, cokmmd appearance of meat (Barkeudl.,
2008; Petracci and Cavani, 2012a; Petretcai., 2013b; Sihveet al., 2014).

Finally, the shift towards further processed prdaguand changing in consumers’ attitude
towards foodstuff has underscored the necessithifgrer standards in poultry meat quality in
order to improve sensory characteristics and foneli properties (Barbut al., 2008; Cavanét
al., 2009). Integrated approaches can be employectage all former obstacles and challenges
to alleviate their consequences on functional pitogseof processed meat products.

Using functional ingredients to optimize the fupnail properties of processed meat can
reduce the effect of natural variability in the bjiyaof raw meat and at the same time can
provide more flexibility for processed meat prodgc® introduce a broad spectrum of products
for meeting the consumer demands and at the sameeoptimizing of the cost formulations.

The addition of functional ingredients helps to nfypdhe overall technological and sensory
characteristics of meat products such as watelinglchpacity (WHC), fat holding capacity and
texture properties. These ingredients can be divictkessed on their mechanisms of action into
two main groups: salts which are added in ordeertbance functionality of muscle proteins
(myofibrillar), and organic compounds of differeplant and animal origins which play an
indirect effect on water/fat retention and textumeodulation by working alongside of
myofibrillar proteins (Lamkey, 1998). The first gno basically consists of sodium chloride,
phosphates, citrates and alkaline salts (i.e. barzates), while the second one includes starches,
cereal flours, hydrocolloids (i.e. carrageenanginates), collagen derivatives, blood proteins
(plasma and globin fractions), milk proteins (caagés and whey proteins) as well as plant
proteins (i.e. soy, pea) and fibers (Table 6.1).

In this chapter, both inorganic salts and orgarompounds which are usually used as
“functional ingredients” have been reviewed, foagson the roles of these ingredients and their
impact on economic values and quality issues. Maedhe applications of these ingredients in
formulating healthy meat products have been exethifFunctional ingredients will be addressed

based on their roles in water binding (either “wtior added during processing), fat-binding
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capacity, adhesion and cohesiveness of producingats together, and improving the texture
and cooking yield. The possibility of using functad ingredients to replace other traditional

ingredients that having nutritional drawbacks W#l also discussed.

Table 6.1 Main categories of functional ingredients usedonlfry meat products manufacturing.

Ingredients to enhance the Ingredients with a direct functional
functionality of muscle proteins effect on the meat system
Sodium chloride (table salt) Vegetable compounds
Phosphates Starches
Citrates Flours
Carbonates Proteins

Fibers

Hydrocolloids (i.e. carrageenans, alginates)

Animal compounds
meat by products (collagen derivatives, bloodgins)
milk proteins (caseinates and whey proteins)

egg albumen

The types of the functional ingredients which cobéselected in meat formulations depend
mainly on the type of manufacturing techniques, naaterials, and intended purpose for
finished products (Figure 6.1). From a technoldgiegwpoint, improving water binding
capacity to the utmost level by functional ingredge can achieve a reduction in cost of
formulation; with the increasing the ability of mi@a bind very cheap raw materials such as
water and MDM (mechanically deboned meat) duriragpssing.

6.3 Ingredientsto enhance the functionality of muscle proteins

Main functional salts used in manufacturing of pgumeat products are sodium chloride,
phosphates, citrates and carbonates. Sodium calamdl phosphates are widely used in all
poultry meat products, while the use of citrated especially carbonates are more limited (Table
6.2). In the next sections, the different applimasi and mechanisms of these salts in processed

meat product will be discussed.
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Table 6.2 Classification, dosage and main product applicatioh the main functional salts used in
poultry meat processing.

Main product applications

E- Current
Salts Whole- Formed/ Coarse
number dosage Emulsified
muscle Restructured ground
. . up to
odium chloride No +++ +++ +++ +++
Sodiu i 5 0%
! Y up to +4++ +4++ +4++ +++
Phosphates €s 0.3%
. up to
++ ++ ++ ++
Citrates Yes 0.5%
1 up to
Carbonates Yes o0, + + + +

! allowed in most countries only in cooked products
+++ = high; ++ = medium; + = low

In most countries, sodium chloride is the sole gt classified as ingredient and also it is
usually used at higher dosages. The mechanism tafhacand purposes of usage of these

functional salts in poultry meat products are sumimed in Table 6.3.
5.3.1 Sodium chloride

Sodium is one of important micronutrients that reeetb regulate the volume of extracellular
fluid and plasma. It also engages in the activaspart chain for some molecules on the cell
membrane (Adrogue and Madias, 2007). The increfsetary sodium intake was considered
one of the important contributing factors in in@eg the incidence of hypertension.
Hypertension plays a major role in increasing theuorence of cardiovascular disease (CVD)
and end-stage renal disease (Desmond, 2006). Sodietary intake in western societies is
relatively high, and this can present a main riskdlt-sensitive population who is more prone to
have high blood pressure and a result more sed@eases such as cardiovascular diseases,

diabetes, and kidney disease (Doyle and Glass,)2010
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Table 6.3 Mechanisms of action and other effects of the nfairctional salts used in poultry meat
processing.

Increase ionic Improve muscle swelling
strength Increase
Salts and promote by chloride by sequestratir o4 Other effects
. (CI) effect  Calcium (&)  PH
ion exchange
- Provide and enhance
Sodpm ot et o o flavor
chloride
- Alter microbial growth
- Protection against lipid
oxidation and
Phosphates + e S + discoloration

- Flavor protection and
enhancing

- Protection against lipid
Citrates + @) o/? + oxidation and meat
discoloration

- Might decrease shelf-life
Carbonates + 0] @] +++ due to vey high increase of
meat pH

+++ = high; ++ = medium; + = low; 0 = none

In several developed countries, dietary sodium kmtaexceeded the nutritional
recommendations (Ruusunen and Puolanne, 2005hisnrégard, it was found that sodium
intake in some countries exceeded the recommenaibdictake by two or three times or more.
The daily sodium intake of Finnish men was 9.9 g/@Bhe National FINDIET 2002 Study,
2003) while in U.K was 8.2 g/day (Godlee, 1996)eThcommended dietary intake of sodium
chloride can vary according to health status ared dge of the individuals, but in general,
according to the most public health organizationd eegulatory authorities the recommended
daily intake of sodium chloride must not exceed /@ay, while for genetically sensitive person,
salt intake should be in range between 1 and 3/d@esmond, 2006).
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In healthy human, the body has several hormoneghendympathetic nervous system which
adjusts the concentration of sodium in plasma withspecific range and the body can eliminate
the excess of dietary sodium by excretion the swadturine to keep the fluid balance. Due to
the aging process or some chronic diseases, thelbsés its ability to regulate the electrolyte
and so the efficiency of kidney and excretory syst@éeduce which causing increase of sodium
level companied by increase the volume of plasnteeaentually trigger hypertension.

There is a persistent increase in pre-hypertensiohypertension cases, some researchers
pointed out that it could reach more than 60% afitadDickinson and Havas, 2007). Different
factors can affect on hypertension such as agesigddyactivity, body mass index, and dietary
sodium and potassium level. Dietary sodium is abergid as a major contributing factor in
hypertension (Hollenberg, 2006). By excluding tlleeo cardiovascular factors even the blood
pressure, it was found that high sodium intake dnddect effect in increasing mortality and risk
of coronary heart disease (Tuomilehto, 2001). @aaBcular disease is considered as major risk
for 25% of the adult population in the world (Adtmgand Madias, 2007). Despite that the
dietary advices has resulted in reduction of sodmniiake in the half of hypertensive patients in
the US (Ayalaet al., 2010). But recently, a survey pointed out thahigh percentage of
consumers in US outpaced the recommended dailyatmée upper limits of sodium intake
(Doyle and Glass, 2010).

Increase the awareness of consumer in recent y@aesds the relationship between high
sodium intake and hypertension has resulted imitrease of demand of low salt meat products.
Accordingly, meat producers have started to devébopsalt products to meet this demand.
Overall, the reduction of sodium in meat produstaat easy approach, because its effect is not
confined on the perceived saltiness, but it co@dehsome consequence on flavor, texture, and
microbiological stability. Even those, meat prodgceave succeeded to launch several types of
low-salt meat products into the market with accelgtatechnological properties and
microbiological stability. Low-salt meat productdhiosved weak flavor characteristics in
comparison to normal-salt products. This problem loa alleviated or overcome by satisfactory
seasoning substitute (Ruusunen and Puolanne, 2005).

In the meat industry, sodium chloride is consideas@ multifunctional ingredient that has the
ability to improve the texture and WHC by soluliion/extraction of the salt-soluble

myofibrillar proteins in raw meat, promoting thest®, enhancing the flavors of meat and
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ameliorate microbiological stability. The theoryoalb the role of sodium chloride in improving
WHC of meat products has extensively been reviefRedisunen and Puolanne, 2005; Puolanne
and Halonen, 2010). In meat matrix, sodium chloddsociate into sodium (Npand chloride
(CI") ions, Cl ions are adsorbed more strongly thar’ Mas to positively charged groups of
myosin. Binding of chloride ions to myosin and acfilaments increases the electrostatic
repulsive forces between fibers, causing unfoldifithe protein structure matrix and expanding
the spaces between actin and myosin (Hamm, 198&eder, the adsorption of Gbns with
positively charged groups of myosin results in dts#f the isoelectric point towards a more
acidic pH value. And so the gap between the ulenpdd of meat and isoelectric point increases
giving more flexibility to improve water binding pacity (Feiner, 2006a, chap. 5). A salt
concentration of 1.0 t0ol.6% can be considered thestnwidely used in poultry meat
formulations. Our data revealed that even low cotreéion (i.e. 0.5%) of salt can significantly
improve WHC of poultry meat (Petraatial., 2013d).

Different strategies have been developed worldwadalleviate the excess of sodium intake
such as increase the awareness of public by eduacati by individual dietary counseling,
improving food labeling, coordinated and voluntaspdium reduction by the industry,
government and private sector food procurementieslj and setting of regulations (Laataal .,
2012; Buschieal., 2013).

In this context, Finland and UK had successfullgi@ged a reduction in salt consumption by
adopting some strategies (ldieal., 2013). In general, processed meat products tomériabout
10-21% of dietary sodium daily intake (FSA, 200®).particular, in some countries like U.K
and Ireland, processed meat products contribute ii@n 20% of daily dietary sodium intake
(Engstromet al., 1997) which can be considered a vital portiocomparison with other foods.
Replacing sodium chloride directly by some of comnsalt replacers (potassium, magnesium,
and calcium chloride, salt of lactate, citrate, cslsate, and sulphate) is one of the less
sophisticated strategies.

Potassium chloride is most commonly used in meanhdations. Nevertheless, inclusion of
salt replacers at certain levels could add bitted anetallic aftertaste to meat products.
Bitter/metallic aftertaste could be usually managedwo approaches, either by using of salt
replacers in certain levels under the thresholdievaif bitter aftertaste detection, or by using

additional components or ingredients that can migk metallic/bitter aftertaste. The first
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approach has been extensively evaluated and sestedis revealed that there is a possibility to
use potassium chloride up to 30 to 40% as a gallaer without impairing the functional and
sensory properties of processed meat productghbut5% increase in the amount of potassium
chloride in comparison to sodium chloride must 8deal to achieve the same strength of protein
solubility due to the differences in molecular méstween potassium and sodium chloride.
Replacing sodium chloride with potassium chlorideild have some consequences for the
microbiological stability of the product at certdevels. Excess of potassium chloride intake
could be a serious problem for people who are soffefrom heart problems (Lgt al., 2009;
Leeet al., 2012; Sinopoli and Lawless, 2012).

In the second approach, masking the metallic/b#tertaste can be achieved by modulation
of processing techniques or tuning the formulaboraddition of some flavors (pepper, onion,
garlic, sweet pepper) (Koliandrgg al., 2010; Toldra and Reig, 2011). Another strategy fo
achieving a salt reduction in the meat productstepresented by the use of flavor or salt
enhancers (alapyridain, alkyldienamides, high rimbdeotide yeast extract, and dehydrated
protolyzed milk or cereal proteins) which increéise perception of salt in the finished products.
Salt enhancers can achieve up to 20% of salt resiu@esmond, 2006; Busa@hal., 2013).

Finally, some attempts have been done to enhaneetaste bioavailability of salt by
modifying its physical status (i.e. lowering paeic size by means of
micronization/encapsulation) (Broadwag al., 2011; Buschet al., 2013). However, this
approach is more effective for product in which fla¢t maintains its original physical form (i.e.
sprinkled on the surface), whereas it is less gffeavhen salt is solubilized in water such in

meat system.
6.3.2 Phosphates

Phosphates are salts of phosphoric acid and ar#alaleain different chemical forms
(orthophosphates, pyrophosphates, tripolyphosphatespolyphosphates). Phosphates are used
to improve the quality of many foodstuffs, but gfieally in meat and seafood, phosphates work
as water binding, antioxidant, antimicrobial andféing agents. In the last decades, some EU
countries, such as Italy and France, showed a doge of phosphate usage due to the bad
consumer perception towards this type of additive.meat related applications, different
phosphate blends which are available in the masketved better functionality than single

phosphates. The most popular phosphates are akadilyphosphates such as tripolyphosphate
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which represents more than 50% of the phosphated g the meat industry. However, the
usage of phosphate has been restricted in dosagda aome countries; they have been banned
in meat products (Feiner, 2006a, chap. 5).

Phosphates improve the functionality of meat prsten different ways: the first, phosphate
dissociates the acto-myosin complex, which formsngdurigor mortis by sequestrate calcium
(C&") and magnesium (Mg) cations. Calcium makes bridges between actinnaybsin during
the contraction of the muscle where phosphates Havebility to break down these bridges
(Feiner, 2006a, chap. 5). The second, phosphatese ca slight raise in pH of meat products
which increases the gap between ultimate pH anelastysic point. Third, phosphates increase
the electrostatic repulsive forces which expandsireces between actin and myosin allowing for
more water to entrap in these gaps (Barbut, 2002ap. 9). Finally, phosphates increase the
ionic strength of the meat which leads to more sese/elling of muscle fibers and activation of
protein. Only phosphates are able to exert allegaactions which justify their worldwide use
(Feiner, 20064, chap. 5).

Sodium chloride in combination with phosphate camprove protein functionality. When
acto-myosin complexes separate from the effect ladsphate, addition of sodium chloride
increases ionic strength and as a consequenceottiility of muscular proteins improves.
Solubilized proteins have higher ability to immade! high levels of added water as well as
emulsify a large amount of fat. This synergistiteef between phosphates and sodium chloride
gives more flexibility for each one to replace lhe tother (Xionget al., 2000). Therefore,
phosphates can be used in the development of ltwneat product (Ruusunen and Puolanne,
2005). However, recently there are also some rmtdt concerns about the use of phosphates in
foods. Some researchers have shown that phosghatessoluble salts with calcium, iron and
other metal ions which might result in lowering thbsorption of these minerals inside the
intestinal tract and also as a result increase afshone diseases (Sherman and Metha, 2009).
Moreover, high phosphorus intake increases thengaterisk of chronic kidney diseases
(Uribarri, 2009). Apart from these nutritional diaacks, nowadays term “phosphate” sometimes
has negative connotations. To address naturallaad tabel trends, processors are interesting in
phosphate replacers that are natural (natural ainthplant derivatives) and easy to understand

for consumers.
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Phosphates are considered as master additives groving WHC, the yield and eating
quality of meat. A big challenge for the meat indyss to find ingredients that have equivalent
functionality as phosphates. In response to thetiaunal drawbacks and negative connotation of
phosphates, the current trends now are to evaldiffierent food ingredients as phosphate
replacers, optimizing processing techniques andramipg the formulation to reduce or

eliminate phosphates in meat products.
6.3.3 Citrates and carbonates

Citrates are widely used in poultry meat produatmiglation to improve water binding
capacity by increasing the ionic strength and saglihe muscle fiber structure. Alkaline citrates
(e.g. trisodium citrate) are the most common satd in the meat industry to improve WHC by
raising the pH value (Feiner, 2006a, chap. 5).afd8 also reduce the oxidative processes by
chelating the oxidizing metals. Alkaline salts aflaonates minimized the problem of pale, soft
and exudative in meat products (Alvarado and S&©83). But more recent studies revealed
that sodium bicarbonate is able to reduce sheaefand improves the yield of poultry marinated
meat (Seret al., 2005; Petracait al., 2012b).

Sodium bicarbonate could be used in meat formulatas phosphate replacers. It was found
that the quality traits (color, WHC, texture, andlg) of meat treated with sodium bicarbonate
were similar to some extent to meat treated witbsphates. Meat treated with bicarbonate
showed more coarse structure which could be exgadainy generation of carbon dioxide during
cooking (Seret al., 2005; Sheard and Tali, 2010). Due to differerinesuffering capacity and
ionic strength, bicarbonate showed a greater ghiitincrease meat pH (Ové. 0.3 pH units)
and higher yield in comparison with sodium tripdiggphate. The alkalinization effect of
bicarbonate moves pH of meat away from isoelegiiat of myofibrillar proteins and increases
net negative charge. Electrostatic repulsion foozsse expansion of muscle fibers which allow
more water to be immobilized in the myofibrillarttlee. Low-resolution nuclear magnetic
resonance technique showed that the combined uskicafbonate with sodium chloride
determined a remarkable increase of the propodfoentrapped water into myofibrillar spaces
(Petraccit al., 2012b).
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6.4 Ingredientswith indirect functional effect on the meat system

A second group of functional ingredients includdarge variety of compounds of different
origins like extenders (non-meat compounds withsaterable protein content), fillers (plant
substances with high carbohydrate content) andebén(substances with high-protein content
able to bind both water and fat) (Table 6.4).

6.4.1 Starches and cereal flours

In processed poultry meat products, starches aremomly used as a thickener as well as
gelling, water retention and bulking agents to iover texture characteristics (Table 6.4).
Moreover, particular modified starches can be usedorovide the desired simulated fat
properties (termed as “fat mimetic”) by improvingetmouth-feel properties arising from bulking
and moisture retention, and also can provide fréeae stability of the gelled water in meat
products. Native starches from various botanicailms contain different ratios of amylose and
amylopectin which impart specific functional propes for each type of starch. Even amylose
and amylopectin are composed from the same mondbBwglucopyranose), but due to the
differences in the type of bonds, molecular weiglaisd the shape of polymers (lineas:
branched), they exhibit different functional praes.

Starches containing higher amylose content impigien gel strength. Linear structure of
amylose molecules can easily dissolve in a soluimh during heating, arrange themselves with
one another, associating hydrogen bonding in gétixndesign which builds texture of the meat
products during processing. During storage, amyloséecules start to re-associate together,
leaving less space which pushes water moleculesobugel matrix, then starch starts to
recrystallize or retrograde. This process determihe quantity of purge loss of cooked meat
products during storage, especially those prodilngts are packaged under vacuum, as a result
affecting the long-term stability of products. Thenched amylopectin molecules cannot align
as easily as amylose, and thus, give weaker hydrbgading and gel strength. Amylopectin is
responsible about the elasticity and viscosity atach gel. Starches high in amylopectin (i.e.
waxy starches) are easier to cook and generaligtigedle at lower temperatures than starches
with high in amylose content (Feiner, 2006b, cl&p.
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Table 6.4 Classification, dosage, functional properties andinmproduct applications of the main
functional organic compounds used in poultry meatessing.

Functional properties Main product applications
E- Curren
Compounds Water Texture Fat Whole- Formed/ Coarse
number dosage Emulsified
gelling Modulator stabilizationMuscle Restructured Ground
PLANT COMPOUNDS
+
Starches No/Yes < 4%  +++ +++ +++ +++ +++ +++
++1

Cereal flours No <4% ++ ++ + (0] + +++ o/+

Proteins No <2% +++ +++ +++ +++ +++ ++ +++

Fibres No/Yes< 2%  +++ +++ +++ ol+ ++ +++ +++
HYDROCOLLOIDS Yes <0.5% +++ +++ 0 +++ +++ + +++
MEAT COMPOUNDS
Collagen derivates:
- Low content No <35% + Yes + o] o + ++
- High content +++ Yes +++ +++ +++ + +++
Blood protein&
- Plasma fraction No <2.0% +++ Yes + +++ +++ + +
- Globin fraction + No +++ o o @) +++
Sodium caseinate No <2.0% + No +++ ++ ++ + +++
Whey proteins No <35% + No + ++ ++ + ++
Albumen No <10%  +++ Yes + o] ++ O +

1 OSA-starch? Available in the market only of porcine origin

+++ = high; ++ = medium; + = low; 0 = none

Potato and tapioca starches are the most widely imspoultry meat products. Potato starch

has some privileges like low gelatinization tempam (60-65°C), high water binding capacity
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and high viscosity which make it favorable to theamindustry. Tapioca starch is usually used to
impart shiny, smooth texture and neutral tasterfeat products.

Each type of starch undergoes to different strattdransformation patterns (granules
swelling, viscosity, loss of birefringence, heatsagbtion, and gelling temperature) when
introduced to meat products and subjected to lmeatnbent. Integrated approaches employing
these different structural transformation pattermsbined with optimizing product formulations
and processing techniques from one side, and ngedtie consumer expectations and
satisfactions from the other side could be usedalstin exploring novel modified starches or
starch mixtures. In this regards, several physiaatl chemical modifications had been
implemented on native starches to improve gellingperties, swelling, viscosity, heat
adsorption, texture properties and water bindingacdy; such as oxidization (Pietrzyk al.,
2012), phosphorylation (Luet al., 2012), acetylation and oxidation (Chibuzo, 2012),
hydroxypropylation (Moghaddast al., 2013), treatment with octenyl succinic anhydi(@&A)
and heat treatment (Sorgy al., 2010; Timgrenet al., 2013), and heat-moisture treatment
(Puncha-arnon and Uttapap, 2013).

Modified food starches are considered as food agditwhich make them non favorable for
clean label products. In order to meet market requents for clean label, special “native
functional” starches (i.e. potato, tapioca, waxyzepproduced by means of physical treatments
have been introduced in the markets (i.e. Novatiamm National Starch) (Anonymous, 2012).
These starches are available in the market in twang. The first, cook-up starches (pre-
gelatinized) are mostly used in cooked productabse being able to bind water during heat
treatment, and the second is instant or cold sweelétarches which are able to bind water
already in meat batters before cooking. It was @btirat the use of different starches (regular
and modified potato and tapioca) reduced cookiisg lEbout 5% in PSE-like meat (Zhang and
Barbut, 2005; Feiner, 2006b, chap. 6). Due to ttueeiase of demand on low-fat frankfurters,
modified starches were utilized for this purposéfasmimic” agents (Keeton, 2001). Reduction
of fat content usually coincides with the incre@semeat content, which lead to increase in
redness values, firmness, and decrease in WHChif dontext, number of hydrocolloid
compounds were developed to improve water bindagacity in the gel matrix to minimize the
effect of fat reduction (Weisgt al., 2010; Kwang Nanet al., 2013).
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Native and pre-gelatinized cereal flours (obtainednly from wheat and rice) are commonly
used in minced meat products (1 to 3%) in orderei@ain water in both cold and warm
conditions, bind meat particles, and impart desiiedures as well as enhance the forming
properties of comminute meat batters (i.e. durhng groduction of patties or nuggets) (Barbut,
2002d, chap. 10, Talukdet al., 2013). Pre-jellification of cereal flours enhaddbe swelling
and hydration properties of starch and proteinseurmbld conditions as well as giving a
complete gelation of starch/ protein matrix evenpnoducts to be cooked at low endpoint
temperatures (i.e. 68-70°C) (Keeton, 2001).

6.4.2 Vegetable proteins

Proteins derived from various plant origins areduss binders and extenders to increase
water retention in meat products (Table 6.4). Reduydl flaked textured vegetable proteins (i.e.
from soy, wheat and pea) are widely used in meadlymts such as burgers, patties, pies and
salami to optimize the cost of formulation by redgcthe lean meat content (Sadler, 2004;
Asgaret al., 2010). The most common plant proteins that aegl irs meat products derived from
soybeans or wheat. However, pea proteins are bagopopular in Europe because they are
currently produced by none genetically modifiedamigms (non-GMO) (Feiner, 2006b, chap.
6).

Soy and pea proteins are categorized as flourgetdrates, and isolates on the basis of their
dry-weight protein content (50, 70, and 90%, retipely) as well as textured materials. The
mechanism of action of soy protein can be integatdty protein-water interaction (wet ability,
solubility, and swelling) which increase the vistpsand create a gel matrix during heating.
(Moureet al., 2006).

Soy isolates (90% protein) are mainly used to iaseethe level of protein content, optimize
the cost (by replacing the lean meat in restrudtamed emulsified meat products), enhance the
texture profile and fat emulsification capacity firave sliceability in meat sausage rolls and
consistency in Bologna-type products), and increasisture retention (higher yield, reduce the
purge loss during storage, and more juiciness farmated injected/tumbled whole-muscle or
restructure products).

Soy protein concentrate (70% protein) is rich befs (contains most of the fibers in original
soybean), it is widely used in meat formulationirnigrove water and fat holding capacity and

also it can add nutritional value to meat produtite to its fiber content. Soy flour has less
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protein content (50%) and it is used as filler @xdender in meat products and also it could
improve the water binding capacity depending on ¢bmmercial forms (natural or full fat,
defatted, and lecithinated soy flours), but it miaypart “bean taste” to meat products (Feiner,
2006b, chap. 6). In some cases, soy is addeddgutpose of protein enrichment in the finished
product (Asgaet al., 2010). Specialized soy proteins with high gellprgperties were used to
manufacture low-cost (low lean meat content) erfiatsisausages, burgers, meatballs and
nuggets.

Proteins obtained by non-GMO pea represent a giveadhative of genetically modified (GM)
soy. Pea protein isolates are soluble proteins gothd gelling, emulsification and water binding
properties which make them convenient for applicetiin processed meat products. However,
pea protein isolate is still not plain in flavor iass in soy proteins. This defect in pea protein
isolate could be representing a challenge in foatmg of mild flavor meat products where

detection of this flavor becomes easier.
6.4.3 Vegetablefibers

From a technological viewpoint, the use of vegetditlers from different botanical origins to
develop the quality of meat products is a promigregd. Fibers have multifunctional properties:
enhance WHC, modulate texture, stabilize fat in lefied products, exert a fat mimetic
behavior in reduced-fat products, and so on. Filwensld also be exploited as a way for
nutritional enrichment of processed meats (Fernai@laeset al., 2007; Bodner and Sieg, 2009;
Toldra and Reig, 2011).

Bamboo, oat and wheat bran are a good sourcesallvie fibers (cellulose, hemicelluloses
and lignin), while psyllium, fruit (citrus, applend chicory are considered a good sources of
soluble fibres (gums, pectins and mucilages). Byples are available in the market in different
processing levels (native or modified) and in vasiparticle sizes and shapes (Bodner and Sieg,
2009). Various types of fibres have been studiedsiagle or in combination with other
ingredients to formulate reduced-fat meat prodwziarse ground and restructured products, and

meat emulsions (Table 6.5)
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Table 6.5 The main applications of vegetable fibers usecbmltpy meat processing.

Type Dosage Fiber size Main applications

Upto 0.5%  30-40 um Injected products
Insoluble

(i.e. bamboo, wheat, oat, €1C.);, 15 1 504  90-200 um Restructured, Coarse/Ground or

Emulsified products

Soluble
Up to 1% Not relevant All categories
(i.e. inuline)
Soluble rich Injected products (40 um)

Up to 1% 40-100 um Restructured, Coarse/Ground or

(i-e. lemon, orange) Emulsified products

Intermediate Restructured, Coarse/Ground or

0, -
Upto 1.5%  100-400 UM g o iified products

(i.e. pea, potato)

The functional properties of fibers depend on plangin (i.e. pea, carrot), botanical part
utilized to extract the fibers (i.e. pea husk pea inner part), physical status of fiber particle
(i.e. fiber length or fiber “expansion”), and thechnology used to extract the fibers (i.e.
separation of desired fibers, chemical/physicatirent to obtain desired characteristics in the
product). Each commercial product has, to somenetapecial functional behavior, and so it is

not easy to find different commercial products htheesame fingerprint of functional properties.
6.4.4 Hydrocolloids

Hydrocolloids are hydrophilic polymers mainly dext from plant or marine sources that
have the ability to spread throughout water formaiter gel or viscous solution (reversible or
irreversible) (Table 6.6). Gums exhibited gellingogerties in meat products, reduced the
cooking loss, improved the texture, and preventgtei®sis without interfering meat protein
functionality (Feiner, 2006b, chap. 6). Among mamydrocolloids that are available in the
market, carrageenans and alginates are the mosmaoiy used in poultry meat product
formulations.

Carrageenans are widely used at a low active do§aged.1 to 0.3%) for injecting and/or
tumbled meat parts (i.e. for injected turkey bresimprove yield, control purge loss, improve

finished product sliceability, and enhance the ijgss. There are three main types of
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carrageenans, namely k-, i- and |-carrageenans@airfferent functional properties. However,
only k- and i-carrageenans are incorporated intppuheat products. k-carrageenans produce a
very firm but brittle gel (a strongest gel is obtd by the presence of potassium ions) which
tends to exhibit syneresis, while i-carrageenardgees an elastic gel which is resistant to
syneresis. This is why k- and i- fractions of cge@anans are always commercially available in
blends in order to modulate texture and controlesgsis and purge loss in the final product
(Feiner, 2006b, chap. 6).

Consumer interest is currently shifting towards Hatleaner meat products and at the same
time with reasonable prices. Therefore, this trgaderated a great interest in the meat industry
to use polysaccharide gums (such as carrageendralginates) in meat formulation to reduce
the cost and the fat content in lean meat prodbgtsmproving the WHC. The effect of
carrageenans on the functional properties of ppufieat products has been the subject of
numerous studies (Verbekenal., 2005).

Several studies have evaluated the different fanatiaspect of carrageenan in meat products
such as: the carrageenan function in relation éontlascle fiber type (Amako and Xiong, 2001),
impact of carrageenan on technological and sensaperties of sausages (Ayadial., 2009),
effect of carrageenans in combination with wheytgirs on texture properties (Barbut, 2010),
impact of carrageenans on the cooking and storagges$ (Cieraclet al., 2009), synergistic
effect of k-carrageenans and locust beans gumasepce of potassium and calcium chloride
(Garcia-Garcia and Totosaus, 2008), and the efbéatlifferent ratios of whey powder, i-
carrageenan, and fat on texture sensory traitsifiNetcal., 2012).

It was found that alginate had the ability to foanmeat stable gel in the presence of calcium
ions, enhance and improve the binding of small npzaticles in poultry products (Barbut,
2002d, chap. 10; Keeton, 2001). Alginates can hésased for the production of meat replacers
where a gel like meat-alginate matrix is formulatexn a little amount of meat, high amount of
water, flavors and colorants. This mix is used astmeplacers to produce different varieties of
low-value meat products. In addition, special a¢gnblends were prepared to produce stable
cold fat emulsions (i.e. with chicken skin) suclchgken nuggets or sausages.
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Table 6.6 Origins, functional properties and main functionfs hydrocolloids used in poultry meat
processing.

Thickening Gelling
Hydrocolloid Origin Main functions
properties  Properties

Marine . . . .
Gell tf d 20-40%) to high (600%
Carrageenan No/Low Yes elling agent for medium ( ) to high (600%,
Algae extended meat products
Marine , - .
Alginate Yes Yes Mainly used for cold meat binding, fat emulsionsasia
Algae meat extender
Mainly used for its synergistic behavior with k-
Locust bean . - .
um Seed Yes No carrageenans to increase gel elasticity and resist
g syneresis
Xanthan gum Bio- Yes No Geherally used Fo_ inf:rease prine viscos_ity in o_rth
fermentation avoid starch precipitation and improve marinademngon
Cold swelling hydrocolloid with thickening capac
Guar Gum Seed Yes No Mainly used with other ingredients (starches, velle

fibers, etc.)

6.4.5 Proteins from animal sources

Numerous types of animal proteins derived from atiitself (meat, skin, blood) or by its
products (egg and milk) are available in the madsefunctional ingredients (collagen, gelatine,
whey protein, casein, aloumen, dehydrated beeéproand so on) to add various technological
and sensory properties to meat products (Xiong9pR0Gelatine, collagen and blood derived
proteins are widely used in meat formulations. R#gethe interest in gelatin has started to
grow due to the manifestation of broad new appbecat in the food industry. Collagen and
gelatin showed more favor water binding capacitycomparison with starches and other
hydrocolloids in formulation of meat products (Cgeand Sun, 2008; Gomez-Guilleh al.,
2011)

Wide range of gelatine products derived from porét beef are more available and favorite in
use than poultry, this could be attributed to thatk and beef proteins are more functional (i.e.
gelling ability) and less expensive. The commerc@lagen derivatives have different abilities
to swell in cold or hot conditions and this allowseting wide industrial applications. Cold
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swelling products are suitable for the use of raimoed meat products (i.e. hamburgers and
sausages), whereas a hot swelling products areluegbreparation of brines to be injected in
whole meat parts to be subsequently cooked.

Protein derivatives of blood are also availablede as functional ingredients in poultry meat
products. Plasma proteins possess featured fuattiproperties: excellent solubility, low
viscosity and the ability to form strong, elasticdairreversible gels which increase the gel
strength as the temperature increases (Prabhu).Z0@&se characteristics make plasma proteins
very useful for incorporation in a brine to be otgd, and during cooking plasma proteins
produce strong stable gelled matrix inside injeateght. In addition, plasma proteins are also
good emulsifiers and as a consequence, they atkinsamulsified sausages to improve yield,
knack (plasma gel is also thermal irreversible) stadbility of fat when low quality meat is used,
or to replace some of the lean meat fractions.

Poultry protein isolates (PPI) are promising fuoctl ingredients usually used in processed
poultry products to improve the texture, sensquralperties, reduce the cost of formulation (by
reduction of lean meat content), and decreaseatheohtent. Poultry protein isolates are usually
prepared from low quality meat (mechanically setgargoultry meat MSPM). Low-fat Turkey
Bologna formulated from PPl showed the same quakligracteristics (cooking yield, purge loss,
and fat stability) of that one formulated with smptein isolate (Silva&t al., 2011; Omanat al.,
2012).

Transglutaminase is a food-grade commercially ab&l enzyme which has the ability to
make cross linking between protein forming gel rekywhich retains big quantity of water and
thus improving the water binding capacity. Trantmhinase was used to improve gelling
properties of heat-induced myofibrillar proteinleges and low-value meat products (Sun and
Arntfield, 2011), the texture properties of chickiereast patties (Uraet al., 2013), and water
holding capacity (Xian-bao and Wei, 2010).

Sodium caseinate and whey proteins and their dereveare used in comminute and
emulsified meats (frankfurters and bologna), andre® ground products (fresh sausage, meat
patties and meatballs), and marinated or injectedtsnto improve moisture retention, fat
binding and textural characteristics of cooked md&8arbut 2006; Xiong, 2009). In general,
sodium caseinates contribute to the overall firsngflsmeat products (i.e. hams). On the other

hand, functionality of whey protein was improvedttwsodium tripolyphosphate (Smith and
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Rose, 1995) or by addition of biopolymers prepafemin soybean proteins and caseins
(Mugurumaet al., 2003).

It was found that skim milk powders were the maatddicial in improving yield and texture
in comparison to caseinate and modified whey pnetéBarbut, 2010). Finally, Hongsprabhas
and Barbut (1999) evidenced that the cold settingleey protein isolate improved the binding
of raw and cooked meat batters, particularly at &alt level. Egg albumen proteins are often
used in poultry meat products. Egg white is usetbimked sausages such as frankfurters because
of its ability to form a stable and heat-irrevelsigel, thus positively contributing to the firmses
of low-cost emulsified sausages (Alleoni, 2006; &eyal., 2012).

6.5 Conclusions

Innovative meat formulations as well as improvirge thealth image of processed meat
products can be achieved by adopting integratedesfies that balance between using different
types of functional ingredients derived from bottinaal or plant origin or also by using some of
inorganic salts and innovative processing technegrhese integrated approaches could be
useful during formulation of processed meat proslueking into consideration: the market
demands (i.e. national, ethnic and traditional @gjuand policies, legislation restrictions, food
allergy and intolerance issue (i.e. coeliac disepsetein allergens), clean label requests (i.e.
short list of ingredients, absence of additive,)etavailable processing technologies and most
important economic feasibility (i.e. least costnfimia). Additional challenge for poultry meat
industry is to address consumer demand for healthéat products that are low in sodium, fat,
cholesterol, calories, free phosphate, and incatpovegetable proteins and dietary fibers. For
this reason, part B of Ph.D research project wasdted for these purposes and in particular, to
study the possibility to formulate phosphate maedachicken breast meat and low sodium

marinated rabbit meat products.
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CHAPTER 7

Comparison between the quality traits of phosphate and bicarbonate-

marinated chicken breast fillets cooked under different heat treatments

7.1 Abstract

The use of phosphates has recently diminished in meat industry due to the nutritional
drawbacks of phosphates, some researchers started to evaluate sodium bicarbonate as a
phosphate replacer in cooked meat products. Several studies evaluated the differences in
quality properties between phosphate and bicarbonate-marinated chicken fillets under similar
processing conditions; however, there is very little information about the differences in
quality traits between phosphate and bicarbonate-marinated chicken fillets cooked under
different heat treatments. The aim of this study is to evaluate the effect of a different
temperature-combination of dry air-heat treatments (Air and Core temperatures: 160-76°C,
160-80°C, 200-76°C, 200-80°C, respectively) on quality characteristics of phosphate and
bicarbonate-marinated chicken breast. A batch of 24h post-mortem broiler breast meat of 80
fillets was divided into two groups of marination treatments (0.3% sodium bicarbonate n=40,
0.3% sodium tripolyphosphate n=40) and were vacuum tumbled (45 min, -0.95 mbar, 20
rpm). Different temperature-combinations of heating treatments showed significant
differences in the chemical composition. The most severe heat treatment (200-80°C)
exhibited significantly (P<0.05) lower moisture content and the higher protein content for
both types of marinated fillets in comparison with other heat treatments. Bicarbonate
marinated fillets showed higher ability to retain water (67.3 vs. 65.7%, P<0.05) during severe
heat treatment and lower cook losses (30.7 vs. 33.4%, P<0.05) when compared with
phosphate-marinated fillets. The effect of changing the cooking temperatures on Texture
Profile Analysis (hardness, cohesiveness, gumminess, springiness, and chewiness) was more
significant in phosphate marinated fillets than bicarbonate. Bicarbonate-marinated fillets
showed significant differences in the percentage of bound water, latent heat, and water
activity after cooking in comparison to phosphate-marinated fillets. The results of this study
revealed that phosphate-marinated fillets interact with heat treatments in a different pattern in

comparison with bicarbonate-marinated fillets.

Keywords: Marination, sodium bicarbonate, heat treatments, chicken fillets, quality traits.
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7.2 Introduction

Marination is one of the most common techniques that are usually used to improve the
flavour, tenderness, succulence, stability and safety of meat from an aspect and enhance the
yield from another aspect (Alavardo et al., 2007). Several studies have implemented on
marinated meat to evaluate the processing conditions: time and type of marination, salt
concentration, polyphosphate concentration, cooking methods, and other processing
parameters by employing several quality measures such as marinade uptake, water retention,
water binding capacity, cooking loss, texture and sensorial properties (Xiong and Kuspski,
1999; Zheng et al., 2000).

Phosphates that are used in meat formulation; made from sodium or potassium salt of
phosphoric acid. Particularly, pyrophosphate and tripolyphosphate are frequently used to
increase the water binding capacity of the meat. Sodium tripolyphosphate (STPP) accounts
for approximately 80% of the phosphates used in further-processed meat products. In this
context, phosphates offer a wide range of functional properties to the processed meat
products which render them as a preferable choice for meat producers. The maximum dose of
phosphates according to the EC regulations must be less than 0.5% (w/w) expressed as P»Os.
Phosphates can impart the functional properties to meat products in several synchronized
ways: by shifting the pH far away from isoelectric point, increasing the ionic strength, and
improving the solubilization of myosin and actin by sequestering Mg and Ca ions which
involve during the formation of actomyosins complex. Dissociation of actomyosins enhances
the solubilization and the functional properties of proteins during processing (Smith and
Young, 2007). Phosphates also have a strong synergistic effect in the presence of sodium
chloride. Sodium chloride is used in combination of phosphate in marinades to improve the
texture and yield of muscle meat products (Petracci et al., 2012b). Beside to the former
unique characteristics, phosphates improve the oxidative stability, flavour and retard the
microbial growth in meat products (Barbut, 2002c).

Increase of phosphate dietary intakes could have an impact on the health aspects: first,
some people cannot adopt high level of phosphate, which leads to an allergic reaction and
Attention Deficit Disorder (ADD) in children (Hafer, 2002). Second, increase the levels of
phosphates in the blood over the limits of metabolic process could affect the function of some
organ like kidneys or in some cases it causes damage or even organ failure (Dikeman et al.,

2003). Third, diarrhoea and sometimes hardening of soft tissues and organs are also
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symptoms of increase dietary phosphate (Berner and Shike, 1988). Finally, high consumption
of phosphates reduces the absorption of calcium and as a result it can lead to osteoporosis in
postmenopausal women and the development of brittle bones in renal patients (Anderson,
1996). Moreover, it may interfere with utilization of iron, calcium, magnesium, and zinc by
the body.

With all of the foregoing, the use of phosphates have been recently diminished in meat
industry due to some nutritional drawbacks of phosphates which previously mentioned as
well as for their ability to interfere the absorption of some minerals in the gut by forming
insoluble complexes with calcium and magnesium. Several countries have banned their use in
raw meat production (Sebranek, 2009). In response to these nutritional drawbacks, many
studies started to evaluate some functional ingredients to replace the use of phosphate in meat
products. The current consumption trends shift towards low-sodium and phosphate-free meat
products. Sodium citrate, carageenans, non-meat proteins employed to meet these purposes
(Petracci et al., 2013a).

Carbonate and bicarbonate compounds are considered as a new promising agent as
phosphate replacer. Some recent studies showed that bicarbonate compounds can reduce the
drip loss and shear force; improve the yield, and other characteristics as well as phosphates
(Wynveen et al., 2001; Bertram et al., 2008; Shread and Tali, 2010). This effect could be
explained that bicarbonates have the higher buffering capacity and ionic strength than
phosphates (Shread and Tali, 2010; Bertram et al., 2008). But in general, the exact
mechanism that stands behind this effect is still not fully understood. However, introduction
of sodium bicarbonate to marinated meat is not easy applicable task because the high pH
condition increases the risk of bacterial growth. Therefore, there is a need to add some food
preservatives to the marinade solution or changing the processing operations to improve the
microbiological stability of meat products. But from the health aspect viewpoint, the addition
of food preservative may impart negative connotation to the product which might reduce the
willingness of consumers to accept it.

The impact of different heat treatments on the quality traits of marinated poultry meat had
been subjected for evaluation and investigation by several authors. Air-steam treatment was
one of the best methods for obtaining more tender chicken slices. It was found that the effect
of heat treatment time on cooking loss was more than heating temperature (Barbanti and
Pasquini, 2005). Low relative humidity-heat treatment showed higher quality traits for
cooked turkey meat when compared to high steam treatment (Mora et al., 2011). Cooking

conditions (temperature and cooking time) have a massive impact on the physical
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characteristics of meat and eating quality. The types and the quantity of meat muscle proteins
(myofibrillar and the connective tissue proteins) have a major role in the toughness of meat.
Upon cooking, these proteins undergo to different structural changes: denaturation,
destruction of cell membrane, shrinkage of meat fibres, the aggregation and gel formation of
myofibrillar and sarcoplasmic proteins shrinkage and solublisation of the connective tissue
(Brake and Fennema, 1999).

Bicarbonate compounds have been evaluated as a phosphate replacer under the same
conditions of heat treatment. There were no studies that evaluated the effect of bicarbonate in
comparison to phosphates under different conditions of heat treatments. The aim of this study
to evaluate the effect of different heat treatments on the quality traits of bicarbonate-

marinated breast fillets in comparison to phosphates-marinated fillets.
7.3 Materials and methods
7.3.1 Samples preparation and classification

A batch of 80 skinless chicken breasts was obtained from commercial plant after 24 h
postmortem from the same flock. The breast fillets were trimmed and adjusted to have raw
weight mean £ SEM (141.03 g + 0.93 g) to exclude the interaction between the effect of
weight and the effect of the heat treatment. The colour values (CIE: L*, a*, b*) have been
measured for each fillet according to the procedure described in 3.3.2.1 Colour
measurements. The samples were reorganized in two groups (n=40) have the similar average
(without statistical difference) lightness values (L*) + SEM (51.02 + 0.25) and (50.94 = 0.20)
for bicarbonate and phosphate marinating treatments respectively. There was no significant
difference due to groups’ assignment. pH was measured according to the Jeacocke (1977)
procedure described 3.3.2.3 pH measurements. Color values (L*, a*, b*) were measured

before and after marination and after cooking as described in 3.3.2.1 Color measurements.
7.3.2 Water Holding Capacity (WHC)

The WHC of the raw breast cuts was measured by modifying Van Laack method (2000).
30 g of minced meat was stirred with 90 ml of 1% sodium chloride in a 250 ml Byrex bottle.
The samples were homogenized by using a high speed blender (ultra-turrax®, T 25 basic) for
1 min at 9500 rpm. Each 20 g of homogenized solution was centrifuged for 1 min at speed
22000 rpm and temperature at 6-7°C. The supernatant was removed to calculate the moisture

uptake as follows:
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meat weight after centrifuge — meat weight before centrifugej <100

Moisture uptake (%) =
P %) { Weight of meat before centrifuge

7.3.3 Water activity (ay)

ay was measured at a constant temperature (25 = 1°C) by a water activity meter mod
Aqualab (Decagon Devices Inc., Pullman, WA) that bases its measure on the chilled-mirror
dew-point technique. For each marination treatment, the Aw was detected in 3 samples

before tumbling, after tumbling, and after cooking.
7.3.4 Marination and cooking process

The first group was marinated with sodium tripolyphosphate (P) and the second group
marinated with sodium bicarbonate (B) by vacuum tumbling (45 min, -0.95 bar, and 20 rpm)
with target marination level 20% and 0.3% for each salt. Marinade uptake was measured
according to 3.3.2.4.2 Marinated meat cuts. Each type of marination treatments was divided
into four groups (n=10) and subjected to different heat treatments by air oven (oven-core
temperatures: 160-76°C (A), 160-80°C (C), 200-76°C (D), and 200-80°C (E)). Each group of
samples was distributed over metal trays and each two groups were cooked as one batch at
similar oven temperature while the cooking process was ceased at a different core
temperature (76 and 80°C). Cooking loss was determined as described in 3.3.2.4.2 Marinated

meat cuts (c).
7.3.5 Textural analysis

Samples for Texture Profile Analysis (TPA) were excised as described in Figure 7.1. TPA
has been assessed according to 5.3.6 Textural traits. On the other hand, shear force samples
(Figure 7.1) were measured by Allo-kramer method as described in 3.3.2.4.1 Non-marinated

meat cuts (c).
7.3.6 Proximate chemical composition

The chemical composition has been determined according to AOAC before and after
cooking. All samples in each group were used to assess moisture, protein, fat, and ash as
described in 3.3.2.5.1 Moisture, 3.3.2.5.3 Total crude protein content, 3.3.2.5.2 Total crude

fat content, and 3.3.2.5.4 Total ash content, respectively.
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Figure 7.1 Sampling protocol during processing
7.3.7 Freezable water (FW)

The quantity of freezable water was determined in triplicate using raw, marinated and
cooked breast meat samples by a Pyris 6 Differential scanning calorimeter (DSC; Perkin
Elmer Corporation, Wellesley, USA). The DSC was provided with a low-temperature cooling
unit Intacooler II (Perkin Elmer Corporation, Wellesley, USA). The temperature was
calibrated using a standard ion exchanged distilled water (m.p. 0.0°C), indium (m.p.
156.60°C) and zinc (m.p. 419.47°C). In order to calibrate the heat flow, it was used the heat
of fusion of indium (Ah = 28.71 J/g). During the calibration the identical heating rate utilized
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for sample measurements was used and a flux of dry nitrogen gas (20 mL/min) was applied.
Approximately 25-30 mg of meat sample was accurately weighted in 50 pL aluminium pans
using a small spatula. The pan was hermetically sealed and moved to the DSC instrument at
room temperature together with an identical empty pan used as a reference. The breast
samples were cooled until -60°C, using 5°C/min of heating rate, then held for 1h at the final
temperature of -60°C, scanned by increasing the temperature until 20°C at 5°C/min of

heating rate according with Brake and Fennema (1999). FW was determined as:

Fw =2
AH

w

Where AHy, (325 J/g) is the latent heat needed to melt one gram of pure water at 0°C (Roos,
1986) and AH;, (J/g) is the measure latent heat of melting of water for gram of sample,
obtained by the integration of the melting endothermic peak.

FW amount was expressed as gram per gram of fresh sample weight.
7.4 Statistical analysis

The effect of marination and heat treatments on quality traits of chicken breasts were
evaluated by ANOVA option of the GLM procedure (Statistica 6). Means were separated
using Tukey’s honestly significant difference multiple range test with P < 0.05 considered as

significant.
7.5 Results and discussion

7.5.1 Effect of heat treatment on proximate composition

The results of proximate analysis of raw and marinated cooked chicken breast are shown
in Table 7.1, where they were pooled taking in the consideration just the effect of the
marination process on the chemical composition. As expected due to the evaporation effect of
cooking process, the chemical composition was significantly modified after cooking for both
types of marinating treatments (bicarbonate and phosphate). In general, protein content
significantly (p<0.05) increased and moisture content decreased.

Bicarbonate-marinated fillets exhibited significant differences in chemical composition in
comparison to phosphate-marinated fillets when the results were pooled just according to
marination treatment. In general, cooked chicken breasts treated with bicarbonate showed
significantly (P<0.05) higher moisture (69.66 vs. 68.75%) and lower ash contents (1.58 vs.
2.01%) than phosphate-marinating treatment. There were no differences in lipids and protein

contents among the two treatments. The difference in chemical composition (particularly
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moisture content) denoted that the water binding capacity in meat treated with bicarbonate
was higher than phosphate treatment and this also could explain the difference in ash content

due to the lost moisture Table 7.1.

Table 7.1 Proximate composition (+ standard error) for raw and cooked treated breast with

bicarbonate and polyphosphate (pooled according to marination treatment).

Proximate chemical composition

Total moisture Total proteins Total lipids Total ash
Status of chicken breasts
(g/100 g) (g/100 g) (g/100 ) (g/100 g)
Fresh or raw 74.47+0.10° 22.82+0.67° 1.49+0.23 1.37+0.01°
Cooked and treated with bicarbonate 69.66 +0.25° 28.07+0.28° 1.55+0.06 1.58+0.06°
Cooked and treated with polyphosphate 68.75+0.37°¢ 28.04+0.42° 1.46 £ 0.09 2.01+0.08*

*¢ Different superscript letters within a column mean significant difference (P < 0.05).

The effect of heat treatment and marination process together in proximate composition
was shown in Table 7.2. It was found that there were slight differences in the ash and lipid
contents in chicken breasts marinated with bicarbonate and cooked under different heat
treatments (BA, BC, BD, BE). Low variability in the moisture change between different heat
treatments, could also explain the slight differences in the ash and fat contents (Table 7.2),
while the lowest moisture content and the highest protein content were observed in the most
severe heat treatments for both bicarbonate and phosphate treatments (BE and PE). Treatment
BA and BD had no significant differences in moisture and protein contents. The highest
moisture content (71.36%) has been observed in BC treatment if compared with all other
treatments. In general, the most severe heat treatment (highest set and core temperature)
caused higher significant changes in proximate composition for both types of marinating
treatments. The results also showed that breast fillets treated with bicarbonate and cooked at
the highest severe heat treatment (E) had higher ability to retain water than phosphate
treatment (67.28 vs. 65.68%, P<0.05). The effect of heat treatments on the chemical
composition of bicarbonate-marinated fillets were different from phosphate-marinated fillets.
In general, both marination and cooking treatments have resulted in significant differences in
proximate composition which could be explained by different factors: water evaporation, fats

melting and loss of soluble proteins (Bertam et al., 2004).
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Table 7.2 Proximate composition (+ standard error) for raw and treated breast with bicarbonate and

polyphosphate under different heat treatments.

Proximate chemical composition

Type of Total moisture Total proteins Total lipids Total ash
treatment® (g/100 g) (g/100 g) (g/100 g) (g/100 g)

BA 6998 +0.44°  26.82+0.56 1.60+0.13% 1.44 £0.07¢
BC 7136 +0.3° 2837+0.7° 1.70+0.2° 1.54+0.1%
BD 70.02+0.41°  2667+067  131+£022"  1.60+020
BE 6728 £0.31°  3044+0.59% 159+0.19% 1.76 +0.10°
PA 70.16£0.39°  2697+0.50" 1.60+£030®  2.10+0.07®
PC 69.92+0.41° 2727+046° 137+0.12"  1.79+0.09
PD 69.22+0.43°  2685+0.88"% 139+0.09% 1.79+0.06
PE 65.68+020¢ 31.06+0.62% 1.48+0.17% 236+0.26°

* B and P represent bicarbonate, phosphate respectively, while A, C, D, E represent heat treatment at
different core and oven temperatures: 76-160°C, 80-160°C, 76-200°C, 80-200°C respectively.
“d Different superscript letters within column for each marination treatment mean a significant

difference (P<0.05).

7.5.2 Effect of heat treatments on texture properties

Changing of heat treatments had a significant effect on the texture profile of
polyphosphate-marinated meat, while this effect was not clear in the fillets treated with
bicarbonate (Table 7.3 and Table 7.4). Both types of marination treatment did not show any
change in hardness (resistance to deformation) at different heat treatment conditions (Table
7.3 and Table 7.4). The effect of heat treatments was significant in PE treatments where
cohesiveness (the strength of the internal bonds making up the product), gumminess (the
energy required to disintegrate a semisolid food to a state ready for swallowing), and
chewiness (a low resistance to break-down on mastication) values were significantly
(P<0.05) increased (Table 7.3). It is known that during the marination process and by using
phosphates, myofibrillar proteins are extracted on the surface of meat. The extracted proteins
have two functions during the cooking process. First, they improve the binding properties by
coagulation. The second, they facilitate the retention of moisture in the meat tissue by sealing
the micro-capillaries with coagulated proteins (Smith, 2001). It is not known that marinated
meat with bicarbonate shows the same behaviour in comparison with phosphate-marinated
meat. But in general, the higher water holding capacity and swelling of myofibrils are

responsible about the mechanism of increased tenderness and juiciness (Offer and Knight,
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1988). This part of the results that belong to effect of bicarbonate on the texture properties
needs further investigations.

Both types of marination treatments showed higher shear values in the most severe heat
treatments (PE and BE). Heat treatments changed the elasticity of fillets treated with
bicarbonate as represented by springiness values (Table 7.3). The effect of heat treatments on
the texture profile of bicarbonate-marinated fillets were less than phosphate-marinated fillets;
this could be explained due to the generation of carbon dioxide produced during cooking and
formation of air-filled pockets which could dilute the load-bearing material during the texture
analysis (Sorheim et al., 2004). Moreover, the lower hardness values (softness) could be
attributed to the large amount of water retained in the meat. The role of phosphate in
improving the tenderness of meat is well known. Polyphosphates promote the weakening of
the myosin heads to actin, and thus promote the dissociation of actomyosin, increase the
electrostatic charge and therefore, they could allow more water to be retained or taken up by
the meat. The increased tenderness might be attributed directly to the higher water content

and weakened muscle structure (Xiong, 2004).

Table 7.3 Shear force and texture analysis profile (+ standard mean error) for breast treated

bicarbonate under different heat treatments

Heat treatment conditions*

Quality traits 76-160°C (BA) 80-160°C (BC) 76-200°C (BD) 80-200°C (BE)

Shear force (kg/g) 2.52+£0.09® 2.41+0.13° 2.59+0.14° 2.85+0.09°
Hardness (kg/g) 2.44+0.13 2.25+0.27 2.03£0.12 1.88+0.11
Cohesiveness 2.87+0.09 3.16+0.13 2.94 +0.06 3.11+0.11
Gumminess (kg/g) 6.92+0.22 7.01£0.78 5.97+0.35 5.79+0.32
Springiness 1.48+0.04 ® 1.44+0.03° 1.54+0.04 1.56+0.02°
Chewiness 10.25 +0.39 10.04 + 1.00 9.14 +0.53 9.05 + 0.48

*® Different superscript letters within a row mean a significant difference (P<0.05).
* B represents bicarbonate while A, C, D, E represents heat treatment at different core and oven

temperatures: 76-160°C, 80-160°C, 76-200°C, 80-200°C respectively
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Table 7.4 Shear force and texture analysis profile (+ standard mean error) for breast treated

phosphates under different heat treatments

Heat treatment conditions*

Quality traits 76-160°C (PA) 80-160°C (PC) 76-200°C (PD) 80-200°C (PE)

Shear force (kg/g) 2.11+0.10° 2.08+0.11° 2.39+£0.09° 2.71+£0.10°
Hardness (kg/g) 2.26+0.20 2.25+0.17 1.81+ 0.31 2.44+0.11
Cohesiveness 2.78+£0.07° 2.83+0.11° 2.73+0.11° 3.12+0.05*
Gumminess (kg/g) 6.21+0.43® 6.30+0.36 * 491+0.78"° 7.60+0.29 *
Springiness 1.64 £ 0.05 1.60 £ 0.04 1.65 + 0.04 1.60 £ 0.04
Chewiness 10.12+£0.53 ® 10.03£0.47 ® 8.05+1.23° 12.10+0.32°

“* Different superscript letters within a row mean a significant difference (P<0.05).
* P represent phosphate while A, C, D, E represent heat treatment at different core and oven

temperatures: 76-160°C, 80-160°C, 76-200°C, 80-200°C respectively
7.5.3 Water Activity, freezable and bound Water

There are three different forms of water inside the meat tissues. The first one is the major
part of the water (more than 80%) retained in meat as free which can be expressed by water
activity (aw). The second part of water (10-15%) is immobilized and entrapped under the
effect of net charge attraction. The third part of water is a minor part (around 4%) usually
bound to the ionizable groups of amino acids of the proteins and other groups able to form H
bonds. The first two parts of water are affected or lost during processing like cooking,
cutting, grinding, and storage (Pearce et al., 2011). In our study, Water activity (ay) was used
to estimate mainly the first two parts.

Water activity (aw) was significantly higher in bicarbonate treated fillets when compared
to phosphate marinated fillets (0.998 vs. 0.995, P<0.05) (the result was not mentioned in the
figures and tables). Water activity was reduced after cooking in all types of heat treatments in
comparison with marinated meat (Figure 7.2 and 7.3) which may be explained by the loss of
major amounts of free water due to evaporation by dry cooking. The most severe heat
treatment (80-200°C) exhibited the lowest a,, for both types of marination treatments. For
bicarbonate treatment, there was no significant difference in water activity between group D
and E. On the contrary, the group A showed significantly higher water activity (0.991 vs.
0.989) than group C. Moreover, there was no significant difference between raw and
marinated meat in water activity, this result may be explained due to the high moisture

content of raw meat.
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Figure 7.2 Water activities (aw) (mean + standard mean error) for chicken breast meat raw and
marinated with bicarbonate (B) and cooked at different heat treatments (A, C, D and E represent
different core and oven temperatures: 76-160, 80-160, 76-200 and 80- 200°C, respectively).

“IDifferent superscript letters mean a significant difference (P <0.05).

Similarly, there were no significant differences in water activity after marination process
for phosphate treatment in comparison to raw meat, which may explain as mentioned for
bicarbonate treatment. Phosphate-marinated fillets showed the same trend in the change of
water activity during different cooking treatments. The effect of core temperature on water
activity was stronger than the effect of oven temperature in both of marination treatments. It
seems that water activity was highly affected by oven temperature which at the same time
affected highly the moisture content and also cooking loss. There was no significant
difference in water activity between group D and E while group A and C showed
intermediate values. Both group D and E had significantly higher values of water activity

(0.987 and 0.985 vs. 0.990, P<0.05) than group A.

162



1.000 , 99°
0.995
0.995 -
0.990
0.9r90
0.990 -
0.987
1 0.985
0.985 - a a 1
b bc
0.980 - ¢ ¢
0.975 T L T L L 1
Raw Marinated A C D E

Figure 7.3 Water activity (aw) (mean =+ standard mean error) for raw and marinated chicken breast
meat with phosphate (p) and cooked at different heat treatments (A, C, D and E represent different
core and oven temperatures: 76-160, 80-160, 76-200 and 80- 200°C, respectively).

*“Different superscript letters mean a significant difference (P <0.05).

There were significant differences in total latent heat and bound water among bicarbonate-
marinated and phosphate-marinated fillets (Table 7.5). Bicarbonate-marinated fillets cooked
at 76-200°C and 80-200°C exhibited significantly higher percentage of bound water (18.10
and 16.08 vs. 7.02%, P<0.05) than fillets cooked at 76-160°C. Fillets after marination, group
A and group C showed intermediate values of bound water. Group E and D had significantly
higher values of latent than all other treatments while there were no significant differences
between other groups. In general, marination process had a minor effect (intermediate values)
on bound water of bicarbonate-marinated (10.43 vs. 7.16%) and phosphate-marinated (9.07
vs. 7.16%) fillets in comparison to raw fillets. In addition, there were no significant changes
in latent heat before and after marination for both phosphate and bicarbonate treatments.
Cooking treatments C, D and E for phosphate-marinated fillets showed slight significant
differences in bound water. Phosphate-marinated fillets cooked by heat treatment (E: 80-
200°C) showed the lowest latent heat value (159.98 J/g) and highest bound water percentage
(25.05%) in comparison with other groups. Fillets after phosphate marination exhibited

higher latent heat than all groups (A, C, D, and E) after heat treatments.
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Table 7.5 The results of enthalpy and bound water for both types of marination treatments

Bicarbonate Phosphate

Bound water (%) Latent heat (J/g) Bound water (%) Latent heat (J/g)

Before marination 7.16+£0.75°¢ 224.69+1.82% 7.16£0.75° 224.69+1.82%

After marination 10.43+4.11%° 227.64+10.45 9.07£3.71% 230.19+9.39*
A (76-160°C) 7.02+1.91° 211.47+4.34° 10.81+4.74% 203.36+10.82%
C (80-160°C) 9.243.36" 210.24+7.81° 21.81+2.21° 177.68+5.04%
D (76-200°C) 18.10+3.07* 186.85+7.00° 18.09+1.76® 184.27+3.97%
E (80-200°C) 16.08+0.73% 183.50+1.60° 25.04+3.81° 159.98+8.13¢

*¢Different superscript letters within a column mean a significant difference (P<0.05).

The freezable water content for raw fillets was about 93% of the total amount while after
marination it was 91% and 90% for phosphate and bicarbonate-marinated fillets respectively.
The change in freezable water content after marination was slightly significant for both types
of treatments. There were significant differences in freezable water after cooking in all

groups of treatment, but in different degrees (Figure 7.4).

E c = 0.75
abc j0.84
b H 0.82
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C b b 0.78
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* A, C, D, E represent heat treatment at different core and oven temperatures: 76-160°C, 80-160°C,
76-200°C, 80-200°C respectively.

¢ different superscript letters mean a significant difference (P<0.05).

Figure 7.4 Freezable water for fresh, phosphate, and bicarbonate marinated chicken breast fillets

cooked at different heat treatments.
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Phosphate-marinated fillet cooked by the most severe heat treatment (80-200°C) showed
the lowest value of freezable water. Bicarbonate fillets of group C showed higher content of
freezable water (0.91 vs. 0.82, P<0.05) than group D. There was no significant difference in
freezable water between C and D group of phosphate treatment while at the same time they
were significantly higher than raw. According to these results there was no relation between
freezable water and water activity values. The changing in the percentage of freezable and
bound water during different cooking treatments could be attributed to the loss of water by
evaporation, loss of some soluble proteins due to cooking loss, and denaturation of proteins in
which the type or the forms of bonds with water change.

7.5.4 Color, pH, marinade uptake, drip and cooking loss and WHC (Pooled as
Marination)

There were no significant differences in L* (Lightness), a* (redness) and b* (yellowness)
values of raw chicken meat fillets which were dedicated for bicarbonate and phosphate
treatments. The samples were dispersed in a systematic way to obtain consistency of color
between treatment groups. The consistency in the color is important because it was found that
meat color extremes may affect marination uptake, cook yield, and shear force (Qiao et al.,
2002). After the marination process, L* (Lightness) values for bicarbonate (55.30 vs. 51.02)
and phosphate (56.51 vs. 50.94) treatments were significantly (P<0.5) higher than raw fillets
while there were no significant differences in a* (redness) and b* (yellowness) values (Table
7.6). This increase in lightness could be due to the increase in extracellular water as a result
of the marination process.

In general, there was no consensus between the previous studies on the effect of the
marination process on colour values. Young et al. (2005) found similar L*, a* and lower b*
values in marinated fillets in comparison to non-marinated fillets while Lyon et al. (1998)
pointed out that marinated poultry muscles had lower red (a*) and yellow (b*) values when
compared to non-marinated meat. In another study, marinated meat showed slight significant
decrease in L* and a* values (Smith and Young, 2007). It was found that both a* and b*
values decreased in marinated fillets (Young and Lyon, 1997; Allen et al., 1998). It is not
easy to resolve the changes in the color values of poultry muscle after marination because
they depend on different factors, but the most important is the pH (Young and Lyon, 1994). It
was found also that vacuum tumble marination has resulted to increase cooked meat lightness

and decrease cooked meat redness (Young and West, 2001). After marination, phosphate
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marinated fillet exhibited higher a* (0.84 vs. 0.33, P<0.05) and b* (10.19 vs. 9.05, P<0.05)
than bicarbonate marinated fillets.

As expected, meat pH was increased after both types of marination treatment because both
marinating ingredients are alkaling agents. Phosphate alone increased significantly (P<0.05)
the pH of meat by approximately 0.15 units, whilst bicarbonate alone increased the pH by
0.34 units (Table 7.6). After cooking, bicarbonate marinated fillets exhibited higher pH value
(6.24 vs. 6.15, P<0.05) than phosphate marinated fillets. This difference may explain due to
the fact that phosphate marinated fillets before cooking had lower pH value (6.07 vs. 6.26)
than bicarbonate marinated fillets. Bicarbonate showed a higher effect on the pH than
phosphate and these results are consistent with the previous studies (Sen et al., 2005). The
differences in buffering capacity and ionic strength between phosphate and bicarbonate may
be explained by the difference in the ultimate pH (Sindelar ef al., 2003). The greater effect of
bicarbonates may be more due to a higher buffering capacity and ionic strength than

phosphates.

Table 7.6 Color, pH, marinade uptake, drip loss, WHC and cooking loss (+ standard error) for raw

and cooked breast treated with bicarbonate and polyphosphate (pooled as cooking treatment).

Quality traits Bicarbonate treatment Phosphate treatment
L* Fresh 51.02+0.25" 50.94 + 0.25*
Marinade 55.30+ 0.26™ 56.51+0.37%
a*  Fresh 0.46+ 0.08 0.77 £ 0.08
Marinade 0.33+0.09° 0.84+0.10"
b*  Fresh 9.50+0.24 9.55+0.24
Marinade 9.05+0.28" 10.19 £0.32°
pH Fresh 5.92+0.02 " 5.92+0.02
Marinade 6.26+ 0.02*Y 6.07 +0.01>
Cooked 6.24+ 0.01* 6.15+0.01 "%
Marinade uptake% 17.27+0.30° 16.00 +0.41°
Drip loss% 3.24+0.11° 2.74+0.10°
WHC% -2.43+ 1.05 -2,38 £1.61
Cooking loss 26.33+ 0.49 27.03+0.82

“PDifferent superscript letters within a row mean significant difference (P<0.05).

*¥ Different superscript letters within a column mean significant difference (P<0.05).

" Water holding capacity estimated by the quantity of absorbed moisture using Van lack method
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The pH of meat treated with bicarbonate and phosphate was not affected after cooking.
This result was not in agreement with Sindelar e a/ (2003) who found that the pH of
marinated sow loins treated with bicarbonate and polyphosphate increased after cooking.
Bicarbonate-marinated fillets had significantly (P<0.05) higher values of marinade uptake
(17.3 vs. 16.0%) and drip loss (3.24 vs. 2.74%) in comparison with phosphate-marinated
fillets, respectively. Joo et al (1999) found that drip loss was correlated with protein
solubility, increase the solubility of myofibrillar, sarcoplasmic, and total proteins reduced the
drip loss. The causes of the difference in the drip loss between phosphate and bicarbonate are
not known, and so the protein solubility should be evaluated when bicarbonate uses in
comparison to phosphate. The increase in marinade uptake can be attributed to the increased
net negative charge associated to bicarbonate as well as due to the difference in pH. Water
holding capacity and cooking loss did not show any significant differences among the
treatments (Table 7.6).

Because the pH has great impact on tenderness, color, WHC and meat protein binding
ability. The raw chicken fillets were distributed in a way to obtain no significant differences
in the initial pH and lightness (L*) among different groups of treatments (Table 7.7).
Lightness significantly (P<0.05) increased after marination and after cooking in all treatment
groups of bicarbonate-marinated and phosphate-marinated fillets. Even all groups of each
treatment (bicarbonate or phosphate) were separately marinated in one batch, but they
showed different lightness values between groups within the same batch after marination and
after cooking. In general, bicarbonate-marinated fillets cooked under different heat treatments
exhibited slightly higher lightness values than phosphate-marinated fillets; in spite of that
bicarbonate shifts the pH higher than phosphate and also it is well known that meat with high
ultimate pH exhibits more dark color (less lightness) because its surface scatters less light
than meat with a low ultimate pH (Lawrie, 1998). Nevertheless, the color of bicarbonate-
marinated fillets became lighter.

Redness (a*) and yellowness (b) values after marination did not change in all groups of
treatments. On the other hand, after cooking redness (a*) and yellowness (b) values were
significantly (P<0.05) increased in all groups (Table 7.7). These results were in agreement
with Resurreccion (2003) who found that the marinated cooked samples were generally
lighter (higher L*) and more yellow (higher b*) whereas a* (red color) increased as
temperature and cooking time increased. The increase in lightness (L*) values after cooking

could be explained by meat proteins denaturation during heating process which leads to
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increased the reflection and scattering of light giving more lighter meat (Alvarado and Sams,

2003).

Table 7.7 Colour and pH values (+ standard error) marinated breast with bicarbonate and

polyphosphate cooked under different heat treatments.

Type of heat treatment*

Quality traits 76-160°C 80-160°C 76-200°C 80-200°C 76-160°C 80-160°C 76-200°C 80-200°C
(PA) (PC) (PD) (PE) (BA) (BC) (BD) (BE)

L* raw 50.99 +£0.87*  50.45+0.92F  51.75+0.67°  50.57+0.87%  49.82+1.13% 5222081 51.56% 0.43° 5047 £0.75"
L*marinade 56.68+0.69""  54.52+0.68°  57.34+0.40™Y  57.48+0.73"Y  55.24+0.88"Y  54.56£0.617  55.62+0.65"Y  55.76+0.70°"*
L* cooked 76.97+0.47%  78.69+0.66™*  77.11£0.76°*  78.01+0.77°%  77.46+0.58"%  79.26+0.61°*  79.27+0.53"*  §0.01 £0.35"*
a* raw 0.91 +0.34* 0.820.10 0.72 £0.25° 0.62 £0.21° 0.98 +0.27° -0.06 £0.34°  0.65+0.21* 0.28 £ 0.20°
a* marinade  0.77 £0.27°"  0.96 £0.12**  0.91+0.19"*  0.71£0.18"** 0.50£0.23"™*  0.10 £0.32""  0.89 + 0.32**  -0.19 % 0.14**
a* cooked 2.1320.16 %Y 2.39£0.14 ™% 273+ 0.14™Y  1.69 +0.15% 2,65+ 0.24™Y 224024 "% 2,93 +0.16" 1.85 £ 0.20%
b* raw 10.46 £0.88  8.42£0.73" 9.77 +0.62* 9.53 +0.64° 8.19 +0.79° 10.88 +0.66" 8.84 + 0.86° 10.07 £ 0.95°

b* marinade  11.02+0.98%%  8.20 +0.18"*  10.77£0.40°*  10.77£0.39"*  8.10 £0.86"*  10.07£0.61°>*  9.04 +0.78">*  8.99 + 0.83">*
b* cooked 1331+ 0.8  13.98+0.30°  14.58+0.38'  14.62+0.63'  13.22 £0.57  14.94+059°  15.30+0.49 14.92 + 0.47"

pH raw 5.92+ 0.02° 5.92+ 0.02° 5.92+ 0.02° 5.92+ 0.02° 5.92+ 0.02° 5.92+ 0.02° 5.92+ 0.02° 5.92+ 0.02°
pH marinade  6.050.02°  6.09+0.03""  6.07£0.03"  6.05£0.02Y 6210087 634+ 0.05 621002  6.26+.02"
pH cooked 6.16+ 0.02"  6.17+0.02""  6.14+0.02"Y  6.14£0.01"Y  6.23£0.03"  6.28+ 0.04"Y 621 0.02""  6.24 £0.02""

* B and P represent bicarbonate, phosphate respectively while A, C, D, E represent heat treatment at
different core and oven temperatures: 76-160°C, 80-160 °C, 76-200°C, 80-200°C respectively.
“*Different superscript letters within a row mean a significant difference (P<0.05).

** Different superscript letters within a column mean a significant difference (P<0.05).

The increase in redness (a*) and yellowness (b) values in all groups could be explained by
sugar-amine browning reaction that occurs on the dehydrated surface due to the dry heat,
amine groups in the muscle proteins react with any available reducing sugars, such as free
glucose, giving brown color derivatives. Browning occurs normally at high temperatures
(more than 90°C); in our experiment the surface temperature was higher than 160°C. Another
cause which may change redness (a*) and yellowness (b) values is formation of cooked meat
pigments which show the brown color of metmyoglobin because of oxidation and
denaturation of globular protein from heat (Hedrick et al., 1994). Redness (a*) values for
bicarbonate-marinated fillet were slightly higher than phosphate-marinated fillets. Trout
(1989) pointed out that increase of the pH of the meat decreased heat denaturation of
myoglobin during cooking, therefore resulting in an increase of pinkness or redness value. He
observed also that the phosphate ion increases the susceptibility of myoglobin to heat
denaturation, but the increase of pH due to the addition of tripolyphosphate compensates the
effect of susceptibility to denaturation.

There were no significant differences in marinade uptake and drip loss between the groups

assigned for different cooking conditions for both of bicarbonate and phosphate-marinated
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treatments. The most severe heat treatment (80-200°C) showed the highest cooking loss
(30.68 and 33.43%; P<0.05) and the lowest yield (69.32 and 66.57%; P<0.05) for both type
of bicarbonate and phosphate-marinated treatments respectively (Table 7.8). At this type of
heat treatment bicarbonate-marinated fillets showed higher ability to retain the moisture than
phosphate, which can be seen by the results of cooking loss and yield. The rest of the heat
treatment did not show any effect on the cooking loss and the yield in all of the groups.

By and large, Fillets treated with bicarbonate showed higher ability to retain water in
comparison of phosphates. Actin (thin filament), myosin (thick filament), and their combined
structure actomyosin are the most important protein, which play a major role in water binding
capacity. Phosphates solubilize and unfold myofibrillar proteins due to electrostatic repulsion,
and so more the amount of water that can be retained by the muscle due to increase the size
of the space between the filaments. Therefore, anything that changes the spaces between the
thick and thin filaments or the ability of the proteins to bind water can affect water-holding
properties of the meat (Rust, 1987; Lawrie, 1998). The roles of phosphates in improving the
water binding are well known and they work in different ways: due to their buffering capacity
phosphates are able to shift pH far away from the isoelectric point of the myofibrillar
proteins, unfolding muscle proteins which lead to more charged sites for water binding, and
cleavage actomyosin bonds that formed in post-rigor, thereby increasing the potential for
swelling of the filaments (Xiong, 2004). On the other hand, the exact mechanisms and the

role of bicarbonate in improving the water binding-holding capacity are not well known.

Table 7.8 Marinade uptakes, Drip loss, cooking loss and yield (+ standard error) for marinated breast

with bicarbonate and polyphosphate cooked under different heat treatments.

Type of heat treatment*

Quality 76-160°C  80-160°C  76-200°C  80-200°C 76-160°C 80-160°C 76-200°C  80-200°C

traits (PA) (PC) (PD) (PE) (BA) (BC) (BD) (BE)
Marinade 16.16£0.77  14.66+0.72  16.68+0.87  16.50+0.85  16.20£0.57  17.18+0.83  18.06+0.93  17.65+0.93
uptake

Drip loss 2.64+0.09 2.3540.15 3.10+0.23 2.8740.19 3.5240.39 2.74+0.61 3.60+0.20 3.10+0.13
Cooking loss  25.20+0.63°  24.44+0.64° 25.05+1.77° 33.43+0.47° 24.57+0.48° 2543+0.80° 24.65:+0.69° 30.68+0.61°
Yield 7479£0.63  75.56£0.64° 74.95+1.77°  66.57+0.47° 75.43+0.48  74.57+0.80° 75.34+0.69"  69.32+0.61°

* B and P represent bicarbonate, phosphate respectively while A, C, D, E represent heat treatment at
different core and oven temperatures: 76-160°C, 80-160°C, 76-200°C, 80-200°C respectively.

*“Different superscript letters within a row mean a significant difference (P<0.05)

In our results, bicarbonate exhibited a higher water binding capacity than phosphates

which could be explained because bicarbonate increased more the pH and showed higher
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ionic strength (Shread and Tali, 2010) and therefore it could increase the spaces between the
thick and thin filaments more than phosphate. Sodium bicarbonate also produced holes
during cooking due to the generation of carbon dioxide leading to coarser microstructure

which could also improve the physical entrapment of water (Shread and Tali, 2010).
7.6 Conclusions

Chicken breast fillets treated with phosphates exhibited different quality traits (texture
profile analysis, shear force, water activity, freezable water and chemical compositions) when
compared with fillets treated with bicarbonate. Bicarbonate-marinated fillet showed a better
water binding capacity and texture properties. The exact roles that stand behind these
differences between bicarbonate and phosphate are not well known, but the main
discriminated features of bicarbonate its ability to raise the pH higher than phosphate and the
generation of carbon dioxide gases during cooking. The findings of this study suggest that
phosphate marinated fillets interact with heat treatments in a different way in comparison
with bicarbonate marinated fillets. Overall, Bicarbonate could be a promising agent to replace
phosphates in meat formulation, but there is a necessity to evaluate the use of bicarbonate

under different processing conditions and formulations.
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CHAPTER 8

Partial replacement of sodium chloride with potassium chloride in

marinated rabbit meat

8.1 Abstract

Rabbit meat has similar traits to poultry meat; especially in nutritional aspects. Therefore,
the meat industry has recently started to introduce some of attractive and convenient rabbit
meat products to the market such as hamburgers, stuffed rolls and baby foods. The aim of the
study is to evaluate the possibility to produce low sodium marinated rabbit meat products. In
order to achieve the purpose of the study, sodium chloride has been replaced by potassium
chloride at different levels starting from 20% up to 50%. Technological, sensorial, and
microbiological traits of marinated rabbit meat have been evaluated at different levels of
sodium reduction. In total, 226 rabbit loin meat samples were obtained and subjected to
vacuum tumbling using solutions with different NaCl: KCI ratios. Replacing of sodium
chloride up to 30% by potassium chloride did not change microbiological traits (total aerobic
mesophilic and lactic acid bacteria maximum cell loads), sensorial acceptability (perceived
saltiness and overall liking) and technological traits (pH, colour, texture, cooking loss, and
yield). Otherwise, reduction of sodium chloride to 50%, significantly decreased perceived
saltiness (4.15 vs. 4.73; P<0.05) and reduced microbial shelf-life by 1 day when compared to
control, even if there was still no effect on technological traits. In conclusion, it is feasible
imparting an added value for processed rabbit meat products by a reduction of sodium

content which could increase market interest.

Keywords: Rabbit meat; marination; salt replacement; potassium chloride; meat quality.
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8.2 Introduction

In the last few years, high sodium dietary intake and its implications on hypertension and
cardiovascular diseases has lead to several successful attempts to reduce sodium levels in meat
products (Ruusunen and Puolanne, 2005; Desmond, 2006; Doyle and Glass, 2010). Nevertheless,
dietary sodium intake is still underestimated and exceeds recommended dietary allowance (Newson
et al.,2013).

Particularly, reduction of sodium chloride in meat products adversely influences water binding
capacity, texture, safety and microbial shelf-life (Lanciotti et al., 2001; Desmond, 2006; Taormina,
2010). Moreover, sodium reduction at certain levels decreases the intensity of native and added
flavours of meat products which could affect consumer acceptance of low-salt meat products
(Ruusunen and Puolanne, 2005; Desmond, 2006).

There are actually different approaches to reduce sodium content in processed meat products. One
of them is the use of salt substitutes (i.e. potassium, magnesium and calcium chloride and salt of
lactate, citrate, ascorbate and sulphate) possibly together with masking agents. Another strategy is
the use of flavour enhancers (i.e. yeast extracts and dehydrated proteolyzed milk or cereal proteins)
which increases the perceived saltiness (Desmond, 2006; Petracci et al., 2013a).

Although potassium chloride has been extensively evaluated as a salt replacer in different meat
products (Gou et al., 1996; Gelabert et al., 2003; Campagnol et al., 2011; Lee et al., 2012; Jin et al.,
2013), no studies are available in the literature that evaluated the inclusion of potassium chloride in
rabbit meat formulations.

Employing potassium chloride in meat formulations has well known limitations at certain
concentrations such as bitter flavour. In addition, potassium chloride is less effective than sodium
chloride in promoting meat protein functionality and some adjustments have to be done during
formulation and processing when designing low-sodium products (Petracci et al., 2013a). On the
other hand, several studies revealed that potassium chloride had a similar effect against different
spoilage and pathogenic species when used as salt replacer at certain conditions (Askar et al., 1993;
Bidlas and Lambert, 2008; Fuentes et al., 2011; Harper and Getty, 2012).

Based on all former studies, technically potassium chloride can be suitable to reduce the level of
sodium in processed rabbit meat products taking into consideration its limitations. In addition, the
rabbit meat is considered as a unique white meat with functional and nutritional characteristics such
as low-fat meat with a high unsaturation degree of fatty acids, low cholesterol and heme-iron levels,
and high content of conjugated linoleic acid, vitamins and antioxidants (Dalle Zotte and Szendrd,

2011). However, the market share of rabbit meat is still limited to whole carcass or cut-up products
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and until now, there are few processed rabbit meat products available in the market such as stuffed
rolls, hamburgers and baby foods (Cavani ef al., 2009). Hence, production of processed rabbit meat
products with added value (like low sodium contents) can alleviate the ethical implications which
considered rabbit as a pet animal. Moreover, during processing as in marination, typical wild flavour
of rabbit meat which negatively impact attitudes of young and unfamiliar consumers can be covered
by introducing some flavoring agents (Petracci and Cavani, 2013a).

Marination can also improve the texture and juiciness and increase the yield, which could reduce
the cost of production. All these processing aspects could impart most marketable features to rabbit
meat. Thereupon, there were several studies which evaluated the effect of marination on other types
of meat and also there are many products of marinated pork, beef, and poultry meat products
available in the market (William, 2012), while similar rabbit meat products are not currently
marketed nor well investigated.

The aim of this study was to evaluate the effect of sodium chloride replacement with potassium
chloride (from 20 to 50%) on marination performances, technological and sensory properties as well

as microbial shelf-life of marinated rabbit meat to be sold as an uncooked value-added product.
8.3 Materials and methods
8.3.1 Experimental design

The study was divided into two experiments: the first was dedicated to evaluate the effects of
sodium chloride replacement with potassium chloride (from 20 to 50%) on marination performances
and technological traits. In the second experiment, the effects of 30 and 50% salt replacement on
sensory properties and microbial shelf-life were investigated. These levels were selected based on
the results of the first experiment as well as on previous findings, which showed that sodium chloride
replacement up to 30% can be achieved without impairing sensorial and microbiological properties,
while 50% substitution level may determine some adverse effects (Ruusunen and Puolanne, 2005;

Desmond, 2006; Doyle and Glass, 2010; Lee et al., 2012).
8.3.2 Experiment 1

A total of 100 Longissimus lumborum meat samples, belonging to the same rabbit batch (11
weeks-old, average weight of 2.7 kg), were obtained 24 hours post-mortem from a local commercial
plant. The samples were trimmed in order to remove external connective tissue and fat. In two
replications, the samples were divided into five groups (10 samples/group) having similar weight and

pH. The colour was also measured on transversal section.
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Each group was marinated under vacuum in a small-scale tumbler (model MGH-20, Vakona
Qualitat, Lienen, Germany) (Figure 8.1b) using 20% (wt/wt) marinade solution (Figure 8.1a)
formulated in order to achieve 1.8% as a final target concentration of salts in marinated meat and
different NaCI:KCl ratios: 100:0, 80:20, 70:30, 60:40 and 50:50. Tumbling was performed in 46 min
(4+£1°C) at a speed of 20 rpm including three working cycles (13 min/cycle) and two pause-cycles (3
min/cycle). Marinade uptake, colour after marination, purge loss (Figure 8.1c¢), cooking loss, total
yield, colour after cooking (Figure 8.1d and Figure 8.1¢) and Allo-Kramer shear force (Figure 8.1f)
were measured in each sample as described in 3.3.2 Quality traits analysis.

Colour measurement. The colour profile of lightness (L*), redness (a*), and yellowness (b*) was
measured on a transversal section before and after marination and after cooking by a reflectance
colorimeter.

Shear force measurement. The shear force test was performed using a “TA-Hdi® Texture Analyser”
(StableMicro Systems, UK) equipped with an Allo-Kramer shear cell set with 25 kg load cell and
crosshead speed of 500 mm/min. From each cooked loin, a 2-cm long sample was cut (removing
both cranial and caudal parts), re-weighted and sheared while keeping blades perpendicular to the
muscle fibres direction. Shear force was expressed as kilograms shear per gram of sample (Bianchi

et al.,2007b).

a. Sample preparation: labelling and soaking

in marinade solution
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b. Marination by using small scale vacuum

tumbler

c. Storage at refrigeration conditions for drip

loss and purge loss

d. Cooking the samples in hot water bath at
80°C
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g OUAGE, ELE B, e. Drying and weighting the samples for
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) i & ; cooking loss

f. Sample for shear force

Figure 8.1 Schematic flowchart for experimental design
8.3.3 Experiment 2

Using the same procedures adopted for experiment 1, a total of 126 Longissimus lumborum meat
samples were divided into three groups (42 samples/group) and tumbled using marinade solutions
characterised by 100:00, 70:30 and 50:50 NaCl: KCI ratio, respectively. After tumbling, a half of
samples from each group were used for assessing microbiological traits, while the remaining ones
were used to perform sensory analysis.

Microbiological traits. After marination, samples were individually packed under vacuum and
stored for 21 days at 4+1°C in a cooler. During this period, three samples (considered as replications)
for each group were used to monitor the main microbial populations at 0, 3, 7, 10, 13, 17 and 21 days
of storage. Aseptically, 10 g from each Longissimus lumborum were weighted into a sterile plastic
bag, then 90 ml of saline/peptone water was added and homogenised using a Stomacher mixer (Lab
Blender Seward, PBI International) for 120 sec. Suitable serial decimal dilutions were then prepared
and aliquots (1 or 0.1 ml) used to inoculate plates in order to enumerate viable counts of total aerobic
mesophilic bacteria, by using Plate Count Agar (Oxoid) incubated for 48-72 h at 30°C considering
all colonies appeared in the petridishes, and lactic acid bacteria (LAB) evaluated with de Man
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Rogosa, Sharpe (MRS) Agar (Oxoid); the plates were incubated under anaerobic conditions for 3
days at 37°C by using anaerobic jar.

Sensory analysis. Following marination, Longissimus lumborum samples were packaged under
vacuum, cooked in a water bath (1 hour, 80°C) and allowed to equilibrate to room temperature.
Afterwards, cranial and caudal parts were removed and central section was cut in order to obtain
three samples from each loin with the same thickness. Consumer test was conducted in a certified
sensory laboratory (UNI ISO 8589, 1989) using 40 untrained panellists demographically
characterised as follows: 38% and 62% were male and females, respectively; 58% were from 20 to
30 years old, 22% were from 30 to 40 years old, and 20% were older than 40 years. Each panellist
was offered three warm samples (1 for each group) according to a randomized block design and
asked to score each sample for perceived saltiness, ranging from 1 (extremely unsalted) to 7
(extremely salted) and overall liking from 1 (extremely disliking) to 7 (extremely liking) by using the
following questionnaire. 1.

Questionnaire.1
CARD TESTER N.

NAME AND FAMILY .ottt e e,
Sex OM O F
Age ..o,

are you regular consumer of meat? O YES O NO
INSTRUCTION OF TEST
Evaluate the samples from left to right. For each of the two samples, check the box on the judgments

of Sapidity and Pleasantness.

Rabbit meat

LEVEL OF SALTNESS
Sample | Extremely Very Slightly Neither Moderately | Verysalt | Extremely
bland bland bland salty nor salt salt
bland

O O O O O O O

O O O O O O O

O O O O O O O

LEVEL OF ACCEPTANCE
Sample | Extremely Very Slightly Niether Moderatley Very Extremely
unaccepted | unaccepte | unaccepted accepted accepted accepted accepted
d nor
unaccepted

O O O O O O O

O O O O O O O

O O O O O O O
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8.4 Statistical analysis

Data about marination performances and technological traits were analysed by using two-ways
ANOVA considering marinade solution, trial and their interactions as principal effects. Sensory data
were analyzed using a two-way ANOVA, treating a marination type as a fixed effect, while panellist
and panellist by marination-type interactions (if any) as random effects. Mean differences were
separated by using Tukey's HSD post-hoc test at a significance level of 0.05. Differences in
microbial loads at the same sampling time were assessed by using the t-test and significance of
differences was defined at P < 0.05. Moreover, microbiological data of mesophilic and lactic acid
bacteria collected over storage were modelled by using the Gompertz equation as modified by

Zwietering et al. (1990).

y=K+Adexp {— exp H Hnax %)(ﬂ—t)ﬂ} }

Where vy is the load cell data (Log CFU g ™) at time t (days), K is the initial contamination level
(Log CFU g ™), A is the maximum cell increase attained at the stationary phase (Log CFU g ™), fmax
is the maximum growth rate (A Log [CFU g '] per day) and A is the lag phase length (days). The
growth parameters derived from the Gompertz equation (i.e. A, that is the maximum cell increase,
Wmax that is the maximum growth rate and A the lag phase length) for the mesophilic bacteria at the
different marinating conditions were then used to estimate the product shelf life, which was
calculated as the time necessary to attain a threshold level of 7 Log CFU g ™ as a critical cell load for

the mesophilic spoilage-associated microflora.
8.5 Results and discussion
8.5.1 Marination performances and technological properties (Experiment 1)

As a result of experimental design, pH and the colour of the samples before marinating did not
differ among experimental groups (Table 8.1). It is noteworthy to highlight this aspect because of the
well-known influence of pH and colour on water holding capacity of the meat (Hulot and Ouhayoun,
1999). In this way, it was possible to exclude any interference on subsequent measurements of water
holding and binding capacities that are normally used to evaluate the ability of meat to absorb liquid

during marinating and retain it during subsequent storage and cooking phases. In this regard, some
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studies performed on poultry demonstrated that both raw meat pH and colour significantly
influenced marinade solution adsorption and cooking performance (Qiao et al., 2002).

No relevant differences were found in pH after cooking as well as in colour after marination and
cooking with the exception for the groups with 40% and 50% sodium chloride replacement, which
exhibited higher pH in respect to control group as well as increased redness (a*) values only if
compared with the 80:20 NaCl: KCI group (Table 8.1). Overall, these results were in agreement with
previous similar studies conducted on beef and pork in which no or slight differences were found
when sodium chloride was replaced with potassium chloride up to 50% (Terrell ef al., 1981; Jin et
al., 2013). Moreover, also Petracci et al. (2012b) found that marinated cooked chicken meat with
high ultimate pH was associated with higher a* values. This can be due to the protective effect
exerted by high pH value against heat denaturation of myoglobin during cooking, which resulted in
an increase of meat redness (Trout, 1989).

With regard to marination performances, partial sodium chloride replacement with potassium
chloride up to 50% did not exhibit any negative effects on marinade uptake, cooking loss and total
yield (Table 8.1). Significant differences were only found in purge losses which were higher in
samples marinated by using a 40% sodium chloride substitution with respect to 20% ones, while
other groups showed intermediate values.

In a similar study conducted on marinated chicken breast meat, Lee et al. (2012) found that
sodium chloride replacement with potassium chloride up to 75% did not impair marinade uptake and
retention, while the amount of juices lost during cooking increased when sodium chloride was
partially replaced with potassium chloride. Recently, Jin ef al. (2013) found that partial or complete
replacement of sodium chloride by potassium chloride in sausages and cooked ham had no negative
effect on water holding capacity. According to Hamm (1986) hypothesis, the role of sodium chloride
depends mainly on CI anions that penetrate into myofilaments leading to swelling them due to
electrostatic force; this can explain why replacing sodium chloride with potassium chloride up to
50% in this study did not impair water holding capacity.

Finally, no significant differences were found in Allo-Kramer shear force values for all levels of
salt replacement (Table 8.1). Lee er al. (2012) also ascertained that partial sodium chloride
replacement with potassium chloride did not modify instrumental meat tenderness in marinated
poultry meat, while Jin ef al. (2013) evidenced a lower shear force in cooked ham formulated with
potassium chloride. Furthermore, if the absolute Allo-Kramer shear force values that were obtained
in the present study are compared to those found by Bianchi ef al. (2007b) on non-marinated rabbit

meat, it can be argued that the marination determines an increase in meat tenderness also in rabbits
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as well as widely observed in different kinds of meat such as beef, pork and poultry (Scanga et al.,

2000; Sheard and Tali, 2004; Petracci et al., 2012b).

Table 8.1 Effect of different levels of NaCl replacement with KCI (100:0, 80:20, 70:30, 60:40 and 50:50

NaCl: KCl ratio) on marination performances and quality traits of marinated rabbit meat (n=20/group).

Marinade solution (NaCl: KCl ratio)

Parameter RSE Prob.
100:0  80:20  70:30  60:40  50:50

Non-marinated raw meat

pHu 588 588 58 58 589  0.007 0.999
lightness (L*) 477 478 474 485 478 6991 0.793
redness (a*) 279 256 258 263 281 0416  0.618
yellowness (b*) -1.06  -1.01  -141  -0.86 -092  1.189  0.545
Marinated raw meat

uptake (%) 18.1 183 18.2 18.3 183 7485  0.997
lightness (L*) 452 451 446 461 449 3552 0.149
redness (a*) 376 368 353 360 370 0470 0.851
yellowness (b*) 045  -0.17 -0.64 -0.07 -0.68 1.165 0274
purge loss (%) 227" 225> 250" 258 234® 0157 0.036
Marinated cooked meat

cook loss (%) 207 202 208 207 209 5008 0.892
total yield (%) 915 921 920 910 910  7.829 0.623
pH 6.08" 610" 6.12" 6.15°  6.14°  0.004 0.010
lightness (L*) 735 742 745 747 746 2285  0.106
redness (a*) 1.96® 1.70°  1.92* 2.10° 228  0.191  0.001
yellowness (b*) 746 707 706 7.8 738 0381 0.157
Allo-Kramer shear force (kg/g) 1.91 2.07 2.04 1.90 2.03 0.067  0.128

RSE, residual square error.
“b=P<0.05

In conclusion, experiment 1 revealed that the replacement of sodium chloride up to 50% with

potassium chloride did not determine any adverse effects on marination performances and

appearance and tenderness of the rabbit meat.
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8.5.2 Microbiological traits and sensory properties (Experiment 2)

As shown in figure 8.2, the total number of acrobic mesophilic bacteria, which is commonly used
as a contamination index for meat products, and LAB were assessed to evaluate the microbial shelf-
life. Although no significant differences (P>0.05) in total viable counts at the end of storage period
(day 21) were detected among all marinating treatments, different growth patterns for lactic acid
bacteria were observed when sodium chloride was replaced by different levels of potassium chloride.
In this context, the gradual sodium chloride replacement resulted in a more rapid growth for the LAB
as evidenced by the growth rate (umax). The values obtained by modelling the cell count data over
storage with the Gompertz equation (Table 8.2). On the other hand, a lag phase extension of 1 and 3
days was detected in samples marinated by using 70:30 and 50:50 NaCl: KCl ratios, respectively; as
shown by the A values reported in Table 8.2. Evaluating the inhibitory effect of potassium chloride
on microbial growth is of relevant importance in order to define its potentialities as sodium chloride
replacer. In this context, Alifio et al. (2010) found that there were no significant differences in the
counts of aerobic mesophiles and lactic acid bacteria when sodium chloride was partially replaced

with mixtures of potassium, magnesium and calcium chloride in pork loins.
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Figure 8.2 Effect of different levels of NaCl replacement with KCI (100:0, 70:30 and 50:50 NaCl:KCl ratio)
on evolution over storage at 4°C of mesophilic bacteria (a) and lactic acid bacteria (b) of marinated rabbit

meat packaged under vacuum (n=3/storage time/group) (* = P<0.05).

In a further study, a similar trend was also observed where different levels of NaCl replacement
by KCI in fermented sausages showed that neither lactic acid bacteria nor Micrococcaceae were
affected (Campagnol et al., 2011).

On the other hand, it was demonstrated that equal molar concentrations of NaCl and KCI had a
similar inhibitory effect against some food-borne pathogens (Gelabert et al., 2003; Bidlas and
Lambert, 2008). In this regards, Boziaris ef al. (2007) found that potassium chloride maintained the
same inhibitory activity as sodium chloride against Listeria monocytogenes Scott A in terms of lag
phase duration, growth and death rate. Nevertheless, a study was carried out by Samapundo et al.
(2010) indicated that the microbiological consequences of the full or partial replacement of NaCl on
the growth of Lactobacillus sakei largely depend on the initial concentration of NaCl, level of its
replacement and nature of the salt replacer. The same authors also reported that NaCl and KCI have
approximately equal inhibiting effects on the estimated growth of Lactobacillus sakei in broth when
added alone at equimolal concentrations. On the other hand, 50% replacement of NaCl (4.2%) by

KCl resulted in a significantly faster growth rate, in addition to a 1 day extension of the lag phase.
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Table 8.2 Predicted values of the Gompertz parameters obtained by modelling the viable count data of total

mesophilic bacteria and lactic acid bacteria in marinated rabbit meat packaged under vacuum.

Marinade solution Total mesophiilic bacteria Lactic acid bacteria

(NaCl:KCl ratio) Al Momax A A Mmax A
100:0 4.14 0.76 3.41 4.96 0.42 4.55
70:30 4.53 0.73 2.53 5.02 0.72 593
50:50 4.82 0.88 3.13 5.09 1.26 7.55

" maximum cell increase (Log CFU/g)

* maximum growth rate (ALog CFU/g*day)
? lag phase length (day)

Considering mesophilic bacteria, the results demonstrated that up to 30% of the sodium chloride
replacement did not affect their growth parameters, while a slightly higher growth rate was observed
for the 50:50 NaCl: KCI ratio marinating group (Table 8.2). As a consequence, control and 70:30
NaCl: KCl groups presented a similar microbiological shelf-life (time necessary for the level of
mesophilic bacteria to reach 7 Log CFU/g) of 8 days, while the 50:50 NaCl: KCI one had a one-day
shorter shelf-life (Table 8.3). This result is in agreement with the work of Samapundo et al. (2010)
who found that the growth rate of L. sakei was significantly lower when NaCl was used alone (4.2%)
than that obtained at a replacement level of 50% with KCI. The findings of this study also revealed
an extended shelf-life if compared with Rodriguez-Calleja er al. (2005) who estimated that acrobic
counts of rabbit meat (overwrapped with oxygen-permeable film and refrigerated stored) achieved
the critical value of 7 Log CFU/g after 5 days of storage. These results could be explained due to
differences in the initial microbial load resulting from the hygienic conditions during sample
collection, handling, and processing. Moreover, in our study vacuum packaging was used instead of
overwrapped with an oxygen-permeable film thus imparting anaerobic conditions. It is well known
that survival and growth of spoilage organisms are greatly affected by the gaseous composition of
the atmosphere surrounding the meat. In particular, the aerobic storage can accelerate spoilage due to
the fast growing of the pseudomonads, while vacuum and modified atmosphere packaging can
favour the dominance of a facultative anaerobic population including lactic acid bacteria and B.
thermosphacta (Doulgeraki et al., 2012). As vacuum packaging can prevent the growth of some
food-borne pathogens and spoilage bacteria commonly present on meat, it is widely used for

packaging primal cuts for distribution to retailers.
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Table 8.3 Effect of different levels of NaCl replacement with KC1 (100:0, 70:30 and 50:50 NaCl: KCl ratio)

on predicted microbial shelf-life of marinated rabbit meat packaged under vacuum.

Marinade solution Microbial shelf-life

(NaCl:KCl ratio) (days)'
100:0 8.3
70:30 8.2
50:50 7.3

! Time necessary to attain a mesophilic count of 7 Log CFU/g, calculated by using the predicted

Gompertz parameters.

Water activity (aw) is a physical property that has a direct implication for microbiological safety
and spoilage of food. Therefore, water activity aw has been measured in parallel to microbiological
analysis during the storage period (Figure 8.3). aw is defined in terms of thermodynamic concepts
such as the chemical potential and is related to the osmotic pressure of an aqueous solution. When a
substance such as salt (sodium chloride) is dissolved in water, the water activity is reduced. For this
reason, why aw has been measured in this study. aw of a food or solution is the ratio of water vapor
pressure of the food or solution (p) to that of pure water (p,) at the same temperature:

aw = p/Po

Overall, the results showed there was no significant change in aw during storage for all treatments
and also between treatments at each point of storage period. These results may be explained due to
higher moisture content of meat and lower content of salt that may be not significant to detect.

In general, microorganisms grow best between aw values 0.995-0.980, while most microbes
cease growth at aw <0.900. For this reason the effect of aw on microbiological growth was not

apparent.
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Figure 8.3 Effect of different levels of NaCl replacement with KCI1 (raw, 100:0, 70:30 and 50:50
NaCl: KCl ratio) on ay,

Because pH has positive or detrimental effects on microbiological growth, it was also measured
during the storage period (Figure 8.4). According to the chemiosmotic theory (Brock, 1969) pH has a
profound effect on the growth and viability of microbial cells. Each species has an optimum and a
range of pH for growth. The inhibition of growth at a low pH could arise from insufficient energy to
shift protons outwardly through the cell membrane to establish a proton motive gradient (Garland,
1977). As it has also been accepted by many authors that membranes may not be impermeable to
protons (Stouthamer, 1979).

The partial inhibition of growth could result from an additional expenditure of energy to maintain
the membrane potential. Microbes, such as bacteria, are sensitive to the hydrogen ion concentration
they find in their environment. Large proteins, such as enzymes, are affected by pH. Their shape
changes (they denature) and very often brings about an alteration of the ionic charges on the

molecule. Usually, the catalytic properties of the enzymes are lost and metabolism is halted.
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Figure 8.4 Effect of different levels of NaCl replacement with KCI1 (raw, 100:0, 70:30 and 50:50
NaCl: KCl ratio) on pH.

As for sensory evaluation, perceived saltiness and overall liking of cooked meat samples
marinated with different NaCl: KCI ratios are presented in Figure 8.5. Overall, perceived saltiness
was judged between score 4 (neither salty nor un-salty) and 5 (moderately salty) and overall liking
very close to score 5 which corresponded to “moderately likely”.

Panellist did not find any differences between control and 70:30 NaCl:KCI group for both
perceived saltiness and overall liking, while panellists perceived lower saltiness in 50:50 NaCl: KCl
group even if this result did not impair overall liking which did not differ if compared with control
and 70:30 groups. Overall, reduced perceived saltiness can be likely the result of the lowered amount
of sodium ions which were replaced with potassium ions and it could be also due to the change in
chloride ion balance after replacement process. It is well-known that perceived saltiness and flavour
are mainly related to sodium and chloride ions at certain concentration of salt concentration (Hutton,

2002).
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Figure 8.5 Effect of different levels of NaCl replacement with KCI (100:0, 70:30 and 50:50 NaCl: KCl ratio)
on perceived saltiness (a) and overall liking (b) of marinated rabbit meat (a-b=P<0.05) (n. of panellists = 40).

The findings of the present study partially agree with those of Lee et al. (2012) who found that

chicken breast meat samples with 75% replacement of NaCl had significantly perceived saltiness
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lower than the control, while no significant differences were reported for 25% and 50% substitution
levels. This different outcome may be attributed to the low concentrations of NaCl (0.5%) used in
the marinating solution by Lee et al. (2012) with respect to the present study (1.8%). Several authors
reported that replacement of NaCl with KCl can result in bitter or metallic off-flavours (Ruusunen
and Poulanne, 2005; Desmond, 2006; Petracci et al., 2013a). For example, Keeton et al. (1984)
found that hams cured with one third substitutions with KCI exhibited a slight degree of bitterness
without impairing acceptance, while higher substitution rates resulted in unacceptable products. Gou
et al. (1996) reported taste defects in dry-cured pork loin formulated with 30% KCI replacement. On
the other hand, Wheeler et al. (1990) reported that replacing 35% of the NaCl with KCI did not have
any detrimental effect on sensory properties of restructured beef steaks. From the present study,
sodium chloride in marinated rabbit meat can be replaced with KCl up to 30% without any
detectable effect on sensory traits and in any case a substitution of up to 50% did not adversely affect
product acceptability. This implies that it is not strictly needed to add masking agents in order to

reduce bitterness delivered by KCI.
8.6 Conclusions

Overall, this study showed that raw rabbit meat has technological characteristics similar to the
most common sources of meat (beef, pork and poultry) and it is suitable to manufacture uncooked
value-added products. Thirty percent of sodium reduction of marinated products can be formulated
by using potassium chloride as a salt replacer without negatively affecting microbiological shelf-life
as well as sensory and technological characteristics of the meat. Otherwise, a 50% reduction of
sodium chloride decreased perceived saltiness and microbial shelf-life. This implies that a more
complex approach combining integrated formulation (i.e. flavour enhancers, antimicrobial agents)
and processing solutions (i.e. high hydrostatic pressure) is needed for a replacement rates greater

than 30%.
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9. General conclusions

Recently, global meat market is facing several dramatic changes due to shifting in diet and life
style, consumer demands, and economical considerations. Firstly, there was a tremendous increase in
the poultry meat demand due to low cost, good nutritional profile, and suitability for further
processing. Furthermore, current forecast and projection studies pointed out that the expansion of the
poultry market will continue in future. In response to this demand, there was a great success to
increase growth rate of meat-type chickens in the last few decades in order to optimize the
production of poultry meat. Accordingly, the increase of growth rate induced the appearance of
several muscle abnormalities such as pale-soft-exudative (PSE) syndrome and deep-pectoral-
myopathy (DPM) and more recently white striping and wooden breast. Currently, there is growing
interest in meat industry to understand how much the magnitude of the effect of these abnormalities
on different quality traits for raw and processed meat. Therefore, the major part of the research
activities during the PhD project was dedicated to evaluate the different implications of recent
muscle abnormalities such as white striping and wooden breast on meat quality traits and their
incidence under commercial conditions. Generally, our results showed that the incidence of these
muscle abnormalities was very high under commercial conditions and had great adverse impact on
meat quality traits. Secondly, there is growing market share of convenient, healthy, and functional
processed meat products. Accordingly, the remaining part of research activities of the PhD project
was dedicated to evaluate the possibility to formulate processed meat products with higher perceived
healthy profile such as phosphate free-marinated chicken meat and low sodium-marinated rabbit
meat products. Overall all findings showed that sodium bicarbonate can be considered as promising
component to replace phosphates in meat products, while potassium chloride under certain

conditions was successfully used to produce low marinated rabbit meat products.
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