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ABSTRACT OF THESIS

Heat stress negatively influences meat quality owing to oxidative stress. This study
investigated the effect of dietary antioxidants, mannose rich fraction (MRF), and DHA rich
microalgae meal (DHA) on oxidative stability and meat quality of Pectoralis major from
broilers reared under cyclical heat stress. A total of 1200 1-day old Cobb 500 chicks were fed
one of five dietary treatments from 1 to 42d: (1) a corn-soy commercial level diet with 100%
inorganic minerals; (2) a corn-soy diet with 100% organic minerals (Bioplex + EconomasE);
(3) Diet 2 + MRF (Actigen); (4) Diet 2 + DHA (1% Forplus); (5) Diet 2 + MRF + DHA.
Starting on day 19 all birds were subject to cyclical heat stress (6 hours at 33.3°C and 18
hours at 21.1°C).

Lipid oxidation was significantly increased (P < 0.05) and protein oxidation was numerically
increased during 7 days of retail storage in broilers fed DHA, but that oxidative instability
was mitigated when DHA was fed in combination with MRF. MRF alone exhibited
significantly lower (P < 0.5) protein carbonyl content during storage. Antioxidant enzyme,
catalase, showed no treatment effect in activity, but MRF and MRF+ DHA broilers showed
significantly higher glutathione peroxidase (GPx) activity.

Visual scoring for white striping and wooden breast myopathies, cook loss, and purge loss
did not show a treatment effect. DHA and MRF+DHA broilers did show a significant
decrease (P < 0.5) in tenderness from dO to d7 of storage, and on d7 MRF+DHA exhibited a
significantly higher (P < 0.5) puncture force. Redness (a*) was decreased in DHA broilers on
do, while lightness was improved by DHA on d7. On average all fillets were classified as
pale (L*>56), likely as a result of heat stress. These results suggest that feeding strategies,
specifically MRF, could provide oxidative stability in birds reared under cyclical heat stress
and/or consuming a diet high in polyunsaturated fatty acids.
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CHAPTER 1

INTRODUCTION

Meat quality is the sum of a muscle-based food’s appearance, texture, taste, aroma
and functional attributes, and it is ultimately dependent on the consumer perception. Any
detriment to these critical attributes in fresh or processed meat will affect the consumer
acceptance of a given product. Critical causes of meat quality deterioration are lipid and
protein oxidation. Upon the transition from muscle to meat there is a drastic decrease in
antioxidant activity, thus the muscle-based foods are highly susceptible to oxidative damage,
a major determinant of shelf life in meat (Xiong, 2000)

Reactive oxygen species (ROS), the entity most responsible for oxidative damage, can
be generated by a number of mechanisms that involve unsaturated phospholipids, metal
catalysts, heme pigments and other oxidizing agents. Radical ROS are highly reactive and
can initiate a damaging cascade of reactions oxidizing lipids, proteins, nucleic acid, vitamins
and pigments (Smet, 2008). Poultry in particular are vulnerable to lipid oxidation due to their
higher content of polyunsaturated fatty acids (PUFASs), compared to other meat products,
such as beef and pork (Decker et al., 2010). Lipid oxidation manifests as a number of
undesirable and rancid sensory qualities that arise when secondary lipid oxidation products
are produced. Moreover, primary products of lipid oxidation, lipid hydroperoxides, when in
the presence of a metal catalyst can initiate protein oxidation (Refsgaard et al., 2000).
Oxidation of amino acid residues on myofibrillar proteins can significantly affect protein
folding and functionality, leading ultimately to deterioration of the texture and water holding

capacity of muscle foods (Davies et al., 1987; Liu et al., 2010; Rowe et al., 2004).

Oxidation is ubiquitous in meat products, but the degree to which a muscle food is

susceptible to oxidative damage is influenced, in part, by genetic and environmental factors.



In terms of genetics, certain strains of boilers bred with the intention of a higher market
weight in a shorter time, exhibit a greater propensity toward idiopathic muscle abnormalities
such as white striping or wooden breast syndrome (Petracci et al., 2015). These abnormalities
are associated with changes in redox homeostasis and biomarkers involved in increased
oxidatives stress (Abasht et al,. 2016). Moreover, myopathies associated with these broiler
strains exhibit an upregulation of genes associated with heat shock, oxidative stress and
hypoxia (Mutryn et al., 2015). The oxidative damage believed to be at the root of these
myopathies manifests in the meat as symptoms visible to the consumer resulting in an
economic loss for the industry. Environmental stressors also serve as a causal or
compounding factor of meat quality deterioration and oxidative stress (Zahoor et al., 2016).
Temperature and associated heat stress is an environmental factor of global concern because
of its effect on the end product. Thus, heat stress is damaging to meat quality owing to

increased oxidation (Zhang et al., 2012; Mujahid et al., 2005).

Prevalent myopathies such as white striping and wooden breast have been confirmed
to be genetically predisposed and environmentally triggered. However, the symptoms of
these conditions are comparable to other nutritional myopathies such as Vitamin E/Selenium
deficiency which manifest in response to a depleted antioxidant capacity. Thus, targeting the
broiler’s antioxidant defense system has been among the earliest approaches to overcoming
the obstacle of genetic myopathies within the poultry industry (Kuttapan et al., 2012a).
Moreover, the study of nutritional interventions as a means of affecting the transcriptome,
often referred to as Nutrigenomics, presents itself as a sustainable solution in the modern
geopolitical climate. Where poultry are concerned, most nutritional intervention studies have
investigated live animal performance characteristics in response to diet. Fewer studies have

expounded upon the effects of diet on meat quality.



Microalgae, for instance, is a significant source of fat soluble carotenoids that has the
potential to benefit or improve meat quality. Carotenoids have been shown to have a
beneficial effect on water holding capacity and some complementary effects on oxidative
stability of the meat and animal products (Rajput et al., 2014; Wang et al., 2017). A study on
minced pork showed that samples of increased carotenoid content also had lower TBARS
values and higher sensory evaluations over time, suggesting a prolonged oxidative stability
(Kim et al., 2013). Carotenoids such as [3-carotene, are also natural coloring agents that have
a positive effect on the redness and yellowness of chicken breast, an important purchase
factor in major poultry consuming countries like the US and China (Rajput et al.,2014;
Toyomizu et al., 2001). Most studies on algae supplementation in broilers have used
Spirulina or Chorella, while other algae species, such as Schizochytrium, are less explored.
Further investigation is needed to determine if algae supplementation in broilers has the

potential to result in a functional food of increased stability and shelf life.

The gastro intestinal tract (GIT) represents a complex ecosystem that is pivotal in
broiler nutrient absorption and immune response (Lan et al, 2005). Of the known stressors or
challenges in broiler production, heat stress and pathogenic microbes can be detrimental to
the efficiency and integrity of the GIT (Pearce et al., 2013). Moreover, Quiao et al. (2012)
showed a distinct correlation between the oxidative stress of an organism and the presence of
pathogenic microbes in their GIT. Therefore, there is a possibility that improving gut health
could inhibit oxidative stress. There are few studies examining the effect of mannose rich
fraction (MRF) on meat quality. Performance trials have shown that MRF is effective in
restoring gut health and beneficial microbial populations by providing alternative adhesion
sites for undesirable enterobacteria with Type 1 fimbriae. Challenge trials using various
pathogens have shown that broilers supplemented with MRF have a better immunological

response compared to control (Agunos et al., 2007). In porcine MRF has also been shown to
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be an effective replacement of antibiotic growth promoters (AGPs) (Edwards et al., 2014). A
differential expression heat stress trial by Nolin et al. (2013) showed downregulation of
inflammatory genes and an upregulation of genes related to nutrient absorption in ileum
tissue samples from MRF supplemented broilers. By decreasing competition with pathogens
and improving nutrient absorption in the GIT, MRF could potentially increase the deposition
of minerals essential to the broiler’s antioxidant defense system and thereby prolong shelf life
of the meat. Supplementation with MRF has also been shown to downregulate expression of
those genes within the heat shock family in broilers subjected to heat stress (Edens et al.,
2014). This same family of genes is often associated with oxidative instability which suggests

that MRF may have an indirect antioxidative role in muscle foods.

Increasing concerns with meat quality and the pressures of changing antibiotic growth
promoters (AGP) regulations warrant further investigation into alternative supplementation in
broiler production. Based on the evidence presented, the aim of this study was to evaluate the
effect of nutrient intervention on meat quality in the presence of an environmental stressor.
Specifically, mannose rich fraction (MRF) and a DHA rich mircroalgae meal were fed to
investigate their effect on oxidative stability and meat quality over time as well as antioxidant

capacity in breast meat from broilers reared under cyclical heat stress.
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CHAPTER 2

LITERATURE REVIEW

2.1. Poultry Industry

Poultry meat is the second most consumed protein worldwide and the most consumed
in America, home of the largest broiler industry in the world. In the U.S. the per capita
consumption of broiler chicken climbed to more than 90 pounds in 2015 (National Chicken
Council, 2016b). The popularity of poultry meat is likely owed to its relative affordability,
mild taste, convenience to cook, religious amicability, and associated health attributes such as
low fat and cholesterol (Petracci et al., 2013a). Protein scandals such as BSE along with
evidence of the negative health effects of red meat (i.e. cardiovascular disease, diabetes,
cancer) have solidified the global preference for poultry as a safe and lean protein (Petracci &
Cavani, 2011). Moreover, increased global protein consumption is the product of a rapidly
increasing global population and global GDP (FAO, 2016). The aforementioned
circumstances have resulted in a building pressure on the poultry industry over the last few
decades to increase both the amount and rate of production. There is a demand to produce a
larger bird at a younger age (Kuttappan et al., 2016). Immense improvements have been
made in strain selection, feed conversion, fat reduction, and breast size (Petracci & Cavani,
2011). Such genetic and production progress have culminated so that a market ready broiler
today is twice the size in half the time when compared to production in the 1950s (National
Chicken Council, 2016a). Over time it has been evidenced that these hybrids selected for
growth rate and breast size meet the needs of a growing debone market but also have some

inherent effects on meat quality (Tijare et al., 2016; Kuttappan et al., 2016).

Challenging the bird to grow at such rates has resulted in myopathies such as white striping

and wooden breast as well as pale, soft and exudative (PSE) characteristics in the meat
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(Petracci and Cavani., 2011; Kuttappan et al., 2013a). These quality issues affect both the
appearance and functionality of the poultry meat, particularly the breast which is otherwise
the most valuable cut of the bird (USDA ERS, 2017). When poultry meat was primarily
retailed in whole-bird portions these abnormalities were less of a concern, as they were not
obvious at the point of purchase, due to the skin covering the visual defect. However, as the
market preference has shifted to deboned, cut portions quality issues have become more
apparent to the consumer. Visual appearance is the singular most important parameter when
the consumer is making a purchase decision (Kuttappan et al., 2012b). The quality issues
associated with fast growing broilers are known to change the visual appearance of the meat
so that the perceived quality and perceived healthiness is altered. Often this results in
rejection making these abnormalities a direct cause of economic loss and a chief concern for

the poultry industry (Kuttappan et al., 2013b).

2.2. Pale Soft and Exudative (PSE) - like meat

Pale, soft and exudative (PSE) characteristics were first identified in pork and found
to be detrimental to the meat as a result of mutations in the HAL or RN genes (Fuji et al.,
1991; Milan et al., 2000). Since, the mutations predisposing meat to PSE, RYR1 and
PRKAGS3, have been selected against in the industrial populations. PSE-like characteristics
have also been identified in poultry, and though there has been no genetic marker identified,
there have been studies linking PSE to environmental factors (Cavitt et al., 2004; McKee and
Sams, 1997). PSE is directly related to the post mortem metabolism within the muscle. After
slaughter glycogen is metabolized anaerobically to give lactate. A relatively high rate of post
mortem glycolysis can generate unusually acid conditions within 45 minutes of slaughter
while the carcass is still hot. This combination of low pH and high temperature optimize
enzymatic activity and result in incidences of protein denaturation (Petracci & Cavani, 2011).

The denatured proteins are unable to sufficiently bind water, thus decreasing water holding
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capacity (WHC) and thereby weight, turgor and juiciness. This also lends to further cook loss
after purchase. The high temperature and low pH conditions further cause a decrease in
redness (a*) and increase in the lightness (L*) of the meat (Zhang et al., 2012). Such changes
in color result in meat that is less appealing, visually, to the consumer. Therefore, PSE-like
poultry meat is often unsuccessful at retail and must be downgraded to a further processed

product (Petracci et al., 2015).

PSE is a well-studied, yet frequent, challenge for the poultry industry, and is common
to the breast or flight muscle of the bird. The breast is composed primarily of Type 1B, fast
twitch, glycolytic fibers and also has large glycogen stores lending to a high propensity for
post mortem glycolysis and lactate production (Petracci & Cavani, 2011). Moreover, if the
animal were to undergo a large amount of stress or movement before slaughter the breast
muscle would be at a relatively higher temperature as a result of increased flapping or
struggle. These conditions further optimize conditions for rapid post mortem glycolysis, and
confirm that PSE-like poultry meat is instigated by both genetic and environmental factors

(Zhang et al., 2012; Petracci & Cavani, 2011).

Sandercock et al. (2009) showed that broiler strains selected for faster growth rate and
breast size had exhibited a different cation regulation and suggested that idiopathic
myopathies associated with faster growing broilers could be due to an imbalance in
intracellular calcium and other ions. Such an imbalance challenges the integrity of the
sarcolemma and may also result in calcium induced activation of cellular proteases that cause
membrane dysfunction. Each scenario potentially results in texture and WHC changes.
Petracci and Cavani (2011) suggest that these pathologies within hybrid broilers may also

bring about PSE-like chicken meat.
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2.2.1 PSE and Environment

Environmental stressors including heat stress and transport may also induce PSE,
especially when these stressors present themselves in the finishing period before slaughter.
Sandercock et al. (2009) suggests that the susceptibility to environmental stressors, chiefly
heat stress, is increased in faster growing birds as a result of their decreased thermoregulatory
capacity. Thus, existing quality issues associated with fast growing lines would be
compounded by muscle damage due to heat. Additionally, acute heat stress, that is no time
for adaptation, has been shown to generate ROS and thereby initiate oxidative stress
(Akbarian et al., 2016; Mujahid et al., 2005). Mujahid et al. (2005) found a significant
increase in superoxide production in heat stressed, skeletal muscle mitochondria. This
suggests that the mechanism behind the negative effects of heat stress may very well be

interwoven with oxidative damage.

2.3. White Striping and Wooden Breast

White Striping (WS) and wooden breast (WB) are more recently identified
myopathies that are generating a growing global concern. WS has been studied extensively
since 2009 and has been visually characterized as white striations running parallel to fibers
within the meat (Kuttappan et al., 2016). These white lines of intramuscular deposits occur at
different degrees of severity and are commonly classified as normal, moderate or severe
based on the grading system established by Kuttappan (2012b). Kuttappan et al. (2012b)
evidenced that more than 50% of consumers would probably not or definitely not purchase a
fillet affected with moderate or severe WS as they were thought to give the meat a fatty
appearance. Thus, this condition is of economical concern for the entirety of the poultry
industry. Predominantly in, but not isolated to, the breast muscle, WS also affects tenders and

thigh meat (Kuttappan et al., 2013b). Though the exact etiology of WS is unknown, several
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studies have shown a higher incidence of WS in fast growing broiler lines, heavier birds and

thicker fillets (Kuttappan et al., 2013a; Petracci et al., 2013b).

Relative to WS, WB has only been more recently investigated (Kuttappan et al.,
2016). WB is characterized by tactile changes in the meat such as pale areas increased in
hardness, muscle degeneration due to infiltration of connective tissue and in severe cases, the
presence of a bulge on the caudal region of the fillet (Sihvo et al., 2014). WB is also found to
be associated with fast growing broiler lines, heavier birds and thicker fillets (Kuttappan et
al., 2013a; Petracci et al., 2013b). Overlapping histological features, such as
myodegeneration, necrosis, lymphocyte and macrophage infiltration, fibrosis, lipidosis and
regenerative changes, suggest that WS and WB may share a common etiology (Kuttapan,

2013b; Kuttapan et al., 2016).

These two myopathies present two primary challenges for the industry i) a decreased
visual appeal and ii) a decreased functional capacity (Kuttappan et al., 2016). Visual
appearance is the single most important factor in the purchase of raw, packaged meat
(Kuttapan et al., 2013b). As a result of consumer rejection of WS and WB affected raw
breast, retailers are often forced to discount the product. For this reason the affected meat is
often repurposed/downgraded for further processing by the processor resulting in an
economical loss on an otherwise valuable part of the bird (Petracci, 2013b). Furthermore,
Petracci (2013b) showed a significant change in the proximate composition of WS and WB
affected birds, including decreased protein content and increased fat deposition. There is a
known impairment of WHC in WS and WB affected fillets as is demonstrated by their
increased cook loss and decreased uptake of marinade (Petracci, 2013b; Tijare et al., 2016).
This could be a result of a decreased amount of available protein to bind water. Additionally,
the perceived value of the chicken breast rests heavily on its role as lean protein source.

However, these abnormalities in nutrient composition—increased fat and decreased protein--
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could be detrimental to that role and change the nutritional quality of any further processed

products made with affected cuts (Petracci et al., 2015).

Again, the origin of either of these abnormalities is unknown, but the association with
certain broiler strains suggests that WS and WB are emerging with increased growth rate. It is
postulated that extensive hypertrophy may have unsustainable metabolic requirements. The
increased fiber size is known to correlate with lower capillarization which has the potential to
result in insufficient nutrients and oxygen to the muscle (Kuttappan et al., 2013a; Petracci et
al., 2015). Intracellular calcium accumulation has been proposed as a causal factor of
increased rate of pH decline, fiber fragmentation and reduced WHC in fast growing broilers
(Sandercock et al., 2009). Increased free radical production and subsequent oxidative stress is
also of higher incidence in heavier strains, and heat stress exacerbates this quality(Akbarian
et al., 2016). RNA sequencing by Mutryn et al. (2015) substantiated these claims by
confirming increased expression of genes involved in localized hypoxia, oxidative stress, and
higher levels of intracellular calcium in breasts affected with wooden breast. Abasht et al.
(2016) showed that WB-affected birds exhibit biomarkers related to oxidative stress, muscle
degradation, altered glucose utilization and molecules capable of disrupting redox
homeostasis. The elevation of the aforementioned conditions in WS and WB-affected breasts
suggests that oxidation may be a causal factor in these conditions or that birds of faster

growing strains may be more susceptible to oxidation and thereby WS and WB.

2.4. Heat Stress

In addition to the genetic predisposition of some broiler strains to myopathies, the
broiler’s muscle and later meat can be challenged by environmental stressors. Heat stress is a
primary concern for poultry production, globally (Lara & Rostagno, 2013). It is further
intensified in hot climates or cases of high animal productivity. It is estimated that the losses

due to heat stress for the U.S. livestock industry reach up to $2.7 billion per year, and in a
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2003 study $128-$165 million of that loss was specific to the poultry industry (St-Pierre,

2013; St-Pierre et al., 2003).

The optimal temperature for broiler growth and performance is 8-22 °C (Lin et al.,
2006). Heat stress occurs when the amount of heat produced by the bird exceeds the heat or
energy given off by the bird into its environment. This is usually due to irregularly high
environmental temperature (Zhang et al., 2012). Heat stressed birds have been shown to
spend less time feeding, more time drinking and panting, less time moving and more time
with their wings elevated (Lara & Rostagno, 2013). Consequently, heat stress is a known
cause of higher mortality, decreased feed consumption, decreased bodyweight and increased
feed conversion ratio in broilers (Quinteiro-Filho et al., 2012). Moreover, high rearing
temperatures, whether they be acute, chronic, or cyclical, have been shown to have adverse
affects on cellular structure and function. This results in changes of both metabolic and
transcriptional processes including oxidative metabolism, transcription and translation
(Mager and De Kruijff, 1995). Elevated levels of creatine kinase also suggest that there is
damage to the muscle cell membrane and therefore its functionality (Sandercock et al., 2006).
Altan et al. (2003) showed that antioxidant enzymes GPx, CAT and SOD were also increased
in heat stress birds as a kind of protective mechanism against oxidative stress known to arise
in heat stressed birds. It is important to note that response to heat stress varies distinctly
between breed and strain. Broilers have a greater sensitivity to heat stress than do layers, and
the already heat sensitive, high production broiler strains are most sensitive to heat stress

(Sandercock et al, 2006; Altan et al., 2003; Soleimani et al., 2011; Geraert et al., 1993).

Heat stress also has significant effects on the broiler meat quality. The decreased feed
consumption and increased FCR induced by chronic heat stress have been shown to result in
decreased body weight and breast size (Zhang et al., 2012). Thus, profitability is hindered.

Moreover, heat stress conditions can impair the bird’s protein metabolism by limiting protein
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deposition and increasing catabolic rate (Geraert et al., 1996). Acute stress affected meat
color in breast meat with increased lightness and decreased red and yellow likely due to
denaturation of sarcoplasmic proteins and subsequent increased scattering of light (Owens et
al., 2000). Supra-optimal temperatures pre-slaughter can also increase energy demands and
therefore glucose mobilization. This results in increased activity of glycolytic enzymes LDH,
PK and HK and therefore increased conversion of pyruvate to lactate. This increase in rate of
lactate production will result in rapid pH decline during the conversion of muscle to meat and
PSE-like conditions especially within the breast (Zhang et al., 2012; McKee and Sams,
1997). Oxidation and heat stress are believed to be closely linked, as increased MDA is
considered a marker of heat stress in broilers (Altan et al., 2000). In a follow up study, Altan
et al. (2003) compared Ross and Cobb fast growing strains for their susceptibility to heat
stress induced lipid oxidation and subsequent damage to cell membrane. Heat stress resulted
in higher lipid oxidation for both strains, with Ross showing the greater sensitivity. While
strain does play a role in sensitivity to heat stress, Zahoor et al. (2016) evidenced that heat
stress is not a primary cause of muscle damage, but rather genetics is the causal factor and

high temperatures an exacerbating stressor.

2.5. Oxidation

Oxidation is inherent to metabolism as a necessary component to ATP synthesis
(Halliwell & Gutteridge, 1995). However, in excess or when insufficiently balanced with the
antioxidant defense system, free radicals or reactive oxygen species (ROS) are destructive to
biological systems. ROS exist as both radical and non radical molecules. The radicals are
molecules able to exist with an unpaired electron making them very reactive with a number
of biological macromolecules and systems including proteins, lipids, vitamins, pigments and
nucleic acid (Smet, 2008). Once initiated, ROS can propagate a damaging chain reaction, and

continued, unregulated oxidation causes damage and apoptosis. There are existing
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preventative antioxidant enzymes such as catalase, superoxide dismutase and glutathione
peroxidase that counteract oxidative stress. However, these enzymes begin to diminish
postmortem, thus oxidative damage is a common hurdle for the meat industry (Xiong, 2000).
Oxidation of lipids and proteins, in particular, are a known parameter of deterioration in meat
affecting nutritional value, functional properties, flavor, texture and perceived quality (Bekhit

etal., 2013; Zhang et al., 2013).

2.5.1. Lipid Oxidation

Of the macronutrients, lipids are the most vulnerable to oxidative changes that alter
meat quality (Kanner, 1994). Polyunsaturated fatty acids (PUFA) and phospholipids are
particularly susceptible oxidative targets. Though lower in fat relative to other meats, poultry
are particularly vulnerable to lipid oxidation because they have a higher degree of unsaturated
fat within the cell membrane. (Decker et al., 2010). The carbon-carbon double bonds in
PUFAs weaken the carbon-hydrogen bond, making the hydrogen more readily abstracted by
a ROS generated in the mitochondria or an existing lipid radical. The abstraction of such
vulnerable hydrogen within the methylene group of a PUFA is often the initiation of lipid

oxidation.

Initially lipid oxidation involves a ROS removing a hydrogen adjacent to a double
bond within the PUFA. This generates a lipid radical that reacts with oxygen to form a
lipoperoxyl radical able to abstract hydrogen from neighboring lipids. This is an
autopropogative chain reaction that results in a hydroperoxide (LOOH) primary end-product
(Decker et al., 2010). Presence or absence of hydroperoxides is an indicator of the meat’s
oxidative damage but they are not detrimental to the acceptability of the meat. It is when
these primary products interact with metal ions and undergo subsequent reactions that
volatile, secondary end-products such as alcohols, aldehydes and ketones are formed.

Secondary end products significantly impact the flavor of the meat and are responsible for the
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rancidity that is characteristic of unacceptable meat products. Hexanal, known to give a
grassy flavor, is the most common secondary product found in chicken thigh and breast meat
(Ajuyah et al 1993). Propanal (alcoholic), pentanal (pungent) and nonanol (soapy) are also
common secondary products that contribute to rancidity. Not all secondary oxidation
products give a bad flavor (Jayasena et al., 2013; Decker et al., 2010); some bring a sweet or

fatty taste to the meat.

Extrinsic factors associated with processing such as freezing and thawing, deboning,
grinding, cooking and restructuring are often accelerants of lipid oxidation and the associated
off flavors as they damage the integrity of the cell and bring unsaturated lipids into direct
contact with cellular oxidative constituents such as heme (Xiao et al., 2011). Oxidation of
phospholipids can also be thermally induced; thus, oxidative damage occurs more rapidly
after cooking. Warmed-over-flavor is the term used to describe the specific rancid flavors that
can be identified in refrigerated cooked meat as a result of thermally induced lipid oxidation.
In order to mitigate such oxidative deterioration packaging, temperature control and

antioxidant supplementation strategies can be employed.

The degree of susceptibility of a piece of meat to lipid oxidation is affected by a
myriad of conditions including species, anatomical location, age and sex, environmental
temperature, diet and phospholipid composition (Min et al., 2008; Gray & Pearson, 1987).
Chief among these causal factors is the nutrient composition of the animal’s diet. Intake, type
and amount of dietary fats is a major determinant of the meat’s susceptibility to lipid
oxidation. Increased supplementation of dietary fat in the feed stuff will lead to changes in
the fatty acid composition of the animal. Specifically, an increase in readily oxidizable fats in
the form of PUFA supplementation will increase both the unsaturation in the membranes and
the susceptibility to oxidation (Kanner, 1994). Leaner meats, such as the chicken breast, do

tend to exhibit greater oxidative stability and slower increase in TBARS in comparison to
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more energy dense protein sources such as beef. This is likely related to their lower
concentration of heme, and therefore reactive iron cations, which limits the development of

secondary end-products (Min et al., 2008).

2.5.2. Protein Oxidation

While lipid oxidation has been reviewed extensively and is accepted to be well
understood, protein oxidation is still being studied. ROS, both radical and non-radical, that
arise from lipid peroxidation are able to oxidize and modify protein side chains (Reefsgaard
et al., 2000). Therefore, factors affecting lipid oxidation may also contribute to protein
oxidation (Xiao et al., 2011). In fact, Coetzee and Hoffman (2001) found that the degree of
protein oxidation measured by carbonyl content is coupled to lipid oxidation in chicken.
Similar results have been found in other species (Mercier et al., 1995; Estevez et al., 2008).
Additionally, mechanical actions that harm the integrity of the cell membrane bring pro-
oxidants into contact with cellular proteins in the presence of oxygen, thereby making the

proteins vulnerable to oxidation (Zhang et al., 2013; Soladoye et al., 2015).

Oxidative modifications to the amino acids or polypeptide backbone may result in the
unfolding of or conformational changes of the original protein. These changes can give rise to
polymerization and decreased solubility, loss of enzyme function, changes in protein
digestibility and generation of amino acid derivatives (Martinaud et al., 1997; Lund et al.,
2011; Davies et al, 1987). Such damage to the protein could thereby alter functionality
including gel-formation, meat binding, solubility, stability, nutritional quality, viscosity, meat
tenderness and water holding capacity (WHC) of meat (Xiong, 2000; Lametsch, 2007). The
amino acids exposed on the surface of the protein are most readily oxidized; however, the
most significant changes in functionality occur when buried amino acid side chains are
oxidized. Changes to these inner side chains can result in changes to hydrophobicity and

therefore function (Liu & Xiong, 1996; Gao et al., 1998). Dramatic changes in surface
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hydrophobicity via protein oxidation may result in aggregation and polymerization of
proteins causing changes in the physiochemical quality parameters of the meat, namely

texture (Lund et al., 2011).

Not all amino acids are equally disposed to oxidation; there are amino acids that are
more readily oxidized than others with cysteine and methionine as the most susceptible due to
their sulfur atoms (Shacter, 2000; Garrison, 1987; Zhang et al., 2013). It is important to note
that calpain and calpastatin, the enzyme and inhibitor most responsible for meat tenderness,
are both cysteine proteases. Therefore, under oxidative stress these two enzymes are readily
oxidized, and their activity is altered (Zhang et al., 2013) and thus detrimentally affecting

tenderness (Rowe et al., 2004).

Direct oxidation of amino acid side chains, fragmentation of the peptide backbone,
reaction of proteins with reducing sugars and binding of proteins to non-protein carbonyl
compounds are all means to generate protein carbonyls (Headlam & Davies, 2004). Because
they arise by various mechanisms, carbonyls are a valuable and measurable by-product of
protein oxidation. Their detection using 2,4-dinitrophenylhydrazine (DNPH) is relatively
affordable and is considered a relevant methodology for testing protein oxidation within food systems

as reviewed by Estévez, M. (2011). DNPH binds the carbonyl to generate hydrazones which
can be detected via spectrophotometry at 370nm and then recorded as nmol of DNPH per mg
of protein which is detected at 280 nm (Castegna et al., 2000). Though this methodology is
widely accepted, it is limited by a lack of specificity which begets an overestimation of
carbonyl content. DNPH readily reacts with any form of carbonyl, including those generated
from other macromolecules like lipids or nucleic acids. As these cannot be fully removed,
carbonyls not generated by protein oxidation are able to contaminate the sample (Fedorova et

al., 2013).
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2.6. Nutritional Interventions

Nutrition is an underlying factor of the broiler’s performance, subsequent meat quality
as well as susceptibility to any of the aforementioned myopathies and stressors. Thus, feeding
to improve performance, meat quality or consumer acceptance is common practice. Delles
and colleagues (2014) successfully improved oxidative stability of chicken breasts by feeding
organic minerals as well as algae-based antioxidant containing Se yeast as a replacement for
vitamin E (Xiao et al., 2011). The present study is a continuation of those findings and
intended to investigate the degree to which these same nutrients can influence meat quality in
the presence of environmental stressors. Additionally, this study investigated the effect of
DHA rich microalgae meal and mannose rich fraction (MRF) on meat quality based on their

antioxidative potential and gut health effects, respectively.

2.6.1. Organic Minerals

Trace minerals such as Zn, Mn, Cu, Fe and Se are essential in the broiler diet in
smaller amounts. Zn, for instance, is a necessary cofactor to more than 300 enzymes, Mn is
critical for enzymes involved in protein metabolism and antioxidant defense, and Se is
essential for proper antioxidant enzyme activity (Ao et al., 2013; Keen et al., 2000; Rotruck
et al., 1973). The aforementioned examples are only a small list from a much larger manifest
of the roles of minerals in both broiler performance and meat quality. Typically sold in salt
form, these minerals are relatively affordable for the producer. As a result, it is common
practice to formulate broiler feed to contain mineral levels exceeding the NRC (1994)
recommendations to ensure that each bird absorbs adequate levels for maximum
performance. Though this is common practice, overfeeding minerals presents three primary
obstacles according to a review by Ao and Pierce (2013): 1) as a result of inter-mineral
relationships the excess of one mineral may result in inadequate levels of another essential

mineral (Suttle, 2010), 2) minerals may form a chelate with phytate and thereby hinder the
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activity of phytase (Maenz et al., 1999; Schlegel et al., 2012)and 3) excess minerals excreted
in to poultry manure can increase environmental burden and could be a possible source of

phytotoxicity (Blanco-Penedo et al., 2006).

A solution to these obstacles would be a source of trace mineral that is more
bioavailable to the broiler and could therefore be administered in lower quantities. Trace
minerals as organic metal complexes in the form of chelates or proteinates have been
examined in depth and found to be more bioavailable than inorganic salts due to their
increased neutrality, solubility and ability to pass through the intestinal wall via amino acid

transport mechanisms (Nollet et al., 2007; Miles and Henry, 1999; Aldridge et al., 2007).

Performance

Several trials have been carried out to investigate the effects of organic minerals on
performance, Studies on bioavailability have shown that in organic form Cu, Mn, and Zn
were absorbed at 138%, 139% and 157-183% of their inorganic form, respectively (Pierce et
al., 2005; Brooks et al., 2012; Ao et al., 2006). Briens et al. (2013) showed that apparent
digestibility of organic selenium was twice that of the inorganic counterpart. The increased
bioavailability aligns with findings from feeding organic trace minerals (Zn, Mn and Cu) at
1/3 NRC recommendations had no negative effects on broiler performance and decreased
levels of mineral excretion (Asku et al., 2011; Peric et al., 2007). Rama Rao et al. (2016)
found that in addition to increased deposition in the muscles, supplementing organic trace
minerals (Se, Cr and Zn) significantly increased body mass gain (BMG) and feed intake
compared to inorganic control. The same study found organic Cr supplementation to increase
feed efficiency. Similarly, organic Cu has been found to positively affect BWG, nutrient
utilization and FCR as well as sustain comparable growth and performance when used as a

replacement for avilamycin (AGP used in broilers) (Das et al., 2010; Kim et al., 2011).
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Oxidative Stability

The antioxidant defense is crucial in a lipid dense protein such as chicken. Trace
minerals play a critical role as catalysts and cofactors of many antioxidant enzymes,
including the 3 major cytoplasmic enzymes catalase (CAT), superoxide dismutase (SOD) and
glutathione peroxidase (GPx) (Poultry Federation, 2012). Within the cytoplasm these
antioxidants represent a first line of defense deactivating free radicals and their precursors,
and without sufficient trace minerals their activity will not effectively deter oxidative stress.
GPx activation by selenoproteins and Cu/Zn-SOD and Mn-SOD represent specific mineral-
antioxidant relationships that are crucial to the cell’s redox stability. Moreover, the activity of
these antioxidant enzymes is believed to be inducible upon increased deposition of trace
mineral proteinates (Al-Qudah et al., 2010). For instance, organic Zn improved the activity of
Cu/Zn SOD and GPx, and chelated Mn was reported to increase activation of Mn-containing
SOD expression at the point of both transcription and translation (Ma et al., 2011; Li et al.,
2011). Organic Zn was also found to reduce oxidative stress and positively affect immune
indices in both healthy and challenged broilers, which could positively affect oxidative
stability of the meat (Bun et al., 2011). Similarly, several studies have found that feeding
organic minerals inhibits lipid oxidation in broiler meat and increases activity of antioxidant
enzymes. (Rama Rao et al., 2016; Asku et al., 2011). As external stressors often manifest on
the cellular level as oxidative stress, the bioavailability and oxidative stability offered by
organic trace minerals could be particularly significant in challenged birds. Heat stress, for
instance, is known to result in oxidative damage as well as mineral excretion; whether these
issues are causal or compounding, an increase in trace mineral deposition to compensate for
this depletion is critical for bird welfare and meat quality (Altan et al., 2003; Akbarian et al.,

2016; Rama Rao et al., 2016).

Meat Quality
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Organic minerals via their impact on oxidative stability and interaction with
myofibrillar proteins have an impact on meat quality. Organic minerals can be fed in lower
quantities than inorganic minerals without altering the breast weight or ultimate pH. (Petrovic
et al., 2009; Rama Rao et al., 2016). Feeding organic Cu, Zn and Mn was also found to
increase the brightness of the meat which is a trait desired by the consumer in some regions
(Rama Rao et al., 2016). Peric et al. (2009) also evidenced that feeding organic forms of Se
reduces drip loss. Whereas, Saenmahayak et al., (2012) found that organic Zn had no effect
on meat quality and increased drip loss; though in earlier studies organic Zn increased the
amount of breast meat and decreased cook loss (Saenmahayak 2010; 2007). In other species
organic Se has been shown to decrease myofibrillar protein oxidation as well as water loss in
comparison to control (Calvo et al., 2016). This effect is conceivably due to the role of Se in
the activity of the antioxidant glutathione peroxidase (GPx) (Rotruck et al., 1973). Increased
Se has been previously identified in meat with greater oxidative stability, which could result
in provision of myofibirllary protein integrity(Delles et al., 2014). The structure and integrity
of the myofibrillar proteins is essential to maintaining the desired WHC (Liu et al., 2010).
Calvo et al. (2016) also postulated that increased Se improved early proteolysis which

increased opportunity for water binding and therefore WHC.

2.6.2. Vitamin E

Vitamin E, a concentration of tocopherol and tocotrienal, is a lipid soluble nutrient
vital to the broilers’ circulatory, reproductive, immune, nervous and muscular systems
(Habibian et al., 2014; Dalolio et al., 2015). Within the cell’s lipid membrane Vitamin E
serves as a potent antioxidant, scavenging peroxy radicals. While Vitamin E is essential in a
basic broiler diet, it is also fed as a means to increase the animal’s antioxidant capacity and

mitigate industry practices that result in additional oxidative stress.
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Poultry production in hot, arid regions and the feeding of oxidized oil as an
affordable, energy dense feedstuff each result in an increased susceptibility to oxidative
damage for an already fast-growing, vulnerable broiler strain (Altan et al., 2003; Delles et al.,
2014). As previously discussed oxidative stress during production can result in unwanted
conditions during the transition from muscle to meat or in a predisposal to lipid oxidation
(Zhang et al., 2012; Gray and Pearson, 1987). Increasing antioxidant capacity by feeding
Vitamin E in high doses has the potential to manage oxidative stress in the bird and reduce
loss of exudate and stabilize fat deposits to deter lipid oxidation of the meat (Li et al., 2009;
Dalolio et al., 2015; Dikeman, 2007). Moreover, with supplementation the meat becomes
enriched with Vitamin E, and thus is attractive as a functional food with increased shelf life

to the end consumer (Daldlio et al., 2015).

Vitamin E’s protective effect is thought to occur via increasing the peroxide and
radical scavenging potential within the membrane and also by a sparing effect with Se. In the
latter, increased Vitamin E decreases the demand on GPx activity for lipid peroxide removal
in the membrane (Surai, 2000). Based on these principles many trials have been conducted to
examine the effects of Vitamin E supplementation on both performance and meat quality
with particular interest in stressed or challenged broilers. Heat stress can significantly alter
the shear force values of meat so that texure changes are perceivable to the consumer.
However, supplementation with Vitamin E counters the effects of heat stress so that shear
force values are restored to the level of an unchallenged or thermoneutral bird (Hashizawa et
al., 2013). Similarly, Imik et al. (2012) found that Vitamin E was able to alleviate the
negative effects of heat stress on final body weight of the bird and lipid oxidation of the meat.
A review by Dalolio et al. (2015) concluded that the effects of Vitamin E on broiler meat are
more often qualitative than quantitative, meaning that while breast weight does not increase,

studies have shown an improvement in quality parameters. However, a recent study
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combining Vitamin E and alpha-lipoic supplementation resulted in increased daily gain and
BWG in addition to improving meat quality parameters (Yoo et al., 2016). This combination
may be similar to the sparing effect between vitamin E and selenium, as alpha-lipoic acid has
been credited with inducing synthesis of endogenous enzymes such as glutathione (Shay et
al., 2008). Habibian et al. (2015) showed that combined supplementation of Vitamin E and Se
actually had no effect on oxidative stability of thermoneutral broilers, but was able to
mitigate oxidative stress and improve TBARsS in heat stressed birds. Beyond heat stress,
Vitamin E has also been found to have a mild prevention of muscle damage due to nutritional

myopathies such as white striping (Guetchom et al., 2012).

2.6.3. Algae

Supplementing microalgae in broiler diets represents a nutritional strategy aimed at
improving the meat quality as well as the nutritional content for the end consumer. The
recommended level of polyunsaturated fatty acids (PUFA) is not being met for the majority
of the adult population (Givens and Gibbs, 2006). Therefore, Omega-3, long chain PUFA
(LCPUFAN-3), such as DHA, which are essential for infant development, brain growth,
cognitive maintenance, and cranial grey matter as well as protective against cardiovascular
morbidity and inflammatory response, are also not being consumed in sufficient quantity
(Horrocks and Yeo, 1999). While oily marine fish is a good source of DHA, the rate of
consumption in the typical western diet is too low to meet the body’s essential fatty acid
requirements. The pursuit of an alternative source of protein with higher LCPUFAN-3 has
long been underway. Unfortunately, there is limited opportunity for this in beef as
biohydrogenation in the rumen prevents the deposition of PUFA into the muscle cells (Van
Elswyk, 1993). PUFA supplementation is more effective in pork, but there still speculation as
to whether porcine tissue FA composition can be modified without accruing undesirable

changes within the meat (Van Elswyk, 1993; Vossen et al., 2016a). Poultry have shown the
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most promise in fatty acid modification, as supplementation with fish oil successfully
increased LCPUFAN-3 deposition in the thigh and breast with limited impacts on flavor and
texture. Fish oil, however, is expensive due to limited quantities and high demand in the
human supplement market; therefore, it is not a sustainable feed additive. Attempts to
increase LCPUFAN-3 deposition by feeding broilers shorter chain precursors like flaxseed oil
have not proved to be an effective alternative to fish oils (Rymer et al., 2010; Shin et al.,
2012). Heterotrophic production of marine algae, of which many strains are exclusively
abundant in DHA, has been evaluated as a sustainable alternative to fish oil (Yaakob et al.,

2014).

Algae supplementation can also have a beneficial effect on the nutritional content of
broiler meat. Yan and Kim (2013) found that supplementation with 0.1-0.2% Schizochytrium
improved the fatty acid profile of breast meat by decreasing the ratio of n-6 to n-3 PUFA and
the ration of saturated fatty acids to PUFA. Evans et al. (2015) showed that dried Spirulina
can be successfully fed at up to 16% and successfully change the FA composition of the
breast meat without having a negative effect on broiler performance. Other studies have
evidenced performance benefits in addition to FA modification, such as increased BWG,

FCR, and villus length (Shanmugapriya et al., 2015).

Algae is also a valuable source of fat soluble carotenoids which have a beneficial
effect on broiler meat quality as well as performance. Carotenoids, such as lycopene or beta-
carotene, are natural coloring agents found in plants that increase the yellowness and redness
of broiler meat (Rajput et al., 2014). Toyomizu et al. (2001) evidenced that using Spirulina as
a source of B-carotene increased the yellowness of the skin, muscle and fat making the meat
more attractive to consumer. Carotenoids have also been shown to improve WHC in
challenged birds and contribute to an increase in overall oxidative stability of the meat

(Rajput et al., 2014; An et al., 2004). A study in minced pork meat reported that samples with
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increased levels of caratenoids also showed lower TBARs values and improved sensory
evaluations over time. These results allude to an increased oxidative stability and shelf-life
(Kim et al., 2013). An et al. (2014) found that supplementation of broilers with the carotenoid
astaxanthin decreased lipid peroxides found in the skin and ultimately had the potential to
deter oxidation in the broiler carcass. An early study comparing the efficacy of algal biomass
to fish oil supplementation evidenced that lipid oxidation was delayed in algae treatment
groups due to the encapsulation of the PUFA rich oil within the cell (Mooney et al., 1998).
Supplementing the algae itself with key minerals such as organic selenium may also increase
an animal’s capacity to deter oxidation, as increased selenium is key in the function of

antioxidant enzymes such as GPx (Skrivan et al., 2010).

2.6.4. Mannose Rich Fraction

Mannose rich fractions (MRF) are a purified carbohydrate derived from the mannon
oligosaccharide matrix of the yeast cell wall. A wide variety of studies have investigated the
impact of MRF of animal performance, but there is very little known about their effect on
meat quality. MRF can cause the agglutination of undesirable enterobacteria, specifically
those with Type 1 fimbriae, by offering an alternative binding site to the mannose fractions
lining the gastrointestinal tract (GIT) (Ganner & Schatzmayr, 2012). Performance trials have
shown that supplementation with MRF can effectively restore gut health as reducing
pathogenic populations allows for the flourishing of beneficial microbial populations.
Furthermore, challenge trials in broilers have shown that MRF supplementation results in
improved immunomodulatory activity and thus better defense against the pathogens (Agunos
et al., 2007). In both porcine and poultry MRF has been investigated and suggested as an
alternative to antibiotic growth promoters (AGP) as they decrease pathogen load without
hindering performance traits (Edwards et al., 2014; Matthis et al., 2012). MRF has also been

found to modify broiler reponse to heat stress. A study by Edens et al. (2014) showed that
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broilers fed MRF exhibited a downregulation of genes within the heat shock family. Heat
shock proteins are known to be expressed as a pro-survival response to oxidative stress
(Lomiwes et al., 2014). Decreasing these genes from within the transcriptomes would suggest
an increased oxidative stability which could have a direct effect on shelf-life and oxidative
stability of the meat. Another study by Nolin et al. (2013) observed differential genetic
expression in broilers under heat stress. Those supplemented with MRF showed a
downregulation in inflammatory genes and an upregulation in those genes associated with
nutrient absorption. The potential for increased nutrient absorption lends to the possibility
that MRF would allow for broilers to better absorb essential minerals from the diet, many of
which are necessary for antioxidant activity. If this were the case, MRF could have an

indirect role in improving the antioxidant capacity during the transition from muscle to meat.
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CHAPTER 3
MATERIALS AND METHODS

3.1. Broiler Production

All procedures used in the study herein were approved by the University of Kentucky
Animal Care and Use Committee. A total of 1200 1-day old Cobb 500 chicks were fed one of
five dietary treatments from 1 to 42d: (1) a corn-soy commercial level diet with 100%
inorganic minerals; (2) a corn-soy diet with 100% organic minerals (Bioplex + EconomasE);
(3) Diet 2 + mannose rich fraction (MRF) (Actigen); (4) Diet 2 + algae/DHA (1% Forplus;
(5) Diet 2 + MRF + Algae/DHA. Details of the basal diet are shown in Table 1, while
specifications for each treatment are shown in Table 2. Each dietary treatment was carried out
in 10 replicate pens containing 24 birds each. Each pen with litter of soft wood shavings was
equipped with a feeder and a nipple drinker line. Water was available on an ad libitum basis

and broilers consumed feed in mash form.

Table 1: Nutrient levels of corn-soy basal diet fed to all broilers in the trial

Starter Grower Finisher

AME,, kcal/kg 3050 3100 3150
Protein, % 22 20 18

Ca, % 1.00 0.90 0.89
available P, % 0.45 0.41 0.38
TSAA, % 0.97 0.88 0.75
Lysine, % 1.32 1.16 0.95
Na, % 0.20 0.20 0.20
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Table 2: Inclusion rate of nutritional supplements for formulation of treatment diets.

Actigen
Organic +
Control | Minerals | Actigen | Forplus | Forplus
Ingredient % % % % %
Inorganic mineral premix 0.25
Organic mineral premix* 0.25 0.25 0.25 0.25
Forplus 1.00 1.00
Actigen 0.04 0.04

*Qrganic mineral premix included BioPlex minerals along with EconomaseE, an algae-based
antioxidant containing Se that can be used as a replacement for Vitamin E

Table 3: Concentrations (ppm) of individual minerals within inorganic and organic premix

Mineral ppm
Inorganic Organic
Zn 72 40
Mn 100 40
Cu 10 5
Fe 45 20
Se 0.3 0.3

All broilers were reared in the same thermoneutral environment up to day 19, at
which point heat stress commenced. From day 19 to day 42 all birds were subject to cyclical
heat stress which entailed 6 hours (10:00 - 16:00) at 33.3°C and 18 hours (16:00 — 10:00) at
21.1°C. Temperature increase took place from 9:00 to 10:00 and temperature decrease from
16:00 to 17:00. Relative humidity peaked at approximately 70% during heat stress and
decreased to approximately 50% during the thermoneutral part of the heat stress cycle. Data
loggers were used to measure humidity and temperature within the pen, and an evaporative
cooler fan was used to manage moisture levels in the pen. The photoperiod for the experiment

was 22 h of light and 2 h of dark.

3.2. Slaughter method and sampling
On day 42 five broilers per treatment (5 diets x 5 birds) were randomly selected,

humanely harvested by stunning. Immediately following exsanguination, aliquots of
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Pectoralis major muscle samples (approximately 10 g each) were removed from each broiler
and flash frozen at -196°C in liquid N. Samples were stored at -80°C until use in antioxidant

activity studies.

On day 43 four broilers were randomly selected from each of the 50 pens (5 diets x 10
replicates). The birds were humanely harvested, de-feathered and chilled in ice slurries for 3
h. Then, both sides of the Pectoralis major were removed and skinned. Breasts were vacuum
packaged using a FoodSaver® V3240 vacuum sealing system and stored at -80°C for use in

oxidative stability and meat quality assays.

3.3. White Striping and Wooden Breast Scoring

After chilling and before deboning the Pectoralis major of each bird (n = 50) was
evaluated by two scorers. Scorers evaluated each bird for both the degree of WS and degree
of WB and assigned one of the following scores based on the scale established by Kuttapan

and colleagues (2009): normal (1), moderate (2), or severe (3).

On day 43 one additional bird from each pen was selected and humanely harvested. The bird
was immediately skinned and the hot carcass was scored for WS and WB (Kuttapan et al.,

2009). There was only one scorer evaluating the hot carcass samples.

3.4. Meat Preparation, Packaging and Storage

In preparation of oxidation and quality studies, breasts were thawed at 4°C for 48
hours and packaged by placing on a #2 supermarket white polystyrene trays (20.8x14.5%2.3
cm in dimension; Pactive LLC; Lake Forest, IL) and overwrapping with an air-permeable
polyvinylchloride (PVC) film (15,500-16,275 cm*/m?/24 h oxygen transmission rate at 23

°C; E-Z Wrap Crystal Clear PVC Wrap, Koch Supplies, North Kansas City, MO). PVC

packaged breasts were stored in a retail display cooler at 2-4°C until assayed on day 0, day 4
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or day 7. In order to simulate retail conditions, all samples received approximately 1076 lux

of warm white fluorescent light.

3.5. Lipid Oxidation

Lipid oxidation within the breast meat was measured according to Witte et al. (1970)
Method. MDA was extracted from the sample using 11% trichloroacetic acid (TCA) and a
Warring" blender on low speed (18,000 rpm) for 60 sec. A 20 mM sample of thiobarbituric
acid (TBA) was added to each sample and allowed to incubate for 20 hours. The pink
complex that forms when MDA is reacted with two molecules of TBA can be
spectrophotometrically quantified at 532nm. The MDA content was then expressed in terms

of mg of MDA using a standard curve. .

3.6. Protein Oxidation

Myofibrillar proteins were isolated from the chicken breast on days 0, 4 and 7 of
storage using a rigor buffer (0.1 M NaCl and 10 mM Na2HPO4, pH 7.0). The protein
concentration was then quantified using the Biuret method. Carbonyl concentration was
evaluated within 24 hours of extraction using the 2,4-dinitrophenylhydrazine (DNPH)
colorimetric method (Levine et al., 1990). The protein hydrazones were measured at 370 nm
and using an absorption coefficient of 22,000 M " cm ™ the carbonyl content was expressed

as nmol per mg of protein.

3.7. Antioxidant Enzymes
3.7.1. Catalase

For analysis of catalase enzyme activity approximately 1g of partially thawed muscle
sample was mixed with ~10 ml of chilled buffer (50 mM Potassium Phosphate, pH 7.0 and
0.5 mM EDTA) and homogenized for 30 s at 9500 min ** with an Ultra-Turrax homogenizer,

model T25. The homogenate was centrifuged for 15 minutes at 10,000 x g at 4°C. The
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supernatant was then assayed according to Cayman Chemical Catalase Assay Kit (Ann
Arbor, MI). Catalase activity was determined by the rate of H,O, disappearance via

measuring absorbance at 540 nm.

3.7.2. Glutathione Peroxidase

For analysis of GPx activity approximately 1g of partially thawed muscle sample was
homogenized in ~10 ml of chilled buffer (50 mM Tris-HCI, pH 7.5, 5 mM EDTA, and 1 mM
DTT) for 30s at 9500 min ** with an Ultra-Turrax homogenizer, model T25. The homogenate
was centrifuged for 15 minutes at 10,000 x g at 4°C. The supernatant was then assayed
according to Cayman Chemical Glutathione Peroxidase Assay Kit (Ann Arbor, MI). GPx
activity was determined by measuring the decrease in absorbance at 340nm over 5 minutes.
This decrease was representative of the oxidation of NADPH to NADP”, and therefore the

activity of GPx under conditions where GPx activity is rate limiting.

3.8. Mineral Content

Samples were prepared using a microwave acid digestion following AOAC Method
968.08 Minerals in Animal Feed (1995, 16™ Edition). Mineral content (selenium and iron) of
the samples was analyzed using an Agilent 7700x inductively coupled plasma mass
spectrometer (ICP-MS) instrument (Agilent Technologies, Inc., Japan) equipped with an

octopole cell in hydrogen gas mode.

3.9. Fatty Acid Analysis

The fatty acid quantification in chicken breast was performed according to the method
M-P528, which is the Merieux NutriSciences implementation of the AOAC method 996.06
that has been validated according to the 1ISO17025 standards. Breast samples were ground
and freeze-dried prior to extraction and analysis. Fats and fatty acids were extracted from the

breast tissue by acidic hydrolytic methods to release fat from bound protein and
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carbohydrates. Pyrogallic acid was added to minimize oxidative degradation of fatty acids.
Fat was extracted into ether followed by methylation resulting in fatty acid methyl esters
(FAMEsS) using Boron Trifluoride (BF3) in methanol. FAMESs were separated

and quantitatively measured by Gas Chromatography - Flame ionization Detector (GC-FID
using a Supelco SP-2560 column, 100m x 0.25 mm i.d., 0.20um) against Triundecanoin
(C11:0) internal standard. Concentrations of C16:0, C18:1C, C18:1T, C18:2C, C18:2T,
C20:5 (EPA), C22:6 (DHA) were determined using this method. The response factors was
determined by analyzing known reference standard mixtures of FAMEs (GLC85 or 463). The
sum of the individual fatty acids expressed as triglyceride equivalents were used to calculate

total fat.

3.10. Meat Quality

Cook loss, purge loss, color and puncture force were all measurements taken to
evaluate the effect of dietary interventions on meat quality. Chicken breasts were weighed
prior to packaging, prior to cooking and after cooking as a means to calculate percent cook
loss and percent purge loss. Prior to cooking surface color (L*, a*, b*) of the raw chicken
breast was assessed using a Chroma Meter CR-300 colorimeter, equipped with a 1-cm
aperture, llluminant C (Minolate, Osaka, Japan). Colourimetric measurements were taken at

random locations, in triplicate, on each breast fillet.

One breast per bird was cooked on day 0 and the other stored in the retail display cooler
before cooking on day 7. Breasts were cooked at 176.7°C so that thickest part of the breast
reached 72°C. The cooked chicken breasts were stored overnight at 4°C before assessing
puncture force. Utilizing the EZ-Test Model Instron Instrument (Shimadzu Corporation,
Kyoto, Japan) and a blunt, wedged probe was used to determine the kg force necessary to

reach the point of fiber rupture. The Instron was operated using a 10N load cell and a
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50mm/min crosshead speed. On each breast four punctures were made perpendicular to the

fiber direction based on recommendations by (Lee et al., 2008).
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CHAPTER 4

RESULTS & DISCUSSION

4.1. Visual Scoring

Fifty hot carcasses (10 per treatment) were evaluated for degree of WB. Results are shown in
Figure 1 with no significant difference between treatments. Thus, nutritional intervention
appeared to have minimal effects on WB development. The inorganic control did show a
numerically greater score, and it is worth noting that more than half of the broilers scored for
each treatment showed at least moderate WB. Owens (2014) also found that affected flocks

exhibited some degree of WB at an incidence rate of approximately 50%.
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Figure 1: Average scores of chilled (n = 10)) carcasses for Wooded breast syndrome. Breasts
were scored normal (1), moderate (2) or severe (3) by two scorers.

Scores for white striping of both hot and chilled carcasses are shown in Figure 2.
There was no significant difference between treatments regardless of when scoring took

place. All chilled carcasses were graded as normal (1) by both scorers while there was a

40



greater incidence of WS when the carcass was scored while hot. Hot carcasses from all
treatments were scored as moderate (2) WS or greater on average. Hot carcass scoring values
for WS and WB coincide as the two conditions are believed to share a common etiology or
even represent a disease spectrum where WS precedes WB and WB affected breasts exhibit

severe WS (Sihvo et al., 2014; Mutryn et al., 2015).

However, chilled carcasses were found to be more straightforward to score, while it
was more difficult to differentiate between scores on a hot carcass. Moreover, scoring done
on the chilled carcass provides information relevant to the industry as it presents the breast as
it would be sold to the consumer. Thus, future scoring would be best conducted within a

processing plant with the capacity to score a large number of breasts post chilling.
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Figure 2: Average scores of chilled (n = 10)) and hot (n = 10) carcasses for White Striping.
Breasts were scored normal (1), moderate (2) or severe (3) by two scorers.

4.2. Oxidative Stability
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4.2.1. Lipid Oxidation

In the present study TBA-reactive values measured as mg MDA/mass in kg of
chicken breast were used as a measurement of lipid oxidation within the breast meat (Figure
3). Lipid oxidation increased with retail storage for all dietary treatments (P <0.05) except for
the organic trace mineral control, but this treatment group did show a similar trend (P<0.1).
These findings align with previous work on lipid oxidation in chicken breast over time
(Delles et al., 2014; Viana et al., 2017).

There was also a significant treatment effect on day 7. Forplus supplementation resulted in a
dramatic increase in MDA content, which is likely attributed to the increase in more readily
oxidizable LC-PUFA (Morrissey et al., 1998). Similarly, Mooney et al. (1998) found that
supplementing marine algae or marine fish oil resulted in an increase in the degree of lipid
oxidation and a decreased sensory acceptability. Ribeiro et al. (2013) found that
supplementing broilers with 7.4% DHA negatively impacted the acceptability of the meat via
increased substrate for lipid oxidation followed by secondary lipid oxidation products and
therefore, rancidity. An increase in TBARS values in response to algae supplementation was
also found in other species such as pork (Vossen et al., 2016b) and lamb (Urrutia et al.,
2016). It is important to note that in this study even those samples showing higher TBARS
values were well below the threshold of negative sensory attributes and rancidity (1 mg/kg

MDA).

The combination of Forplus and Actigen would suggest that Actigen offers a protective effect
as the TBARS values for the Forplus + Actigen were not significantly different from the
control. As Actigen is known to improve gut morphology and absorptive capacity (Lea et al.,
2011; Baurhoo et al., 2009), it is speculated that the protective effect is related to the uptake

and availability of minerals. A separate study supplementing mannonoligosaccarides (MOS)
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to heat stressed broilers found that the MOS treatment group resulted in an increased
concentration of serum trace minerals (Cu, Zn and Mn), but muscle deposition was not
investigated (Sohail et al., 2011). Many trace minerals are essential to the functionality of

antioxidant enzymes, thus this may be one mechanism by which Actigen bolsters oxidative

stability.
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Figure 3: Effects of diets on lipid oxidation (TBARS, mg MDA/ kg meat) in broiler breast
meat packaged in air-permeable polyvinylchloride (PVC) during refrigerated storage at 2—4
°C for up to 7 days. Different uppercase letters (A,B) indicate significant difference (P <
0.05) of means (n = 12) between between dietary treatments. Different lowercase letters (a,b)
indicate significant difference (P < 0.05) of means (n = 12) between storage days within the
same dietary treatment.

4.2.2. Protein Oxidation
Protein carbonyl content increased from storage days 0 to 7 in all dietary treatments
except for Actigen, where there was a 43% decrease in nnmol carbonyl/mg of meat from day

4 to day 7. On days 0 and 7 there was also a significant treatment effect.

On day 0 Actigen showed significantly higher carbonyl content compared to the
control and organic mineral treatments. By day 7, however, the treatment effect aligned with

43



lipid oxidation findings (Figure 1). Actigen supplementation alone resulted in a significantly
lower (P<0.5) carbonyl content on day 7 and Forplus + Actigen was numerically lower than

the organic and inorganic controls and Forplus alone.

A recent study evaluating the effect of commercial, carbohydrate based prebiotics
(used for selectivity in the gut) on the quality of broiler meat found that feeding indigestible
oligosaccharides did result in a decrease in oxidative stability of breast meat. Based on
evidence that larger, domestic birds are more susceptible to oxidation, it was suggested that
increased muscle size as a result of feeding prebiotics may leave the same muscles more
susceptible to oxidation (Maiorano et al., 2017). Breast weight data from the day of slaughter
is not available for this study, but previous studies have found mannon oligosaccharides to
increase bodyweight and cold carcass yield (Attia et al., 2014; Ao et al., 2016). Moreover,
Actigen supplemented breasts were scored as 1.78 for average degree of Wooden Breast
(Figure 3) which suggests that the majority of the birds were affected at least moderately by
this myopathy that has previously been correlated to large birds (Kuttappan et al., 2013a;
Petracci et al., 2013b). Thus, the early oxidative damage to the myofibrillar proteins may be a
result of increased muscle size in the broilers being examined. Carcass and breast weight

prove to be a valuable inquiry in further studies on Actigen and meat quality.

These results, again, suggest that Actigen, even after exhibiting lower protein
oxidative stability on day 0, had a protective effect against oxidative damage with time.
Therefore, Actigen, overall, has a stabilizing effect and the role of Actigen in extending shelf

life could hold promising results.

Other studies (Ventanas et al, 2006; Estevez et al., 2008; Mercier et al., 1998) have
shown that increased TBARS is correlated to an increase in carbonyl content. Thus, increased

lipid oxidation may have contributed to the higher carbonyl content in Forplus.
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Figure 4: Effects of diets on protein carbonyl formation (nmol/ mg protein) in broiler breast
meat packaged in air-permeable polyvinylchloride (PVC) during refrigerated storage at 2—4
°C for up to 7 days. Different uppercase letters (A,B) indicate significant difference (P <
0.05) of means (n = 12) between dietary treatments. Different lowercase letters (a,b) indicate
significant difference (P < 0.05) of means (n = 12) between storage days within the same
dietary treatment.

4.3. Antioxidant Enzyme Activity

In order to explain the variations in oxidative stability among treatments the activity
of antioxidant enzymes known to be important in meat were measured. Catalase activity was
measured (Figure 5) in nmol/min/ml. Forplus supplementation showed the greatest catalase
activity, though it was not significantly greater than the organic mineral. However, a similar
study by Delles and colleagues (2014) supplementing organic trace minerals and algae-based
Se yeast, supplements used in all dietary treatments except for control found that catalase
enzyme activity was significantly increased in the treatment group contributing to oxidative
stability. Because a similar feeding regimen in the current study did not increase catalase
activity there may have been another limiting factor, such as iron concentration (Switala and

Loewen, 2002).
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Figure 5: Catalase activity (nmol/min/ml) in Pectoralis major from broilers fed one of five
different diets for 42 days. Different uppercase letters (A,B) indicate significant difference (P
< 0.05) of means (n = 10) between dietary treatments.

GPx activity, shown in Figure 6, was significantly affected by dietary treatment.
Actigen and Actigen + Forplus showed a significantly higher activity than the other
treatments. Based on these results, it is speculated that Actigen may, through its role in gut
health and absorptive capacity, play a role in improving GPx activity via a potential
enhancement of selenium absorption and retention. The increased activity of GPx
substantiates the improved oxidative stability of Actigen supplemented groups (Figures 3 and

4).
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Figure 6: Glutathione peroxidase activity (nmol/min/ml) in Pectoralis major from broilers
fed one of five different diets for 42 days. Different uppercase letters (A,B) indicate
significant difference (P < 0.05) of means (n = 10) between dietary treatments.

4.4. Mineral Content

Concentrations of minerals of interest, Se and Fe, within the breast were investigated
using Inductively Coupled Plasma Mass Spectrometry. The results for Se deposition in the
breast are shown in Table 1. The organic mineral control, Actigen, and Forplus treatment
groups all exhibited significantly higher (P < 0.05) selenium content than the inorganic
control. It was hypothesized that the Actigen’s stabilizing effect on the oxidative status of the
chicken breast was a result of its facilitation of Se absorption and availability to increase GPx
activity. However, GPx activity (Figure 4) was not directly proportional to Se content (Table
1). Thus, Se content likely contributes to the increased GPx activity of the Actigen
supplemented group, but it is not the only factor. Further investigation of Se content in other
tissues, such as liver, and GPx gene expression may provide greater insight as to the

mechanism behind Actigen.
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The ability of catalase to react with and decompose hydrogen peroxide is due to the
iron within the heme group of the enzyme. All diets fed organic minerals and selenium yeast
(organic mineral; Actigen; Forplus; Forplus + Actigen) were expected to exhibit an increase
in catalase activity based on findings from previous studies (Delles et al., 2014). Actigen, in
particular, was hypothesized to show improved catalase activity based on the increased
oxidative stability in Actigen supplemented broilers (Figure 3 and 4). As catalase activity was
found to be contrary to the hypothesis, an insufficient iron supply was postulated as a
potential reason for the unexpected lack of catalase activity. ICP-MS results for iron content
(Table 1) confirmed that the Actigen supplemented group had a significantly lower iron
content compared to both inorganic and organic controls as well as Forplus. The Actigen +
Forplus broilers also showed numerically lower iron content than the organic mineral control
and significantly lower Fe content than the inorganic control. As the Actigen and Actigen +
Forplus treatment groups were all fed organic, mineral enriched yeast, these results are in
contrast to previous studies that found that organic Fe is more effectively absorbed than the
inorganic counterpart (Jia et al., 2014).. The decreased iron content resulting in the Actigen
group does not align with previous work and suggests the need for further experimentation.
However, it should be noted that the lower iron content in the Actigen treatment may have
contributed to improved oxidative stability due to lower amounts of nonheme iron catalyzing

the decomposition of preformed lipid hydroperoxides into lipid radicals.

The Forplus supplemented broilers showed a significantly higher catalase activity
(P<0.05) (Figure 3) and an iron content significantly greater than that of Actigen and Forplus
+ Actigen. However, iron content was not significantly different from the control or organic
mineral treatments. The increase in catalase activity in Forplus broilers may be better

explained as a response to increased concentration of oxidants, as catalase velocity is
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dependent on substrate (H20,) concentration when the oxidant is still present at low or

moderate concentrations (Switala and Loewen, 2002).

Table 4: Selenium content (ppb) and iron content (ppm) of Pectoralis major determined by
ICP-MS.

Mineral Control Organic Actigen Forplus Actigen +
Forplus
Mineral

Selenium 153.5+6.3% | 198.5+10.0" | 180.0 + 180.1 + 172.8 +
(PPP) 3.1°8 5.6"8 4.88¢
Iron 3.86 +0.22" [3.5+0.078"° |2.95+ 3.45+ 3.23+
(ppm)

0.18° 0.10"8 0.0555¢

A Means (n = 10) between diets without a common uppercase superscript differ significantly
(P <0.05).

4.5. Fatty Acid Analysis

In order to determine how each treatment affected fatty acid profile, samples were
analyzed for their content of palmitic (16:0), trans-elaidic (18:1), cis-oleic (18:1), trans-
linoelaidic acid (18:2), cis-linoleic acid (18:2), eicosapentaenoic acid (EPA) (20:5), and DHA
(22:6). The only treatment effects on fatty acid profile were seen in the concentration of EPA
and DHA as shown in Table 2. Forplus and Actigen + Forplus exhibited a significantly (P <
0.05) greater concentration of DHA as well as a greater concentration of EPA that was
approaching significance (P = 0.07). The distinct increase in PUFA in those groups
supplemented with algae substantiates the increased lipid and protein oxidation within the
same groups. Previous work confirms that PUFA are more readily oxidizable and their
increased concentration within meat results in a decreased oxidative stability (Morrissey et

al., 1998; Nute et al., 2007).
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Table 5: Effect of dietary treatments on concentrations of EPA (mcg/g) and DHA (mcg/g) of

Pectoralis major determined by Merieux NutriSciences implementation of the AOAC

method 996.06.

Treatment EPA (mcg/g) DHA (mcg/g)
Control 63 + 2.65° 246.7 + 38.7°
Organic mineral 111 +30.5% 287.7 + 7.80°
Actigen 68.7 +10.3" 235.3 + 36.2°
Forplus 136.3 £ 29.3° 2081.3 + 772%
Actigen + Forplus 154.3 + 29.5° 2513.3 + 189"

A8 Means (n = 3) between diets without a common uppercase superscript differ significantly
(P <0.05).

2 Difference of means (n=3) between diets without a common lowercase superscript is
approaching significance (P < 0.1)

4.6. Meat quality

4.6.1. Puncture Force

Puncture force is interpreted as the kg of force necessary to rupture the fibers of or puncture
the chicken breast. Forplus and Forplus + Actigen treatment exhibited a significant decrease
(P <0.0001) in tenderness during storage, while other treatment groups showed no change
over time (Figure 8). The change over time may have been more prominent in groups
supplemented with Forplus due to increased oxidation (Figure 3 and 4). Increased oxidative
damage, particularly of the myofibrillar proteins can lead to disulfide cross-linkages, which
has been reported to decrease tenderness of meat (Lamesteschet al., 2007). Moreover,
increased carbonyl content as seen in the Forplus treatment has also been reported to correlate

with increased instrumental texture values (Rowe et al., 2004).

On day 0, puncture force of the Forplus supplemented group was numerically lower than the

organic mineral group and significantly lower (P = 0.0263) than all other treatment groups.
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The change in fatty acid profile and increases LC-PUFA (Table 2) is a likely cause of
decreased hardness of the meat. Moraes et al. (2016) supplemented broilers with canola oil
and also found that hardness decreased with increased levels of PUFA, specifically alpha-
linonlenic acid, within the fatty acid profile. On day 7, however, the Forplus dietary treatment

did not benefit meat texture.

While Actigen nor Forplus had a significant effect on texture, the Forplus + Actigen
significantly increased (P < 0.0001) puncture force on day 7. These results could be a
manifestation of both change in fatty acid profile and increased growth rate.. The increased
PUFA content of Actigen + Forplus may indirectly result in increased protein oxidation.
Whether through calpain inactivation or cross-linking, protein oxidation has a direct effect on
texture (Lund et al., 2011; Rowe et al., 2004). Moreover, Actigen supplementation has also
been shown to increase growth rate (Hooge & Connolly, 2011). As growth rate is correlated
with development of myopathies it is possible that supplementation with Actigen may result
in subcutaneous signs of WB not yet visible to the scorer at 42 days (Kuttappan et al., 2013a;
2012c). A histological investigation is necessary to investigate potential fibrosis within the
tissue, or a longer feeding period to allow for the complete manifestation of the WB

condition.
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Figure 7: Effect of dietary treatment on puncture force (kg force) of broiler breast meat
packaged in polyvinylchloride (PVC) at refrigerated storage at 2—4 °C for up to 7 days.
Puncture force or the kg force necessary to rupture the fibers of chicken breasts taken from
broilers fed one of five different diets for 42 days. Puncture force was measured after cooking
at 0 and 7 days post mortem. Different uppercase letters (A—C) indicate significant (P < 0.05)
difference between dietary treatments within the same day. Different lowercase letters (a,b)
indicate significant (P < 0.05) difference between storage days within the same dietary
treatment.

4.6.2. Water Holding Capacity

Cook loss decreased after 7 days of storage for all treatment groups. This is likely
because those samples stored 7 days had lower water content due to purge loss (Figure 9).
There was no significant treatment effect on cook loss or purge loss (Figure 8 and 9).
However, those groups receiving Actigen supplementation exhibited a numerically lower
purge loss which may coincide with the higher degree of oxidative stability (Figure 3 and 4).
As oxidative stability is directly related to the integrity of myofibrillar protein matrix,

Actigen may thereby improve water holding capacity (Liu et al., 2010).
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Figure 8: Effect of dietary treatment on cook loss (%) of broiler breast meat packaged in
polyvinylchloride (PVC) at refrigerated storage at 2—4 °C for up to 7 days. Different
lowercase letters (a,b) indicate significant (P < 0.05) difference between storage days within
the same dietary treatment.
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Figure 9: Effect of dietary treatment on purge loss (%) of broiler breast meat packaged in
polyvinylchloride (PVC) at refrigerated storage at 2—4 °C for up to 7 days.
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4.6.3. Instrumental Color

In Forplus supplemented groups redness (a*) was significantly decreased compared to
the controls on day 0 as can be seen in Table 2. This may be a result of increased aldehyde
byproducts of lipid oxidation (Figure 3) which can covalently bind myoglobin and accelerate
metmyoglobin formation and therefore discoloration (Suman & Joseph, 2014). A broiler
study supplementing dietary quercetin evidenced that increased redness occurred with
increased antioxidant inclusion in the diet (Goliomytis et al., 2014). Thus, oxidative
instability as a result of increased PUFA content (Table 2) could be correlated to a decrease
in redness. Similarly, Nute et al. (2007) found that broilers fed a diet enriched with PUFA
(marine algae or fish oil) were more susceptible to both oxidation and discoloration. Current
results suggest that antioxidative and color improving effects of carotenoids within algae are
not potent enough to mitigate the oxidative instability and discoloration associated with the

increase in PUFA (Figure 3 and Table 2).

Lightness (L*) was significantly decreased (P = 0.0045) in Forplus samples on day 7
in comparison to controls and Actigen. Improved lightness aligns with previous findings that
the carotenoids within algae improve meat color (Toyomizu et al., 2001). Based on the
threshold for pale meat set by Petracci et al. (2004) (L* >56) all treatment groups, on average,
exhibited pale meat. Similarly, Woelfel et al. (2002) found that up to 47% of breasts at a
commercial plant were recorded as pale, any of which could exhibit poor water holding
capacity. Thus, the lightness of all treatment groups could coincide with the similarities
across dietary treatment groups in water holding capacity. As PSE-like characteristics are
known to arise due to heat stress, the changes in meat color could be attributed to an external
source other than diet (Owens et al., 2000; Zhang et al., 2012). In this case, our results would
suggest that dietary intervention did not completely thwart the negative effects of heat stress

on meat quality.
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There was no significant effect on the yellowness (b*) of the meat on days 0 or 7.
This aligns with Schiavone et al. (2007) who found that supplementing microalgae to
increase DHA had no effect on the yellowness of Muscovy duck breast. However, other
groups have found that supplementation with algae significantly increases yellowness of the

meat (Toyomizu et al., 2001; Venkataraman et al., 1994).
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Table 6: Effect of dietary treatments on lightness (L*), redness (a*) and yellowness (b*) surface color values for raw chicken breasts taken on

day O or day 7 post mortem.

Control
Organic Mineral
Actigen
Forplus
Forplus + Actigen

Day 0
61.5 + 0.65
60.6 + 0.44
61.5+ 1.10
61.4 +0.81
61.5+ 1.20

L*

Day 7
60.9 + 1.20"

59.6 + 0.33""
60.5 + 1.40"°

58.6 + 0.93°

59.1 + 0.87°%¢

Day 0
11.6 +0.67%
12.0 + 0.36"

11.5 + 0.69"®

11.0 + 0.38°

11.5 + 0.03"B

a*

Day 7
10.6 +£0.92
11.0£0.46
10.7 £ 0.47
10.4 £ 0.37
10.6 £ 0.19

Day 0
12.1+0.92
12.5+0.90
12.2+£0.81
13.2+1.4
12.1£0.37

Day 7
15.9+0.48
14.7 £ 0.40
15.6 £ 0.33
15.4 £ 0.39
15.1+£0.38

ABC Means (n =30) between diets within the same day without a common uppercase superscript differ significantly (P < 0.05).

56



CHAPTER 5

CONCLUSIONS

In conclusion, nutritional intervention did have a direct impact on meat quality. Feeding
DHA rich microalgae meal (Forplus) successfully changed the fatty acid profile of the breast
muscle, increasing the concentration of PUFA. While increased PUFA has desirable health
benefits within the meat, it also increased vulnerability of the meat to lipid and protein oxidation
and negatively impacted shelf-life after 7 days. This is likely due to the readily oxidizable nature
of the allylic and double allylic bonds within the LC-PUFA. Although the degree of lipid
oxidation in the Forplus treatment did not impact olfactory characteristics of the breast meat,
even after 7 days of retail storage, there was still a detrimental impact on color through reduced
redness. Protein oxidation, however, did affect meat quality parameters such as texture resulting

in increased hardness.

Supplementing broilers with MRF (Actigen) resulted in an increase in oxidative stability
of meat. Actigen alone was able to subdue oxidative stress brought on by rearing birds under
heat stress, and when supplemented in combination with Forplus, Actigen was able to mitigate
the vulnerabilities seen in Forplus alone. As Actigen supplementation was accompanied by
increased GPx activity, it is likely that increased antioxidant enzyme activity is at least partially
responsible for the increased stability of Actigen supplementation. However, the concentration of
minerals key for antioxidant activities was relatively low in Actigen supplemented group. Thus,
further investigation of liver and serum mineral content is necessary to determine the mechanism

by which Actigen increases antioxidant activity.
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As this study was also meant to serve as a continuation to Delles et al. (2014), the birds
were fed algae-based antioxidant, containing Se yeast as a replacement for Vitamin E and
organic minerals. Results from this study conclude that while these supplementations did
significantly increase Se deposition, there was no significant effect on oxidative stability or meat
quality. These interventions alone are unable to thwart the damages to meat quality that arise
under increased environmental stress. However, these supplements do successfully replace
inorganic minerals without detriment to meat quality.

Overall, the results show that nutritional intervention can be used to positively influence
meat quality and attributes. Including Actigen in the nutritional regimen has previously been
intended to improve broiler performance, but results conclude that it can also be fed in order to
extend oxidative stability of the meat and deter negative effects of environmental stress. Actigen
also proves to offer a way of making increased PUFA content in the meat more sustainable by
inhibiting negative effects on oxidative stability and meat quality during retail storage. The mode
of action by which Actigen improves meat quality is likely related to the activity of antioxidant
enzymes such as glutathione peroxidase. Further investigations are needed to determine how
Actigen supplementation and modulation within the gut directly or indirectly affect mineral

deposition and antioxidant enzyme activity.
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