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The objectives of the current study were 1) to evaluate nutritional composition of
chicken breast meat labelled as organic and non-organic, and 2) to determine the effect of
microalgae and methionine supplementation on meat quality, incidence of white striping,
and muscle pathology in broilers. Two experiments were conducted to assess the nutritional
composition of meat. Experiment 1 characterized the lipid and fatty acid (FA) composition
of breast meat from broiler chickens labelled as organic or non-organic. Experiment 2
investigated the effects of docosahexaenoic acid- rich (DHA, 22:6 n-3) microalgae product
along with methionine (Met) supplementation on growth performance, carcass yield, serum
metabolites, breast muscle quality, nutrient content, FA composition, and pathological
aspects in broiler chickens. These studies were based on the central hypothesis that the type
of production system alters muscle FA composition and feeding Met and n-3 FA-rich diet

enhances muscle n-3 FA content while attenuating breast muscle myopathies in broiler
birds.
In experiment 1, a total of 24 breast meat samples were obtained from local grocery
stores. The meat samples originated from two different non-organic (n=6) (Regular 1,
Regular 2) or organic (Organic 1, Organic 2) (n=6) labelled chicken meat. Meat samples
were analyzed fresh or after 4 week storage at -20oC for moisture and fat content. FA
composition and lipid oxidation products were measured as thiobarbituric acid reactive
substances (TBARS). Organic 2 had the highest and Regular 2 had the lowest moisture
content (P<0.05). However, essential FA such as linolenic acid (18:2 n-6), and α linolenic
acid (18:3 n-3) were higher in meat labelled as organic compared to non-organic (P<0.05).
Over 1.7 fold increase in total polyunsaturated fatty acids (PUFA) was observed in meat
labelled as organic compared to non-organic (P<0.05). When expressed as mg/100 g,
organic meat had over 98-130 mg/100g n-3 FA compared to 16-21 mg/100 g in nonorganic meat (P<0.05). The TBARS was higher in Organic 2 than Regular 1 (P<0.05).
Storage increased TBARS (P<0.05) and had a trend (P=0.09) in reduction in moisture in
all of the sampled meat. In conclusion, results from experiment 1 revealed significant
differences in FA composition with organic labelled meat providing higher n-3 FA than
non-organic meat. However, the high TBARS observed in Organic 2 meat points to the
need of natural antioxidants in diet to enhance the freshness and lipid stability of meat from
chickens raised and labelled as organic.
In experiment 2, one hundred and forty four (n=144) day old Cornish cross chicks
were fed a corn-soybean meal-based diet containing 0% microalgae product, (Control), 2%
microalgae product (Diet 1), and Diet 1+100% more NRC requirement of Met (Diet 2) for

42 days. All diets were isocaloric and isonitrogenous. The chicks were kept in six pens
with eight chicks per each replicate pen. Feed consumption and feed efficiency (feed
intake/weight gain) was calculated on day 10, 21 and 42. On day 43, three chicks per each
pen (n=18/treatment) were euthanized. The breast muscle was visually scored for muscle
striping (0= no striping, 1= moderate, 3= severe) and were subjected to histopathology.
Carcass cut up-yield and relative organ weight (breast muscle, thigh muscle, liver, fat pad,
heart, gizzard) was determined. Nutrient characterization (total lipid, FA composition,
cholesterol, total protein, minerals) of the breast muscle (pectoralis major) was conducted.
Other tissues (thigh muscle, liver, fat pad) were subjected to FA analysis. A one-way
ANOVA (analysis of variance) was done on the data with diet as the main factor and
significance was set at (P<0.05).
The incidence of muscle striping was lower (P<0.02) for Control vs Diet 2 and a
trend for reduction in white striping was noticed in birds fed Diet 1 vs Control (P=0.09).
Histopathology revealed least severe changes in myofiber damage and least inflammation
in birds fed Diet 2 (P<0.05). No effect of diet on body weight gain, feed efficiency, breast
and thigh muscle, gizzard, and heart tissue yield or serum cholesterol and triacylglycerol
was observed (P>0.05). Total n-3 and total long chain (>20C) n-3 FA were highest in the
breast muscle of Diet 2 birds (P<0.05). No effect of diet on breast muscle pH, moisture,
TBARS, cooking loss, mineral (Ca, P, Mg, Na), or protein content was observed (P>0.05).
Drip loss and shear force was highest in Diet 2 (P<0.05). Breast meat color (A*, redness)
was reduced (P<0.05) and a trend for reduction in B* (yellowness) was observed in Diet 2
(P=0.07). Total lipid content in breast muscle was lowest in birds fed Diet 1 (P<0.05). In
conclusion, the results from Experiment 2 indicates a significant effect of DHA-rich

microalgae along with Met supplementation in attenuating white muscle striping and
muscle myopathy, while enriching meat with n-3 FA without affecting production
performance in broiler birds.
In summary, as the current western diets are lacking in n-3 FA and chickens being
the major source of animal protein consumed globally, diet management strategies using
microalgae and Met could be used in broiler diets to enhance meat quality and n-3 FA
content, reduce muscle myopathy and white striping without affecting productivity.
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I
Introduction:
Chicken meat is an animal derived food product that is consumed in almost every
household in the US. In many western dishes chicken is the primary source of meat owing
its popularity to the ever growing fast food chains and diners. In the US the total value of
poultry production is $30.2 billion out of which broiler chicken constitutes 67% and per
capita consumption of poultry meat is 90lbs (USDA., 2017). Commercially, broiler
chickens are raised in environmentally controlled poultry houses with automatic feed and
drinking systems. Chicken diets are based primarily on a corn-soy ration which is high in
omega-6 fatty acids (FA). Recently there has been a growing increase in the consumption
of non-traditional broiler chickens raised in organic systems. Organically produced broiler
has a value of approximately $750 million (USDA., 2016). The consumption of organically
produced chicken has increased by 78% according to the recent report published by the
(USDA., 2018).
Current western diets contain significantly high saturated fats, which leads to
chronic metabolic diseases in humans (Doll, et al., 2009). Replacing conventional poultry
foods enriched with omega-3 (n-3) polyunsaturated FA (PUFA), and reduced omega-6 (n6) PUFA and saturated fatty acid (SFA) can ameliorate this issue. Consumption of n-3
PUFA can improve fat burning metabolism and decrease the incidence of cardiovascular
and metabolic disease (Jump et al., 2012).
Poultry meat is commonly enriched with n-3 PUFA by supplementing flaxseed or
fish oils in the diet, but strains of microalgae are an emerging alternative. Microalgae based
DHA (docosahexaenoic acid) products have gained an increasing interest due to their low
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anti-nutritional factors and increased sustainability. DHA is the longest (C22:6 n-3) and
most biologically active n-3 PUFA, as opposed to the shorter, plant derived n-3 FA found
in flaxseed, α-linolenic acid (C18:3 n-3, ALA) (Hishikawa et al., 2017).
Methionine (Met) is an essential amino acid which is commonly used as a
supplement in broiler diets (Albrecht el al., 2017). Methionine is limited in plant protein
sources and is required at high levels for feather growth and protein synthesis, and is always
classified as the first limiting amino acid in poultry. Deficiency in Met consumption has a
significant negative impact on animals such as growth inhibition, the induction of
metabolic disorders and the reduction of disease defensive potential (Bunchasak., 2009).
A recent study by Beheshti Moghadam et al., (2017) reported that increase in Met
supplementation can increase n-3 PUFA incorporation and oxidative stability in breast
muscle tissue of broiler chickens fed flaxseed.
The increase in genetic progress and growth rate of birds, has led to stress on
growing birds resulting in histological and biochemical modifications of the muscle tissue
by impairing some meat quality traits (Petracci et al., 2011). The main myopathies that
have garnered the interest of producers, processors, and consumers alike are woody breast
(WB) and white striping (WS) in chicken breast muscle (Kuttappan et al., 2016). This leads
to unappealing appearance, and reduced protein functionality in processed products
(Mudalal et al., 2014, 2015 and Tijare et al., 2016).
This thesis entails two studies that involve nutritional characterization of broiler
breast and how it is influenced by production system and diet. The objective of experiment
one was to investigate the difference, if any, in nutritional parameters of chickens from two
different production systems: organic and conventional. The second experiment involves a
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feeding trial of Cornish cross broiler chickens with supplemented microalgae and Met for
6 weeks. The objectives of the second experiment were to study whether microalgae and
Met supplementation had any effect on bird performance, meat quality, and incidence of
myopathy.
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II. Literature Review
1. Poultry Meat Production and Consumption:
Chicken as a meat has been consumed since the early 20 th century (National Chicken
Council). Chicken meat is a household product consumed in almost every household in the
United States. In United States the total production in value of poultry meat has seen an
upward trend (Figure 1) and is around $38.7 billion (USDA., 2018). In the US the per
capita consumption of poultry meat is around 92lbs (USDA., 2018) and has increased by
36% in the last two decades (Table 1). In United States 19,004 metric tons of poultry meat
was produced as of April 2018 (USDA., 2018). The poultry industry globally is composed
of production and processing of: 1) Chicken, 2) Turkey, 3) Waterfowl, and 4) Ratites.
Chicken being the leading among all. Globally the largest producer of broiler meat is
United States, followed by Brazil, and the European Union.
Figure 1. Value of Poultry Production in the U.S, 2007-2018 (USDA., 2018)
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Table1. Per capita poultry meat consumption in the U.S (pounds/capita) (USDA., 2018)
Year

Chicken

Turkey

1990

59.0

17.5

1995

69.5

17.7

2000

76.6

17.3

2005

85.7

16.7

2015

88.4

15.9

2016

89.8

16.6

2017

90.1

16.8

2018

92.4

16.2

Poultry meat is highly regarded as one of the most efficient protein sources. The
demand has gone up in recent decades due to low costs, suitability for further
processing, and the absence of cultural or religious aversions (Petracci et al., 2013).
This has led to an increase in consumption to 13.5 kilograms of poultry meat per capita
in the world in 2015 (OECD/FAO., 2016). Such an increase in demand has been met
through the combination of genetic selection of desirable growth traits and through well
formulated poultry diets. This is demonstrated by the fact that in 1925 the average
market live weight of a 112 day broiler was 1.1kg while in 2015, a market weight of
2.8kg was achieved at 48 days (National Chicken Council., 2015). The modern fast
growing broiler allows producers to meet the consumption demands. Poultry meat is
considered an inexpensive source of lean meat. A variable but moderate energy content,
highly digestible proteins (with low levels of collagen) of good nutritional quality,
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unsaturated lipids (mainly found in the skin and easily removed), B-group vitamins
(mainly thiamin, vitamin B6, and pantothenic acid), and minerals such as (iron, zinc,
and copper) make poultry meat a valuable food (Marangoni et al., 2015). The chicken
breast has approximately 1% fat and 22.8% protein (Table 2) (FAO., 2007). Among
the chicken meat, there is an increasing trend in consumption of cut up parts to whole
carcass consumption. Such rapid growth and shift in consumption trend requires
optimum meat quality of the chicken meat and cut up portions.

Table 2. Nutritional composition of chicken meat per 100g (FAO, 2007)
Water
Chicken

75.0 %

Protein
22.8 g

Fat
0.9 g

Ash
1.2 %

kj
43

Epidemiological studies performed across the world, in highly diverse populations
with different food preferences and nutritional habits, provide solid information on the
association between poultry consumption, within a balanced diet, and good health. Meat
contributes to fats, especially saturated fats; its consumption is therefore potentially
associated with an excess intake of these nutrients and the corresponding negative health
consequences (Marangoni et al., 2015). The average American, or “Western,” diet tends to
be high in saturated fats, which can lead to a host of chronic metabolic diseases (Doll, et
al., 2009). The composition of poultry fat includes significant amounts of monounsaturated
fatty acids. Consuming n-3 polyunsaturated fatty acids (PUFA) can improve fat burning
metabolism and decrease the incidence of cardiovascular and metabolic disease (Jump et
al., 2012). Incorporating n-3 fatty acids (FA) in chicken meat may be an alternative strategy
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to increase human n-3 FA consumption without changing existing dietary habits. The
success of this strategy would depend on developing ways to increase the n-3 FA content
of meat above current levels without affecting chicken production performance and meat
quality aspects.
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1.1 Poultry Meat Production Systems
In the United States there are different categories of poultry production systems
namely: commercial and organic systems.
1.1.1 Commercial Production System
Commercial poultry production systems are large scale operations, that are
operated by big companies such as, Tyson, Perdue Farms, Sanderson Farms, and Foster
Farms to name a few. These companies are vertically integrated, with control over whole
of the production processes from hatching of the chick to its final delivery at retail store
along with having feed mills that provide the feed for the chickens for the operations. The
chickens used in these operations are various strains of broiler chicken, often all coming
from the same breed and are fed diets based on corn and soybean meal.
1.1.2 Organic Poultry Production
Organic poultry production systems can be large scale operations or small scale
individual farmers. In organic production all the ingredients that are used in the diet must
come from organic sources and must be certified by USDA and adopt the managemental
guidelines outlined by USDA. There is an increase in consumer interest for organic chicken
in western societies.
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2. Assessing the Meat Quality of Broiler Chickens
Assessing the meat quality of chicken is a multi-faceted phenomenon. When
assessing the meat quality some of the attributes that are taken into consideration are: 1)
appearance, 2) texture, 3) tenderness 4) juiciness, 5) drip loss, 6) cook-loss, 7) pH, and 8)
shelf-life (Allen et al., 1998). However,appearance and texture are two of the most
paramount aspects in assessing chicken meat quality (Fletcher., 2002). Color is one of the
dominant factor in consumer’s initial buying decision (Fletcher., 2002). Meat quality of the
chicken is affected by several factors; such as, management, nutrition, processing, and
storage. The pivotal factor in decision of purchase of meat is its appearance; how the
consumer/buyer perceives the meat.
2.1 Color
Color is one of the most dominant factors in a consumer’s initial buying decision
of the meat (Fletcher., 2002). The color of meat samples including poultry are judged by
the L*, a*, b* values as mentioned in the American Meat Science Association (AMSA.,
2012). L* is the measure of the lightness and darkness of the meat color while a* is the
measure of redness and b* is the measure of yellowness. Like other meat products poultry
meat color is influenced by the myoglobin content, chemical nature of the heme and the
pH, (Fletcher., 2002). Pre-slaughter conditions and the handling practices that the bird is
subjected to also influence the color of the breast meat (Froning et al., 1978). Reduced
carcass fat can also affect color and lead to lighter breast meat color (Le-Bi-han-Duval et
al., 1999). The myoglobin content depends on the type of species, and age of the animal
(Lawrie., 1998). Several studies have shown that pH has a significant negative correlation
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to breast meat lightness values and breast meat pH (Barbut., 1993, Fletcher., 1995, Allen
et al., 1997). Visible defects such as bruises, hemorrhaging and pooling of blood can alter
the color of the meat superficially and change consumer perception (Fletcher., 2002).
2.2 Tenderness
Meat tenderness is an important trait in broiler chickens. It is rated as the most
important attribute by the average consumer (Petracci et al., 2011). The tenderness of meat
is influenced by a number of factors including; the type of muscle, sex of the animal,
the grain of the meat, the amount of connective tissue, and the amount of fat. Historically
meat tenderness was mostly associated with live bird quality factors such as breed, sex, or
age. The two major contributing factors to poultry meat tenderness are 1) maturity of the
connective tissues involved and 2) the contractile state of the myofibrillar proteins.
Collagen cross linking increases with age, as a consequence meat from older birds tend to
be tougher. The contractile state of the myofibrillar proteins, is primarily function of the
rate and severity of rigor mortis development (Fletcher., 2002). Factors such as feed
withdrawal, environment, and struggle before slaughter have been shown to affect muscle
glycogen stores at the time of slaughter. Birds with higher muscle glycogen content at
slaughter have lower shear values than birds with lower muscle glycogen (Mellor et al,.
1958). Increasing feed withdrawal times has shown to decrease breast muscle glycogen
stores making the meat tough (Murray and Rosenberg, 1953; Kotula and Wang, 1994).
Processing conditions such as stunning and slaughtering also affect meat tenderness. Using
gas stunning such as argon and carbon dioxide, have been shown to decrease carcass
damage and improve meat quality in the UK. Birds killed in a gas environment appeared
to have accelerated rigor mortis in breast muscle without adverse toughening (Mohan Raj
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et al., 1990; 1991). According to the research of these author’s gas killing resulted in a
lower initial muscle pH, and more tender meat compared to electrically stunned birds.
Rapid pH decline at high temperature reduces post-mortem tenderization and can lead to
toughening of meat (Dransfield., 1994).
2.3 Water Holding Capacity
Water holding capacity (WHC) is defined as the ability of meat to hold its inherent
and added moisture during fabrication, processing, and storage. Water holding capacity is
an important meat quality attribute (Woelfel et al., 2002) and is influenced by a number of
factors such as; pH, muscle type, rigor mortis, processing conditions, and ingredients added
to the meat.
Poor WHC in raw poultry meat results in diminished visual appeal and inferior
palatability traits for consumers as well as reduced ingredient retention, protein
functionality, and product yields for processors. Broiler breast muscles (Pectoralis major)
are comprised of nearly 100% fast-twitch glycolytic muscle fibers making them
particularly susceptible to undergoing a rapid postmortem pH decline and exhibiting
inferior WHC characteristics (Bowker and Zhuang., 2016). Main factors effecting chicken
breast muscle water holding capacity are post mortem pH and protein denaturation. One
method used to determine water-holding capacity is expressible moisture and the other is
drip loss (Woelfel et al., 2002). Rapid denaturation of myosin increases the likelihood of
reduction in WHC (Offer., 1991).
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2.4 Muscle pH
Muscle pH has an intricate relationship with temperature, slaughtering and
handling of the birds. Studies have shown that pH has the tendency to influence the color,
tenderness, palatability, and texture of the poultry breast muscle (Fletcher., 2002). Bendal
and Wismer Pederson (1962) reported that biophysical mechanisms explain how a low-pH
causes increased reflectance, denaturation of sarcoplasmic proteins, and increased surface
reflectance from myofibrils. Muscle pH and color are highly correlated: low muscle pH is
associated with light color meat, such as pale-soft-exudative (PSE) meat. The impact of pH
on color and functionality of the meat is of great importance to the processors of fresh and
further processed products.
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3. Fatty Acids in Poultry Meat

Fatty acid is a carboxylic acid with a long aliphatic chain, which is either saturated
or unsaturated. Most naturally occurring FA in poultry have an unbranched chain of an
even number of carbon atoms. Fatty acids are usually present in chicken meat as esters:
triglycerides, phospholipids, and cholesterol. In any of these forms, FA are an important
source of fuel for the birds and are important structural components of cell membranes.
Fatty acids differ by length, and are often categorized as short to very long. Shortchain FA are FA with aliphatic tails of five of or fewer carbons (e.g. butyric acid) and are
not usually present in poultry meat. Medium chain FA are FA with aliphatic tails of 6 to
12 carbons. Long chain FA are FA with aliphatic tails of 14 to 22 carbons (e.g. palmitic
acid; C16:0). Very long chain FA are those with aliphatic tails of 22 or more carbons. FA
in chicken tissues and egg yolk usually vary from 14 to 22 carbons in length. Unsaturated
FA have one or more carbon-carbon double bonds and are called monounsaturated FA
(MUFA) and those with two or more are called polyunsaturated FA (PUFA). PUFA can be
of the omega-3 or omega-6 family. Among the different PUFA, linoleic acid (18:2 n-6) is
essential and should be provided to the chickens.
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3.1 Omega-3 Fatty Acids
Omega−3 FA, are (PUFAs) characterized by the presence of the first double bond
three carbon away from the terminal methyl group in their chemical structure. Omega-3
FA are widely distributed in nature, being important constituents of animal lipid
metabolism. They play an important role in the human and animal diet and
physiology (Micronutrient Information Center, Oregon State University., 2014; Scorletti
& Byrne., 2013). The three major n−3 PUFA are α-linolenic acid (18:3 n−3, ALA)
eicosapentaenoic acid (20:5 n−3, EPA) and docosahexaenoic acid (22:6 n−3, DHA). The
majority of the human health benefits are related to (EPA), and (DHA), rather than (ALA)
(Trautwein., 2001). It has been suggested that the principal biological role of ALA, which
is an essential FA, is to serve as a substrate for synthesis of long chain n−3 PUFA such as
EPA and DHA (Burdge., 2004). Marine oil and algae are primary sources of long chain
omega−3 FA in animal diets (Raes et al., 2004; Rathgeber et al., 2011). Common dietary
sources of plant oils containing ALA include canola and flaxseed oil, while sources of
animal omega−3 FA (EPA) and (DHA) are fish and fish oils in eggs, and meat from
chickens fed marine oils or other ingredients containing ALA (e.g. flaxseed).
3.2 Types of Omega-3 Fatty Acids
3.2.1 Alpha linolenic acid (ALA)
Alpha-linolenic acid (18:3 n-3, ALA) (Figure-2) is plant-based essential omega-3
PUFA for human health, that must be obtained through the diet (Burdge and Calder.,
2000). ALA is an essential fatty acid in the diet of humans as well as monogastric animals.
It is the principal n-3 PUFA in the western diet and broiler rations. The major dietary
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sources of ALA are green leaves, and oils used in cooking such as canola oil and soybean
oil where it accounts for up to 10% of total fatty acids. Oil seeds, such as flaxseed and nuts
(e.g. walnut) are a rich source of ALA (Burdge and Calder., 2005). ALA is converted to
longer chain n-3 PUFA such as (EPA; 20:5 n-3) and (DHA; 22:6 n-3) by the pathway
shown in (Figure 6).

Figure 2. Structure of Alpha-linolenic acid (18:3 n-3, ALA) (adopted from Blondeau et al., 2015)

3.2.2 Eicosapentaenoic acid (EPA)
Eicosapentaenoic acid (EPA; 20:5 n-3) (Figure 3) is an omega-3 FA. It is a 20
carbon n-3 PUFA with 5 double bonds. EPA plays a crucial role in mitigating cellular
inflammation as EPA is an inhibitor of the enzyme delta-5-desaturase (D5D) that produces
arachidonic acid from 18 carbon linoleic acid, and is a mediator of cellular inflammation.
Primary source of EPA in human and animal diet is fish and fish products or marine oils
(Raes et al., 2004; Rathgeber et al., 2011).

Figure 3. Structure of Eicosapentaenoic acid (20:5 n-3, EPA)
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3.2.3 Docosahexaenoic acid (DHA)
Docosahexaenoic acid (DHA) (22:6 n-3, DHA) is a 22 carbon n-3 PUFA, with six
double bonds (Figure 4). It is the most biologically active n-3 PUFA, and plays in pivotal
role in brain development and neurological health (Hashikawa et al., 2017). DHA is most
concentrated in the brain and the retinas. It is the longest n-3 PUFA commonly found in
poultry, and the most highly unsaturated. DHA is preferentially incorporated into
phospholipid bilayer, where it becomes a functional component of membranes, as opposed
to being stored in triglycerides (Neijat et al., 2017).

Figure 4. Structure of docosahexaenoic acid (22:6 n-3, DHA).
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DHA cannot be synthesized de novo in mammals, and therefore, must be obtained in the
diet primarily through fish, marine oils or synthesized within the body from ALA
(Patterson and Stark., 2008), through saturation and elongation pathway (Figure 5)

Figure 5. Synthesis of DHA from ALA adopted from (Fraeye et al., 2012)

3.3 Omega-3 Fatty Acids in Human Diet: Role of Poultry Foods
Research on dietary n-3 FA such as the long chain (> 20C) n-3 FA (EPA, 20:5 n3), and (DHA, 22:6 n-3) has shown, dietary n-3 FA play an important role in protecting
cardiac health in both human and animal studies (Arab-Tehrany et al., 2012; Calder., 2013).
ALA is converted to EPA and DHA in human body by de novo synthesis as described in
(Figure 5). However, the conversion is very limited and inefficient in humans (Lagarde.,
2008). Western diets contain limited amount of n-3 PUFA and are high in SFA acids and
n-6 FA. Modern day trends of increasing dietary related diseases such as, obesity, diabetes,
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hypertension, cardiovascular diseases, and some types of cancer. The connection between
diet and health has become of paramount importance, consequently generating a demand
for superior health quality foods, which in turn has led to an increasing interest in dietary
sources rich in omega-3 FA (Kalogeropoulos et al., 2010). In addition, n−3 PUFA have
been reported to play a role in prevention and treatment of many other chronic diseases,
such as neurological disorders, cancer, inflammatory diseases, obesity, and diabetes
mellitus (Trautwein., 2001; Yashodhara et al., 2009).
Broiler meat is one of the most widely consumed animal protein globally. Due to
the beneficial effects of n-3 long chain PUFA in human health, omega-3 enriched,
designer/functional egg and meat have gained popularity among consumers. Enrichment
of poultry products with beneficial FA have been a subject of interest for almost a decade.
The key focus of these researches has been the production of value added breast and thigh
meat that are rich in n-3 FA (Raes et al., 2002; Rymer and Givens., 2005).

3.3.1 Sources of Omega-3 Fatty Acids in Poultry Diet
Current poultry diet has a low concentration of n-3 FA, as most diets are formulated
as corn-soy ration rich in n-6 FA. The most common method to increase n-3 FA in poultry
products is through diet manipulation. This can be done using ingredients rich in n-3 FA
either from plant or marine sources briefly described below:
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Flaxseed:
EPA and DHA, both are synthesized from ALA. Poultry diets that are rich in ALA
will have increased ALA and other long chain n-3 FA in meat (Beheshti Moghadam et al.,
2017). Flaxseed is one of the most commonly used plant based ingredient for n-3
enrichment of poultry diet. This is due to its nutritional properties of having a high
metabolizable energy, and a high ALA (>50%) (Beheshti Moghadam et al., 2017).
However, flaxseed cannot be used extensively as growth retardation in broiler chickens.
Presence of anti-nutritional factors (ANF) such as cyanogenic glycosides and trypsin
inhibitors make it a difficult choice as an ingredient for n-3 FA enrichment in poultry diet.

Fish Oil:
Menhaden fish oil is the most common marine oil that is used in poultry diets. Long
chain n-3 FA such as EPA (20:5 n-3), and DHA (22:6 n-3) are extensively found in fish
oils and marine products (Raes et al., 2004; Rathgeber et al., 2011). However, high levels
of fish oil can lead to sensory issues that affect the meat quality and consumer acceptance
(Cherian and Poureslami., 2012).

Microalgae
Algae are defined as heterogeneous assemblage of organisms that range in size
from tiny cells to giant seaweeds. They are algae mostly photosynthetic species including
eukaryotes and prokaryotic, cyanobacteria (blue-green algae) and live in aquatic habitats.
Algae can be differentiated, by the body size and structure either to microalgae with algae
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bodies that need microscope to be observed or macroalgae which large enough to be seen
unaided with eye (Graham et al., 2009).
Microalgae have been used by humans since 2000 years and dates back to the
Chinese who used it to survive famine (Spolaore et al., 2006). Microalgae are a vegetarian
source of n-3 PUFA and can be grown in confined facilities anywhere around the world.
Microalgae are mostly composed of proteins, carbohydrates, lipids, and trace nutrients,
including vitamins, antioxidants, and trace elements.
The nutritional contents of algae are rapidly gaining importance as a renewable
source to substitute conventional ingredients in the aquaculture/animal feed.
Comprehensive analyses and nutritional studies have demonstrated that algae contain
proteins and these proteins are of high quality and comparable to conventional vegetable
proteins (Becker et al., 2007). Ginzberg et al (2000), studied the role of algae Porphyridium
sp. as feed supplement on metabolism of chicken. It was found that cholesterol of egg yolk
was reduced about 10% and color of egg yolk became darker, indicating the production of
higher carotenoids (Singh et al., 2010; Kiron et al., 2012). In poultry rations, algae up to a
level of 5-10% can be used safely as partial replacement for conventional proteins
(Spolaore et al., 2006). Prolonged feeding of algae at higher concentrations may cause
adverse effects, such as repressed growth. The yellow color of broiler skin and shanks as
well as of egg yolk are important characteristics that can be influenced by feeding algae.
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4. Lipid Peroxidation in Poultry Meat:
Lipid peroxidation is the degenerative process by which the lipids are degraded
through the process in which free radicals steal electrons from the lipids in the cell
membranes, resulting in cell damage. Lipid peroxidation has long been recognized as a
major deterioration process affecting both the sensory and nutritional quality of foods
(Sheehy et al.,1995; Yanishlieva et al.,1999). Meat and meat products are susceptible to
deterioration in view of their rich nutritional composition (Devatkal et al., 2012). This
deterioration occurs as the result of a number of chemical and microbial changes. The most
common form of chemical damage is lipid oxidation in meat (Medina-Meza et al., 2014;
Shah et al., 2014). Lipid oxidation is an important factor limiting both the quality of meat
products and their acceptability to the consumer. Food becomes unacceptable to the
consumer once a certain degree of rancidity is attained (Sammet et al., 2006). Lipid
oxidation is a complex process that is dependent on the chemical composition of the meat,
the presence of light and oxygen, and on the storage temperature (Belitz et al., 2004). The
rate and extent of lipid oxidation in muscle tissue appears to be dependent on several
factors, including, diet, degree of muscle tissue damages and post-slaughtering events such
as, processing, early post-mortem conditions, pH, and carcass temperature (Morrisey et al.,
1998). It has been reported that poultry meat in general is prone to oxidative deterioration
due to its high concentration of PUFA (Igene and Pearson., 1979).

4.1 Mechanism of Lipid Peroxidation
All foods that contain lipids, even in extremely small quantities (< 1%), may
undergo oxidation which leads to the onset of rancidity (Wąsowicz et al., 2004). Oxidation
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involves reactions of the hydrocarbon chains that are common to free fatty acids and their
esters. The carboxyl end of free FA however, speeds up the decomposition of
hydroperoxides and may react with certain oxidation products. A number of lipid oxidation
reactions may take place in foods, such as autoxidation with atmospheric oxygen, oxidation
with hydroperoxides or hydrogen peroxide, oxidation with singlet oxygen during photooxidation, oxidation catalyzed by enzymes (lipoxygenases), oxidation with heavy metals
at a higher valence, and oxidation with quinones and related compounds (Velíšek and
Hajšlová 2009).
The autoxidation of lipids associated with the production of free radicals is a
spontaneous reaction of atmospheric oxygen with FA that leads to oxidative damage to
meat and meat products and the formation of undesirable sensory properties (Wąsowicz et
al. 2004; Dave and Ghaly 2011; Santos-Fandila et al. 2014) (Figure 6).

Figure 6. The mechanism of lipid peroxidation (adapted from Santos-Fandila et al. 2014)

23

Autoxidation takes place as a radical chain reaction characterized by three steps:
1) initiation, 2) propagation, and 3) termination (Falowo et al., 2014; Santos-Fandila et al.,
2014).
Initiation reaction: During initiation, the homolytic cleavage of the covalent bond in the
C-H hydrocarbon chain takes place with the formation of a free hydrogen radical (H•) and
FA free radical (R•) ( (Velíšek and Hajšlová., 2009). Catalysts of this reaction include
heating, radiation, metal ions and other free radicals (Hájek et al., 1998; Dave and Ghaly.,
2011).
RH → R• + H•.
Cleavage also occurs by means of a reaction with another free radical or a reaction with
metals with transitory valence (Velíšek and Hajšlová., 2009).
Propagation reaction: Occurs in the second step of autoxidation between the highly reactive
FA radical and atmospheric oxygen to form a highly reactive peroxyl radical (ROO•). This
radical is capable of reacting with unsaturated fatty acids to form hydroperoxides (ROOH)
(Wąsowicz et al., 2004; Velíšek and Hajšlová., 2009).
R• + O2 → ROO• (2) ROO• + RH → ROOH + R•
The sequence of two given reactions may be repeated a number of times, for which reason
autoxidation is known as a chain reaction (Velíšek and Hajšlová., 2009). The reaction of a
FA free radical with oxygen is much quicker than the reaction between a peroxyl radical
and a lipid hydrocarbon chain. The second reaction therefore determines the speed of
autoxidation (Wąsowicz et al., 2004; Velíšek and Hajšlová., 2009).
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Termination reaction: In the final phase of autoxidation, i.e. termination, where non-radical
relatively stable products are formed if the concentration of free radicals is sufficiently high
(Wąsowicz et al., 2004; Velíšek and Hajšlová., 2009; Dave and Ghaly., 2011).
R• + R• → R-R (4) R• + ROO• → ROOR ROO• + ROO• → ROOR + O2

4.2 Factors Effecting Lipid Peroxidation
Lipid peroxidation is dependent on number of factors: Including, the composition
of FA; such as PUFA that are more susceptible, presence of antioxidants, pro-oxidants,
which can affect lipid peroxidation (Dave and Ghally 2011; Falowo et al.,2014). Common
meat animal species such as beef and lamb (ruminants) contain higher levels of SFA in
muscle and adipose tissue compared to that of chickens, which contain elevated levels of
PUFA (Wood et al., 2008). Factors that influence the rate and course of lipid oxidation are:
1) nature of the lipids; degree of unsaturation, free FA vs esters vs triacylglycerols, trans
vs cis, conjugation, phospholipids 2) surface effects; dispersion, emulsion, 3) presence of
catalysts: prooxidants (hydroperoxides, metals, porphyrins, heme compounds) enzymes
(lipoxygenase, cyclooxygenase, xanthine oxidase), amino acids, ascorbic acid (low
concentrations) 4) presence of inhibitors; antioxidants (endogenic and exogenic),
polyphenols, metal chelators, synergists, amino acids, enzymes (glutathione peroxidase),
interceptors (proteins, DNA, vitamins, pigments), 5) environment temperature, light,
partial oxygen pressure, water, pH, packaging, and processing (Amaral et al., 2018).
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4.3 Effects of Lipid Peroxidation on Meat
Lipid peroxidation causes loss of nutritional and sensory qualities as well as the
formation of potentially toxic compounds that compromises meat quality and reduces its
shelf life (Cortinas et al., 2005). The oxidation of lipids, and of unsaturated FA in particular,
leads to the formation of hydroperoxides whose cleavage is accompanied by the formation
of secondary products such as pentanal, hexanal, 4-hydroxynonenal, malondialdehyde and
other oxygen compounds including aldehydes, acids and ketones (Fernández et al., 1997).
These secondary products may cause loss of color and nutritional value and a negative
smell and taste (Min and Ahn., 2005; Resconi et al., 2013) due to their effect on lipids,
pigments, proteins, saccharides and vitamins (Fernández et al., 1997; Dave and Ghaly.,
2011). Secondary lipid oxidation products are often associated with toxic effects such as
the inception of atherosclerosis, carcinogenic and mutagenic properties (Sammet et al.,
2006; Dave and Ghaly., 2011; Duthie et al., 2013). In certain cases, oxidation products may
contribute to the typical aroma of the given products (Gandemer., 2002).
4.4 Quantifying Degree of Lipid Peroxidation
There are several methods to assess the degree of lipid oxidation in food.
Malondialdehyde (MDA) is one of the most abundant aldehydes generated during
secondary lipid oxidation and also probably the most commonly used as an oxidation
marker (Barriuso et al., 2013). The presence of oxidized lipids in the diet of humans and
animals resulted in an increase of thiobarbituric acid reactive substances (TBARS) in
plasma and tissue (Ruban et al., 2009). This is a pink colored compound which is measured
using a colorimeter. Another method to quantify lipid oxidation products is using reverse
phase chromatography. TBARS assay is most commonly used as it can be conducted
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easily, however due to the nature of the complexity of lipid oxidation adopting a single
method may not provide the best assessment of meat lipid quality.
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5. Growth Related Breast Muscle Anomalies in Broiler Chickens

Broiler chicken is one of the fastest growing meat type birds in the poultry industry.
In recent years the consumer demand has shifted from whole carcass to cut up portions
(Kuttappan et al., 2016). To meet the increasing demands for boneless breast meat, the
broiler industry has effectively utilized genetic selection and improvements in nutrition to
achieve substantial gains in average bird size, growth rate, feed efficiency, and carcass
yield. With increase in carcass yield, broiler chickens are increasingly developing breast
muscle anomalies/myopathies and are gaining the attention of poultry meat producers
globally (Kuttappan et al., 2016). Several forms of myopathies have been observed in
poultry and are described briefly below.
5.1 White Striping and Woody Breast
White striping is a condition characterized by the occurrence of white striations
parallel to the muscle fibers on breast, thigh, and tender muscles of broilers. It is
characterized by visual observation of white line of intramuscular deposits in raw meat
running parallel to muscle fibers (Kuttappan et al., 2016) (Figure 7), elevated serum
creatinine kinase levels (Kuttappan et al., 2013), and increased fat content in pectoral
muscle (Kuttppan et al., 2012; Petracci et al., 2014).
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Figure 7. Visual scoring of chicken breast with white stripping 0= normal, 1= moderate, 2= severe,
and 3= extreme, (adapted from Kuttappan et al., 2012)

Where there is an occurrence of white striping there is a similar myopathy that is
followed by woody breast (WB) syndrome. Woody breast condition occurs in the pectoralis
major muscle (Sihvo et al., 2014). Histopathological analysis have demonstrated that there
is a myodegeneration, necrosis, fibrosis, lipidosis and regenerative changes in the woody
breast muscle (Kuttappan et al., 2016). While white striping (WS) is visually characterized,
WB syndrome affects the tactile characteristics of broiler raw breast fillet. Woody breast
imparts tougher consistency to raw breast fillets. Upon palpation WB are firmer and have
a higher compression force compared to normal breast fillets (Shivo et al., 2014; Mudalal
et al., 2015). Studies using RNA-sequence of breast muscle tissue with WB syndrome have
shown occurrence of localized hypoxia, oxidative stress, higher levels of intracellular
calcium and muscle fiber type switching, (i.e changing of the muscle fiber from one form
to another, commonly associated with modern fast growing broilers that could be
associated with the occurrence of these type of myopathies) (Mutyrn et al., 2015). Woody
breast have increased levels of fat and connective tissue, slightly increased moisture levels
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and decreased muscle protein (Mazzoni et al., 2015). With these changes in the
composition of the WB, it is assumed to decrease the nutritional quality of the meat
(Petracci et al., 2014). Compositional changes in the WB fillets may have an overall
negative effect on meat quality attributes (Kuttappan et al., 2012). Woody breasts typically
have higher meat pH values compared to normal fillets (Chatterjee et al., 2016). Having a
higher pH value leads to reduced WHC which is thought to reduce the muscle protein
content of the tissue. As mentioned WB conditions impair WHC, thereby the breast fillets
exhibit more drip loss during refrigerated storage and greater cook loss (Mudalal et al.,
2015). Sensory panel evaluations have demonstrated altered texture attributes and observed
“rubbery” characteristics in WB fillets.
The exact etiology of these two myopathies are still unknown. However there have
been several factors that are researched and reported upon. Some of the factors contributing
to these myopathies are growth, muscularity, size of the birds, slaughter age, gender,
genetics and diet (Trocino et al., 2015; Tijare et al., 2016; Cruz et al., 2017).
5.2 Hereditary Muscular Dystrophy
Hereditary muscular dystrophy is a condition seen in the domestic fowl, and is very
similar to the human muscular dystrophies (Julian and Asmundson., 1963). Hereditary
muscular dystrophy occurs due to a homozygous autosomal recessive gene, and the
phenotypic expression varies due to the action of various modifying genes (Asmundson
and Julian 1956; Wilson et al., 1988). Birds affected by hereditary muscular dystrophy
have a broad shallow body and short thick limb bones that prevents the birds from being
able to stand up when placed on their back (Wilson et al., 1979). Comparing the
histopathological results of birds affected with white striping and WB to birds affected with
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hereditary muscular dystrophy there seems to be a commonality of gross white striations
in the direction of muscle fiber, and hypertrophy of pectoral muscle (Asmudson and Julian.,
1956; Julian and Asmudson., 1963; Kuttappan et al., 2013). Further histopathological
studies have shown a wide variation in the fiber size, mononuclear infilteration, fat
deposition, and increase in connective tissue (Jordan et al., 1959; Holliday et al., 1968;
McMurtry et al., 1972; Julian., 1973). More observations regarding the histology of the
conditions reveal a decrease in the sarcoplasmic proteins, myosin and actin in breast
muscles of genetically dystrophic birds when compared to the normal chickens (Barany et
al., 1966).
Hereditary muscular dystrophy and woody breast syndrome and WS also share
some meat quality attributes. Hereditary muscular dystrophy has shown to affect the
appearance of the meat, tenderness, fat content and FA profile (Scholtyssek et al., 1967;
Peterson and Lillyblade., 1969; Jordan et al., 1959; Jordan et al., 1964; Chio et al., 1972).
Similarity of stiffness, rubbery texture and flaccid muscles as seen in WB and WS birds
was also seen in birds affected with hereditary muscular dystrophy (Hete and Shung.,
1991). Though there is a commonality of histopathological and meat quality attributes
between birds affected with hereditary muscular dystrophy and WB and WS there is no
concrete evidence suggesting the existence of hereditary muscular dystrophy in modern
commercial broiler chickens (Kuttappan et al., 2016).
5.3 Nutritional Myopathy
Vitamin E, or mineral selenium and sulfur deficiencies in poultry diets often result
in pathological conditions such as encephalomalacia, exudative, diathesis, and nutritional
myopathy in chicks, ducks and turkeys (Klasing., 2008). Vitamin E, along with the
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selenium-dependent glutathione peroxidase, catalase, and superoxide dismutase, is
involved in the prevention of free radicals such as polyunsaturated lipid peroxyradical,
which have an involvement in several disease processes (Herrera and Barbas., 2001). The
deficiency of these nutrients in the diet could result in the disruption of the integrity of the
cells resulting in damage, which leads to pathological conditions.
Nutritional myopathy also shares some common histopathological lesions with WS
and WB. Nutritional myopathy is also characterized by degeneration of muscle fibers with
fragmentation, hyalinization, loss of striations, multiplication of sacrolemmal cells,
infiltration by hetrophils and clumping of fibers into eosinophilic masses (Dam et al., 1952;
Machlin and Shalkop., 1956), these lesions are similar to the lesions observed in white
striping and wood breast (Kuttappan et al., 2013; Sihvo et al., 2014).
Nutritional myopathy though shares some common lesions with white striping and
WB, the etiology is different (Kuttappan et al., 2016). Adequate levels of dl-alphatocopherol acetate (0.01%), l-cystine (0.24%), and dl-methionne (0.5%) in the ration (Dam
et al., 1952; Machlin and Shalkop., 1956) or 900 to 1025 ug/100ml of total plasma
tocopherol levels (Scott and Desai., 1964) can almost completely prevent the incidence of
nutritional myopathy. Modern day broilers do not suffer from nutritional myopathy due to
the use of adequate levels of (vitamin E > 10 IU/kg of feed; NRC 1994) and other micro
nutrients in the poultry diet. However, diets that had increased levels of vitamin E
(50mg/kg) and increased plasma vitamin E have been reported to reduce muscle fiber
damage to some extent (Guetchom et al., 2012).
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5.4 Deep Pectoral Myopathy
Deep pectoral myopathy (DPM), also known as Oregon disease, or green muscle
disease is a condition in which the supracoracoideus muscles or commonly known as
tenders in broilers and turkeys are affected. DPM occurs when supracoracoideus muscle
that is located in a compartment between the keel and the tough inelastica fascia, contracts
which leads to the muscle expanding by 20% of its weight. In some cases due to lack of
space for the muscle expansion, it causes the muscle to be ischemic (Siller., 1985;
Mitchell., 1999; Bilgili and Hess., 2002). Gross lesions of DPM include acute edema which
is followed by green necrosis and replacement of the caudal region with fibro-adipose
tissue (Wight and Siller., 1980). Histopathological analysis of the green lesion showed
necrotic, anucleated muscle fibers surrounded by a fibrous capsule which was externally
surrounded by a region of normal/regenerating muscle or fibro-adipose tissue (Wight and
Siller., 1980). DPM causes the color of the meat to change from pink to green, as well as
the meat becoming more tough and fibrous (Wight and Siller., 1980). This condition; DPM
could be the result of increased selection for improved muscle growth (Siller., 1985).
According to Petracci et al., 2015, myopathies such as PSE, white stripping and woody
breast, and deep pectoral myopathy could be because of increased growth rate and breast
yield in modern day poultry. Bailey et al., 2015 compared the incidences of DPM, WS, and
WB in two different broiler lines and found that the line with higher breast yield (29% vs
21%) showed higher incidences of all the three myopathies. Though DPM, WS and WB
are all growth related muscle myopathies, the immediate predisposing factor for DPM is
ischemia that can be induced by encouraging birds to flap (Wight and Siller., 1980; Lien
et al., 2012).
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5.5 Pale Soft and Exudative (PSE) Meat
Pale, soft, exudative is a condition in which the meat shows pale color, soft
consistency, and poor WHC, the causes of the condition may be genetic and/or
environmental factors related to pre-slaughter stress (Owens et al., 2009). The incidence of
the condition is mainly attributed to the rapid decline of pH in the post mortem period,
while the temperature of meat is still high (Pietrzak et al., 1997). Pale, soft, exudative meat
was initially reported in pork, but there are reports of a similar condition in broiler chickens
(Van Laack et al., 2000; Wilkins et al., 2000; Zhang and Barbut., 2005). Wilhelm et al.
2010 found that the broiler fillets with PSE-like condition had lower pH, WHC, and shear
force but higher color (L∗ value), myofibrillar fragmentation index (MFI), and cook loss
than normal fillets. No significant difference in flavor or tenderness in meat was found by
a consumer study done by Garcia et al., (2010). The occurrence of the condition could be
due to excess release of calcium ions stored in the sarcoplasmic reticulum of skeletal
muscle because of a defect in the ryanodine receptors (Strasburg and Chiang., 2009). These
calcium ions stimulate the activity of various enzymes in muscle resulting in denaturation
of the protein (Jackson et al., 1984; Alderton and Steinhardt, 2000; Sandercock and
Mitchell, 2003; Mitchell and Sandercock, 2004; Whitehead et al., 2006). Though WS and
WB breast do not share any direct relationship with PSE in gross changes, increased
accumulation of calcium ions in WS and WB that are similar to PSE, may have a crucial
role in the development of associated lesions (Petracci et al., 2015).
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5.6 Current Approaches to Mitigate Breast Muscle Anomalies
In recent years there have been an increasing number of WS and WB incidences in
broiler breast muscle (Meloche et al., 2018). The effect of these anomalies on the meat
quality, and its effect on the microscopic appearance has been well established, yet the
exact causes and reasons for these anomalies remains unknown. Evidence from the
histology of WB chickens have shown abnormal accumulation of connective tissue and
fluid, which impart the characteristic toughness associated with woody breast syndrome
(Sihvo et al., 2014, 2017). Histological analysis of chicken breasts with WS have shown
visible deposition of striations of intra muscular fat that run parallel to the muscle fiber
(Kuttappan et al., 2016).
It has been theorized that these anomalies maybe caused by the genetic selection
for increased breast meat yield (Kuttappan et al., 2016), however there maybe non genetic
factors such as environment and nutrition, which have contributed to the majority of the
observed variance in in these myopathy incidences (Bailey et al., 2015), and therefore
maybe more suitable targets for practical interventions, that are aimed at reducing the
incidence and severity of these myopathies.
One of the approaches to reduce the severity and incidences of WS and WB is to
reduce the concentration of digestible lysine. Reducing the concentration of digestible
lysine in diet is taken as an approach because lysine compromises the largest proportion of
any essential amino acid in breast muscle as a percentage of crude protein (Munks et al.,
1945). Breast muscle has been shown to exhibit pronounced responses to differences in
dietary lysine, from regulation of protein turnover at cellular level (Tesseraud et al., 1996,
2001) to yield responses at the processing plants (Dozier et al., 2010). Furthermore, feed-
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grade lysine is frequently supplemented in poultry diets and therefore maybe easily
removed from the diet (Meloche et al., 2018). Insufficient dietary lysine has been
repeatedly shown to increase protein turnover, and thereby reduce muscle tissue accretion
in broilers (Tesseraud et al., 2001, 2009). Broilers selected for high breast muscle yield are
particularly sensitive to dietary lysine concentrations compared to other muscles
(Tesseraud et al., 2001). Meloche et al., (2018) reported short term reductions in dietary
lysine concentrations reduced the incidence and severity of woody breast.
Another approach to mitigate breast muscle anomalies is to reduce the growth
trajectory through reductions in nutrient allocation obtained qualitatively through the
manipulation of dietary apparent metabolizable energy corrected for nitrogen (AME n) and
amino acid (AA) density (Meloche et al., 2018). Growth rate has an influence on the
occurrence of WS and WB as demonstrated by (Kuttappan et al., 2012) in which birds fed
a high energy diet had significantly more (P<0.05) occurrence of WS and WB compared
to birds fed a low energy diet. Meloche et al., (2018) reported a reduced nutrient allocation
at 90% density in broiler diets throughout the growth resulted in less efficient growth and
consequently reduced the severity of wood breast at 49 days of age. Given the studies that
have been conducted looking into the prospects of reducing WS and WB through altering
nutrient profile, it cannot be conclusively said that these can be used to mitigate such
anomalies. However these studies provide a baseline foundation for further research using
other nutrients, such as the use of high n-3 PUFA namely DHA and EPA, because prior
research has shown reduced n-3 FA in white muscle of birds with WS (Kuttappan et al.,
2013).
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6. Methionine in Poultry Diets
Methionine is classified as the first limiting amino acid in poultry and is an essential
amino acid (AA) which is commonly used as a supplement in broiler diets (Albrecht et al.,
2017). The interrelationship between the Met requirement of broiler chicks and dietary
protein level has been studied since the 1940s (Marvel et al., 1944). An important aspect
of the protein and Met interrelationship is the ability of both to act as lipotropic agents
(Neto et al., 2000). Methionine is limited in plant protein sources and is required at high
level for feather growth and protein synthesis.
Methionine has many physiological functions, e.g. as an important methyl donor to
provide the methyl group (CH4) necessary for metabolism in the body (Figure 8).
Methionine is an essential sulfur-containing AA that plays many roles in the body,
including (1) participation in protein synthesis and the production of other sulfurcontaining amino acids (e.g. homocysteine – a sulfur-containing AA which is an indirect
product of methylation and trans-sulfuration (Troen., 2003), (2) acting as a precursor of
carnitine and glutathione, thus helping protect cells against oxidative stress (Fang et al.,
2002; Li et al., 2007). Dietary Met levels affect growth indicators such as feed conversion
ration (FCR) and the quality of animal carcasses (Hoehler et al., 2005; Koreleski and
Swiatkiewicz, 2008; Wu et al., 2012).
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Figure 8. Methionine metabolism adapted from (Ilto., 1999; Waterland., 2006; Halsted and Medici,
2012)

Methionine also effects poultry production parameters such as body weight gains,
feed conversion ratio and carcass quality (Jankowski et al., 2014). Deficiency in Met
consumption has a significant negative impact on animals such as growth inhibition, the
induction of metabolic disorder and the reduction of disease defensive potential
(Bunchasak., 2009). A recent study by Beheshti Moghadam et al., 2017 reported that
increase in Met supplementation can increase n-3 PUFA incorporation and oxidative
stability in breast muscle tissue of broiler chickens that are fed flaxseed which is an alphalinolenic acid (18:3 n-3).
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III. Objectives and hypotheses of this thesis are:

Objective 1.
To evaluate nutritional composition of chicken breast meat labelled as organic and
non-organic.
Objective 2.
To determine the effect of microalgae and methionine supplementation on meat
quality, incidence of white striping, and muscle pathology in broilers.

Hypotheses:
1. Chicken breast meat labelled as organic will have a higher n-3 PUFA content
compared to chicken meat labelled as non-organic.
2. Inclusion of microalgae and methionine in broiler diets will alter chicken breast
meat fatty acid content without having a significant effect on the production
performance of the birds.
3. Microalgae and methionine supplementation will increase the antioxidative status
of the bird, which would help in reducing oxidative stress that may reduce white
striping and attenuate woody breast myopathy in broilers.
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7. Experiment 1. Fat and fatty acid composition of raw breast meat with specialty
labels

7.1 Introduction:
Chicken meat is an animal derived food product that is consumed in almost every
household in the US. In many western dishes chicken is the primary source of meat owing
its popularity to the ever growing fast food chains and diners. In the US the total value of
poultry production is $30.2 billion USD out of which broiler chicken constitutes 67% and
per capita consumption of poultry meat is 90lbs (USDA., 2017). Organically produced
broiler has a value of approximately $750 million (USDA., 2016). There is a growing
interest among consumers in purchasing organic chicken meat even though the price is
almost three times more compared to the price of regular chicken meat. Organic meat
production has increased by 78% according to the report published by USDA. Many
organic chicken producers advertise their chicken as being healthier compared to chickens
raised in commercial production systems. This perception is widely based on the notion
that chickens reared under organic farming system have access to better husbandry
practices and are fed diets that are GMO free coupled with marketing terms such as
“hormone free”, and “antibiotic free” making them more attractive to consumers. All these
factors leads to increase health perception of organic chickens. In the US, 40% of the
chicken meat is purchased as cut-up portion meat instead of whole birds which is 11%
(USDA, 2017). Regardless of these notions it is quite difficult to assess the parameters that
determine the nutritional superiority of organic chicken to commercially raised chicken.
Chicken breast is one of the prime products and therefore it is the choice of portion for the
current study. The objective of the current study is to determine the nutritional composition
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of the chicken breast meat with specialty labels. It is hypothesized that chicken breast meat
labelled as organic would have more n-3 PUFA content compared to chicken meat that was
not labelled as organic.
7.2 Materials and Methods
7.2.1 Chicken Breast Sampling
A total of 24 chicken breast samples were purchased in the fall of 2018 from local
grocery stores. Out of these, 12 were from 2 different commercial brands that had no
special label and 12 were from 2 brands that had organic label on them. Commercial brand
chicken breast were labelled as Regular 1 and Regular 2. Organic brand chicken breast
were labelled as Organic 1 and Organic 2, respectively. Each chicken breast was removed
from the container, dried using paper towel to remove any of the water and external juices
that maybe present (Figure 9). After drying each chicken breast was individually weighed.
Details of the meat samples such as weight and cost are shown in Table 3 and Table 4.
After weighing each breast sample was placed on a clean cutting board and cut into four
pieces (Figure 10). Half of the meat (Figure 10, 1&4) was kept frozen and the other half
(Figure 10, 2&3) was used for fresh meat analysis. The other half portion was kept frozen
at a temperature of -20oC for a period of 4 weeks. A period of 4 weeks was chosen to
simulate a time consumers normally keep meat for storage. The meat samples were
subjected to moisture, lipid contents, fatty acid composition, and lipid oxidation product
analysis.
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Table 3. Weight and cost of chicken breast samples with no specialty labeling
Source

Sample

Production System

Regular 1

1

Commercial

366.12

1.99

2

Commercial

274.39

1.99

3

Commercial

412.5

1.99

4

Commercial

297.45

1.99

5

Commercial

281.79

1.99

6

Commercial

344.68

1.99

1

Commercial

311.9

3.68

2

Commercial

343.01

3.68

3

Commercial

241.93

3.68

4

Commercial

239.86

3.68

5

Commercial

288.05

3.68

6

Commercial

270.66

3.68

Regular 2

Weight (g)

Price/lb ($)

 Regular 1 and Regular 2 are chicken meat samples from brands that had no

specialty label on them.
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Table 4. Weight and cost of chicken breast meat with specialty label
Source

Sample

Production System

Weight (g)

Price/lb ($)

Organic 1

1

Organic

386

5.99

2

Organic

382.23

5.99

3

Organic

367.31

5.99

4

Organic

312.9

5.99

5

Organic

304.46

5.99

6

Organic

425.17

5.99

1

Organic

297.13

8.99

2

Organic

330.82

8.99

3

Organic

293.09

8.99

4

Organic

319.1

8.99

5

Organic

294.86

8.99

6

Organic

345.88

8.99

Organic 2



Organic 1 and Organic 2 are chicken meat samples from brands that had specialty
label “USDA Organic”.
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Figure 9. Meat sample trimmed and weighed

Figure 10. Portioning of meat samples into 4 sub sections
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7.3 Analysis
7.3.1 Dry Matter
In order to perform the dry matter analysis each cut up portion was further divided
into two 1×2= 2 replicates per each sample giving a total of 12 replicates per each source.
Aluminum pans weighed with their initial weight noted, after that 5g of sample per each
replicate was added to the aluminum pans and total weight which constituted the weight of
the aluminum pans plus sample weight was noted. After weighing the pans were placed in
a tray and was placed in hot air oven for 6 hours at 85 oC. After 6 hours the tray was removed
from the oven and the aluminum pans were re-weighed. Weight loss was calculated by
subtracting the total weight after drying from the total weight before being drying. Moisture
percentage was calculated by weight lost/ total weight before drying×100. Dry sample
weight, which was calculated by subtracting the total weight after drying from the initial
aluminum pan weight. Moisture percentage was calculated by:
dry weight/total weight before drying×100.
7.3.2 Thiobarbituric acid reactive substances
Lipid peroxidation was measured as TBARS expressed in malondialdehyde (MDA)
equivalents. Tetraethoxypropane was used as standard. Samples were prepared using
methods described in (Cherian et al., 2002). About 2 g of meat samples were homogenized
with 18 mL of 3.86% perchloric acid and butylated hydroxytoluene (50 μL in 4.5% ethanol)
using polytron. The homogenate was filtered and duplicate samples of the filtrate were
mixed with 20 mM TBA (Sigma) in distilled water and incubated in water bath at 70oC for
45 minutes. Absorbance was determined at 531 nm using a spectrophotometer (UNICO,
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Dayton, NJ) at 531 nm and compared to a standard curve made with graded concentrations
of 1,1,3,3-tetraethoxypropane (T-9889, Sigma-Aldrich Corp., St. Louis, MO), which had
been prepared in a similar manner as biological samples. The two duplicates of each sample
were averaged for data analysis. Values represent milligrams of MDA equivalents per gram
of chicken breast meat.
7.3.3 Lipid extraction
Lipids were extracted from each of the 24 meat samples using the methodology
previously described by Folch et al. (1957). Two grams of sample were homogenized in
18 mL of chloroform:methanol (2:1, vol/vol) and refrigerated overnight. Samples were
then filtered and mixed with 4ml of 0.88% NaCl solution to separate hydrophilic
compounds. After separation, the volume of the hydrophobic chloroform layer was
recorded and stored at -20°C for further analysis. Total lipid content of each sample was
measured gravimetrically by evaporating a known volume of lipid extract from each
sample onto pre-weighed aluminum trays and then recording the weight.
7.3.4 Fatty Acid
The previously extracted lipid extracts were used for analysis of FA using an HP
6890 gas chromatograph (GC) (Hewlett-Packard Co., Wilmington, DE) equipped with an
autosampler, flame ionization detector, and SP-2330 fused silica capillary column.
Methyl docosonate (C22:0, cat. no. 1036, Matreya, LLC, 500 mg) was used as an internal
standard. FA methyl esters (FAME) of lipid extract with internal standard were generated
by reconstituting lipids in two milliliters of methylating reagent (45% BF3, 35%
methanol, 20% hexane) and heating for 60 minutes at 100°C. After cooling, two
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milliliters of hexane and two milliliters distilled water were added and tubes shaken
vigorously by hand for 90 seconds. Once the solvents had separated, the hexane layer was
removed and put into vials. Injection volume used was one microliter, with helium as a
carrier gas. Initial column temperature was set at 150°C, held for 1.5 minutes, then
elevated to 190°C at a rate of 15°C/minute, held for 20 minutes, then elevated to a final
temperature 230°C at a rate of 30°C/minute, and held at this final temperature for three
minutes. Inlet and detector temperatures were set at 250°C. Individual FAME were
identified by matching peak elution time with those of pure standards (Matreya, LLC,
PA). Peak areas were calculated using Hewlett-Packard ChemStation software (Agilent
Technologies Inc., Wilmington, DE), and concentration of each FA was calculated using
the internal standard and the following formula:
[𝐹𝐴] (

𝑚𝑔
𝑔

) =(

𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

) ×(

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑚𝑙)

)×(

𝑡𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)

)

7.3.5 Statistics:
The data were analyzed using the statistical software SAS (version 9.4) (SAS
Institute). The data from dry matter, TBARS, total lipids, and fatty acids were analyzed
using a one way ANOVA. To analyze the effect of storage and production system on
TBARS and dry matter a two way ANOVA was done with time and production system as
main factors. Significant differences between each production system means were analyzed
by Tukey’s HSD test when P< 0.05 and P<0.1 indicated a trend.
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7.4 Results
7.4.1 Dry Matter Content of Meat
Significant difference in meat moisture percentage between organic labelled and
non-organic labelled chicken was observed (P<0.05) (Table 5). Organic labelled meat
overall had 1.47% more moisture content compared to meat from non-organic labelled
meat. Among the samples Organic 2 had the highest moisture content of 74%, while
Regular 2 had the lowest moisture content of 71.38% (P<0.05). Storage had a trend in
reduction in the moisture percentage of the meat (Table 7) (P= 0.09). Within the
samples Organic 2 lost the most amount of moisture with a change of 1.32% while
Regular 1 lost the least amount of moisture content with a loss of 0.35% was observed
after storage.
7.4.2 Products of Oxidation
Lipid oxidation in meat products is shown in (Table 6) and (Figure 11). Significant
differences was observed in TBARS value within different labels in fresh meat. Meat
samples from Organic 2 had the highest MDA/g of 5.18 while Regular 1 had the lowest
2.02. Overall, a 2-fold increase in lipid oxidation products was observed in fresh meat
samples from Organic 2 to meat samples from Regular 1 (P<0.05). No significant
differences was observed among the meats from different labels, however storage
increased lipid oxidation in meat for all the groups (P<0.05). Among the stored meat,
Regular 2 had the highest MDA content ( P<0.05) (Table 7).
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7.4.3 Fat Content and fatty acid composition
No significant difference in total fat content was observed (P>0.05) (Table 8)
(Figure 12). However the type of labeling effected the FA composition of the chicken
breast meat (Table 9) (Table 10). No difference in myristic acid (14:0), palmitic acid (16:0),
and stearic acid (18:0) was observed among the production systems. However oleic acid
(18:1) was highest in Regular 1 and lowest in Organic 1 and Organic 2 with a difference
over 6% between these two. There was a significant difference up to 6-8 times in ALA
content between chicken meats labelled as organic to compared non-organic meat. Over
1.5-fold, increase in linoleic acid was observed in the Organic 1 and Organic 2. No
difference in arachidonic acid was observed between the meats labelled as organic or nonorganic. Overall no difference was found in the total SFA within the different labeling.
Total MUFA was higher in Regular 1 and Regular 2 than Organic 1 and Organic 2
(P<0.05). Total PUFA, n-6 and n-3 FA were higher in Organic 1 and Organic 2 than
Regular 1 and Regular 2 (P<0.05). Total n6:n3 ratio was over 3-fold higher in Regular meat
than Organic meat (P<0.05). When meat FA were expressed as mg/100g fresh meat
(Organic 1 and Organic 2) provided over 6-fold increase in n-3 FA and per 100g of the
meat samples than Regular and Regular 2 (Table 10).
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Table 5 Type of retail label and moisture (%) of fresh chicken breast meat
Production Systems



Regular 1

Regular 2

Organic 1

Organic 2

72.18ab

71.38b

72.49ab

74.00a

Pooled
SEM
0.50

P value
0.010

Regular 1, Regular 2, Organic 1, and Organic 2 indicate meat obtained from chickens labelled as
non-organic or organic respectively.
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.
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Table 6 Type of label and malondialdehyde MDA (mg/g) content of fresh chicken breast
muscle
Production Systems



Regular 1

Regular 2

Organic 1

Organic 2

2.02b

2.57ab

3.16ab

5.18a

Pooled
SEM
0.68

P value
0.020

 Regular 1, Regular 2, Organic 1, and Organic 2 indicate meat obtained from chickens labelled as
non-organic or organic respectively.
SEM = Standard error of mean.
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
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Figure 11 Type of retail label and MDA (mg/g) content of chicken breast meat
7

6

a
5

mg/g

4

ab
3

ab
b

2

1

0
Regular 1




Regular 2

Organic 1

Organic 2

Regular 1, Regular 2, Organic 1, and Organic 2 indicate meat obtained from chickens labelled as
non-organic or organic respectively.
a-b.
superscripts on each bar significantly different (P<0.05).
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Table 8 Type of retail label and total fat content (mg/g) of chicken breast



Regular 1

Production Systems
Regular 2
Organic 1

Organic 2

22.07

21.80

33.88

37.41

Pooled
SEM
5.46

P value
0.123

Regular 1, Regular 2, Organic 1, and Organic 2 indicate meat obtained from chickens labelled as
non-organic or organic respectively.
SEM = Standard error of mean.
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Figure 12 Type of retail label and total fat content of chicken breast
45
40
35

mg/g

30
25

20
15
10
5
0
Regular 1



Regular 2

Organic 1

Organic 2

Regular 1, Regular 2, Organic 1, and Organic 2 indicate meat obtained from chickens labelled as
non-organic or organic respectively.
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Table 9 Type of retail label and fatty acid composition of chicken breast meat
Production Systems
Fatty acids
Pooled
P value
(%)
Regular1
Regular 2 Organic 1
Organic 2 SEM
14:0
0.91
0.92
0.47
0.673
0.14 0.094
16:0
30.98
29.61
28.07
26.99
1.24 0.150
16:1
6.00
4.23
4.75
4.45
0.83 0.454
18:0
8.78
9.63
9.58
8.42
0.69 0.532
a
ab
b
b
18:1
35.16
33.23
27.85
29.33
1.34 0.004
b
b
a
a
18:2 n-6
15.24
14.46
22.89
24.27
1.11 <.001
b
b
a
a
18:3 n-3
0.35
0.23
1.31
1.78
0.20 <.001
20:1
0.00
5.07
1.61
0.88
1.63 0.172
20:3 n-6
0.00
0.41
0.00
0.00
0.10 0.035
b
b
a
a
20:4 n-3
0.00
0.00
0.39
0.46
0.10 0.006
20:4 n-6
2.58
2.22
3.09
2.74
0.52 0.698
Total SFA
40.68
40.16
38.13
36.09
1.62 0.204
a
a
b
b
Total MUFA 41.60
42.53
34.68
34.20
1.29 0.002
b
b
a
a
Total n-6
17.82
17.08
27.00
25.98
1.33 <.0001
b
b
a
a
Total n-3
0.35
0.23
2.24
1.70
0.24 <.0001
a
a
b
b
N6:N3
36.94
44.53
16.98
12.32
4.49 0.0001
b
b
a
a
Total PUFA 18.17
17.31
27.68
29.24
1.33 <.0001
 Regular 1, Regular 2, Organic 1, and Organic 2 indicate meat obtained from chickens labelled as
non-organic or organic respectively.
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2
n-6 +20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids
(18:3 n-3 + 20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2
n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids
(20:4 n-3+22:5 n-3 + 22:6 n-3).
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Table 10 Type of retail label and fatty acid content (mg/100 g) of chicken breast
FA
(mg/100g)
Total SFA
Total MUFA
Total N-6
Total N-3
LC N-6
LC N-3

Regular 1

Production Systems
Regular 2
Organic 1

Organic 2

1699.6
1777.1
757.2ab
20.89ab
104.27ab
0.00

1177.6
1292.9
533.6b
16.79b
73.32b
0.00

2078.2
2040.1
1576.8a
129.70a
148.41a
23.70

1720.8
1727.4
1177.8ab
98.54ab
100.80ab
23.94

Pooled SEM
338.42
414.05
235.19
21.50
15.42
6.30

P value
0.335
0.648
0.025
0.002
0.021
0.012

 Regular 1, Regular 2, Organic 1, and Organic 2 indicate meat obtained from chickens labelled as
non-organic or organic respectively.
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2
n-6 +20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids
(18:3 n-3 + 20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2
n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids
(20:4 n-3+22:5 n-3 + 22:6 n-3).
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7.5 Discussion and Conclusion:
The results of these analysis are in line with our hypothesis which states organic
chicken meat has more PUFA compared to regular chicken meat from commercial sources.
Overall the total fat content of both type of chicken breast meat was same but the
composition of FA was different with organic chicken meat having higher ALA (parent n3 FA) compared to regular chicken meat sample. These results are in agreement with
similar studies that compared the nutritional profile of chicken breast meat from two
different production sources. Castellini et al., (2002) reported organic chicken breasts
having higher MUFA compared to chicken breast coming from conventional or
commercial sources, however we did not observe that in the current study. Regular chicken
meat that was sourced from chickens grown under commercial conditions are normally fed
a corn soy ration which is high in omega-6 FA that may explain the discrepancies in the
FA composition. Since the breed and diet of the birds was unknown in the current study it
is assumed other factors such as, genotype, and slaughtering age may have contributed to
the overall fat content which was not significantly different among the four type of meat
samples analyzed. The difference in FA for example ALA that was high in Organic 2 may
be attributed to the ingredients used by organic producers such as flaxseed. Flaxseed is a
plant based ingredient which is high in omega-3 fatty acid (ALA) and is used extensively
by organic producers in organic broilers diet, which may have contributed to the increase
in ALA.
The current consumption of n-3 FA in the western diet is 1.3g/day and health
agencies recommend an increase in uptake to 2.2g/day. In this context, consuming 100g of
organic meat may contribute an additional 112.9 mg of n-3 FA to human diets.
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In the current study, we observed a higher TBARS in Organic 2 fresh meat. The
higher TBARS value in Organic 2 is also another indication of presence of more PUFA as
PUFA are more susceptible to oxidation compared to SFA due to increased number of
double bonds. These results are in agreement with previous research conducted on organic
meat (Castellini et al., 2002; 2006) which showed organic chicken having a higher TBARS
value. Higher oxidation values may be attributed to a higher number of iron (Fe) ions,
which catalyze peroxidation, and to a greater degree of unsaturation of intramuscular lipids
(O’Keefe et al., 1995; Castellini et al., 2002; Chatrin et al., 2005), lack of antioxidants since
synthetic vitamin E usage is limited in diets due to organic production regulations. Higher
oxidative levels not only limit the shelf life of organic products but also have negative
consequences on sensory evaluation of meat (Castellini et al., 2008).
In the current study meat was stored for 4 weeks which simulated the average time
spent for chicken breast in storage in freezer from the time it is processed to consumption.
TBARS value increased during storage for all types of meat. Oxidative stability of meat
during storage depends on initial oxidation status and from bird genotype (Castellini et al.,
2008). Since organic chicken breast meat had a higher initial oxidation rate which further
continued while in storage.
Considering the fact that oxidation has negative consequence on sensory evaluation
of meat and the peculiar oxidative status of organic birds, different strategies, such as
avoidance of unnecessary carcass processing, reduction of storage time, and higher levels
of antioxidants in the feed could be adopted to reduce the oxidative status. Given the current
organic regulations which limit the use of synthetic antioxidant substances it is essential to
incorporate the intake of antioxidant compounds, such as tocopherols, carotenoids and
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polyphenols in the diet of organic chicken to increase the antioxidant defenses of the
organic chicken.
In conclusion our results showed significant differences in FA composition of meat
labelled as organic or non-organic, with organic labelled chicken providing higher n-3 FA.
The changes in FA also led to oxidative stability of fresh as well as stored meat suggesting
the need for alternate natural plant based phytogenic products to enhance the freshness of
meat from chickens raised and labelled as organic.
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8. Experiment 2. High-Docosahexaenoic Acid Microalgae and Methionine in Broiler
Diets: Effects on Breast Muscle Nutritional Quality and Pathological Aspects

8.1 Introduction
Poultry meat and eggs are among the most common animal food source consumed
at the global level, through wide diversity of cultures, traditions and religions, making them
key to food security and nutrition. Within the livestock sector, poultry emerges as the most
efficient sub-sector in its use of natural resources and providing protein to supply a global
growing demand (Mottet and Tempio., 2017).
With increasing genetic progress and increased growth rate of birds, has led to
stress on growing birds resulting in histological and biochemical modifications of the
muscle tissue by impairing some meat quality traits (Petracci et al., 2011). The main
myopathies that have garnered the interest of producers, processors and consumers alike
are woody breast (WB) and white stripping (WS) in chicken breast muscle (Kuttappan et
al., 2016). This leads to unappealing appearance, and reduced protein functionality in
processed products (Mudalal et al., 2014, 2015 and Tijare et al., 2016).
Western diets generally are high in saturated fats, which leads to a host of chronic
metabolic diseases (Doll, et al., 2009). Replacing conventional poultry food products with
omega-3 (n-3) PUFA enriched, and reduced omega-6 (n-6) PUFA and SFA can ameliorate
this issue. Consumption of n-3 PUFA can improve fat burning metabolism and decrease
the incidence of cardiovascular and metabolic disease (Jump et al., 2012). The nutritional
aspects of poultry meat are well suited to fit the consumer demands for a low fat meat with
a high unsaturation degree of fatty acids and low sodium and cholesterol levels. Poultry
meat may also be considered as a functional food, which provide bioactive substances with
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favorable effects on human health, vitamins, antioxidants, and a balanced n-6 to n-3 PUFA
ratio (Barroeta., 2006 and Givens., 2009). Poultry products have been enriched with n-3
PUFA for many years, but there may still be room for improvement in PUFA quality and
other factors in the hen diet to maximize enrichment efficiency.
Methionine is an essential amino acid which is commonly used as a supplement in
broiler diets (Albrecht el al., 2017). Methionine is limited in plant protein sources and is
required at high levels for feather growth and protein synthesis, Met is always classified as
the first limiting amino acid in poultry. Deficiency in Met consumption has a significant
negative impact on animals such as growth inhibition, the induction of metabolic disorder
and the reduction of disease defensive potential (Bunchasak., 2009). A recent study by
Beheshti Moghadam et al., (2017) reported that increase in Met supplementation can
increase n-3 PUFA incorporation and oxidative stability in breast muscle tissue of broiler
chickens fed flaxseed.
Poultry meat is commonly enriched with n-3 PUFA by supplementing flaxseed or
fish oils in the diet, but strains of microalgae are an emerging alternative. Microalgae based
DHA products have gained an increasing interest due to their low anti-nutritional factors
and increased sustainability. DHA is the longest and most biologically active n-3 PUFA,
as opposed to the shorter, plant derived n-3 found in flaxseed, α-linolenic acid (C18:3 n-3,
ALA) (Hishikawa et al., 2017).
The objectives of the current study were to investigate the use of a microalgae
supplement because it is rich in the long chain (≥20 carbons, LC) n-3 PUFA
docosahexaenoic acid (C22:6 n-3, DHA) and Met supplementation on the production
performance of broiler birds, incidence of white striping, and breast muscle myopathies. It
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was hypothesized that microalgae and Met supplementation would increase n-3 FA content
in chicken breast meat, reduce oxidative stress, and attenuate the breast myopathies: woody
breast (WB) and white striping (WS) in broilers.

8.2 Materials and Methods
All animal work was approved by the Oregon State University Institutional Animal
Care and Use Committee (ACUP #4931). Animals were housed indoors at the Oregon State
University Harrison Poultry Farm in Corvallis, Oregon for the duration of this work.
8.2.1 Birds, diet, and management:
One hundred and forty four (n=144) one day-old Cornish cross broiler chicks were
obtained from a commercial hatchery and randomly placed in 18 floor pens bedded with
wood shavings. Chicks were weighed and assigned to one of the three corn-soybean meal
basal diet containing 0% microalgae (Control), 2% microalgae (Diet 1), Diet 1 + 100%
more Cobb 500 Met requirement (Diet 2), (Table 11). Microalgae product DHA Natur™
was used provided by Arthur Daniels Midland Company (Clinton, IA 52732). Microalgae
product had 17% DHA as per the manufacturer. The FA and amino acid (AA) composition
of the experimental diet is shown in (Table 12) and (Table 13) respectively. Each treatment
was replicated in six pens with eight birds per each pen. The chicks were fed commercial
ration of Purina® flock raiser for the first 10 days and were switched to experimental diet
on day 10 (grower, day 10-21), and finisher, (day 21-42). All diets were isocaloric and
isonitrogenous. Diets within each phase were formulated with similar dietary fat, Ca, P and
lysine levels to ensure that any observed performance differences were due to dietary
microalgae and Met. The calculated Met concentrations were 0.13, 0.13, and 0.54 (grower),
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0.11, 0.11, and 0.54 at finisher phase for Control, Diet 1, and Diet 2 respectively. On days
10, 21 and 42, chickens and feed were weighed, and body weight gain and feed
consumption was recorded for each pen. Average chicken weight and feed conversion ratio
(feed:gain) (FCR) were calculated. During the experiment, birds were provided free access
to water and feed. The chicks were not vaccinated and were housed in an environmentally
controlled facility with a lighting program of 23L:1D. Gross energy and crude protein of
the experimental diets were analyzed at the Center of Excellence for Poultry Science
Central Analytical Laboratory of the University of Arkansas (Fayetteville, AR) and feed
amino acid composition was determined at University of Missouri, Experiment Station
Chemical Laboratory (Columbia, MO). Feed was mixed every ten days to maintain the
quality and freshness of the feed. All the micro ingredients were pre weighed in the
experimental lab while the macro ingredients were mixed at the in house feed mill located
at the Oregon State University Poultry Center.
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Table 11. Ingredient content, calculated, and analyzed nutrients of grower and finisher
diets
Grower

Finisher

Ingredients (kg/100kg)
Control

Diet 1

Diet 2

Control

Diet 1

Diet 2

Corn
Soybean Meal
DHA Natura™
Corn oil
Canola oil
Salt
2
Vitamin-mineral premix
Dicalcium phosphate
Limestone, ground

63.40
30.00
0.00
2.80
0
4.00
5.00
1.63
1.01

62.00
29.85
2.00
0.00
2.33
4.00
5.00
1.63
1.010

61.56
29.78
2.00
0.00
2.43
4.00
5.00
1.63
1.01

65.47
28.00
0.00
3.10
0
3.70
5.00
1.42
0.94

63.47
28.00
2.00
0
3.10
3.70
5.00
1.42
0.94

63.54
27.5
2.00
0
3.10
3.70
5.00
1.42
0.94

L-Lysine HCL
DL-Methionine

0.15
0.13

0.15
0.13

0.15
0.54

0.09
0.11

0.09
0.11

0.09
0.54

Nutrient specifications
ME (kcal/kg)
Crude protein, (%)

3280

3280

3280

3330

3330

3330

20

20

20

18.0

18.0

18.0

Analyzed Values
Crude Protein (%)

19.6

18.6

20.2

19.1

19.4

18.6

M E (kcal/kg)

4097

4059

4046

3906

4053

4011

Fat (%)

5.01

5.23

5.01

5.74

6.45

6.44

Methionine (%)

0.37

0.36

0.77

0.39

0.39

0.63

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1) and Diet 1+ 100% more methionine (Diet 2).
Microalgae was supplied as DHA NaturTm (Archer Daniels Midland Company, Clinton, IA, 52732) which
contained 5.0% crude protein, and 17.0% DHA (as per product label).
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Table 12. Fatty acid composition (%) of the experimental diets
Fatty
acids (%)
16:0
16:1
18:0
18:1
18:2 n-6
18:3 n-3
20:1
22:6 n-3
Total SFA
Total MUFA
Total n-6 FA
Total n-3 FA

Control

Grower
Diet 1

Diet 2

Control

16.05
0.39
1.91
27.53
51.99
0.23
1.65
0.00
18.20
29.57
51.99
0.23

11.79
0.49
2.09
42.86
31.78
0.28
5.05
1.87
16.87
48.41
31.78
2.95

11.36
0.49
1.99
43.94
30.75
0.28
5.32
1.80
16.61
49.75
30.75
2.90

15.73
0.42
1.89
27.67
52.03
0.22
1.62
0.00
17.87
29.70
52.03
0.41

Finisher
Diet 1

Diet 2

10.66
0.39
1.90
45.94
30.58
0.28
5.17
1.84
15.21
51.49
30.58
2.91

11.07
0.50
1.98
44.55
29.51
0.22
5.24
1.88
17.22
50.29
29.51
2.98

Control, Diet 1 and Diet 2 represent corn-soybean meal based diets containing 0% microalgae, (Control),
2% microalgae (Diet 1) and Diet 1+ 100% more methionine.
Microalgae was supplied as DHA NaturTm (Archer Daniels Midland Company, Clinton, IA, 52732) which
contained 5.0% crude protein, and 17.0% DHA (as per product label).
SFA= saturated fatty acids (14.0+16.0+18:0); MUFA = Monounsaturated fatty acids (16:1+18:1+20;1);
Total n-3= 18:3 n-3+20:2 n-3+22;5 n-3+22:6 n-3).
FA= Fatty acids.
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Table 13. Amino acid (%) of the experimental diets
AA (%)
Taurine
Hydroxyproline
Aspartic Acid
Threonine
Serine
Glutamic Acid
Proline
Lanthionine
Glycine
Alanine
Cysteine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Hydroxylysine
Ornithine
Lysine
Histidine
Arginine
Tryptophan
Total

Control
0.16
0.06
1.65
0.63
0.73
3.07
1.04
0.02
0.69
0.92
0.31
0.83
0.37
0.76
1.59
0.59
0.85
0.03
0.01
1.01
0.45
1.04
0.19
17.00

Grower
Diet 1
0.17
0.10
1.74
0.66
0.76
3.21
1.07
0.02
0.70
0.93
0.31
0.87
0.36
0.81
1.65
0.61
0.90
0.03
0.01
1.00
0.47
1.07
0.19
16.49

Diet 2
0.16
0.06
1.97
0.72
0.83
3.49
1.14
0.02
0.78
1.00
0.35
0.94
0.77
0.87
1.73
0.66
0.97
0.03
0.01
1.18
0.51
1.23
0.19
19.61

Finisher
Control Diet 1
0.16
0.17
0.04
0.03
1.61
1.60
0.62
0.61
0.72
0.71
2.94
2.99
1.02
1.01
0.02
0.02
0.68
0.64
0.88
0.87
0.31
0.29
0.81
0.80
0.39
0.39
0.73
0.74
1.51
1.56
0.58
0.56
0.82
0.84
0.03
0.02
0.02
0.01
0.96
0.91
0.44
0.44
1.01
0.99
0.19
0.18
17.64
16.38

Diet 2
0.16
0.06
1.67
0.63
0.75
3.08
1.04
0.02
0.69
0.91
0.28
0.84
0.63
0.77
1.59
0.58
0.86
0.03
0.01
0.97
0.45
1.04
0.18
17.24

Control, Diet 1 and Diet 2 represent corn-soybean meal based diets containing 0% microalgae, (Control),
2% microalgae (Diet 1) and Diet 1+ 100% more methionine.
AA=Amino Acid.
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8.2.2 Sample Collection
On day 43, a total of 54 birds were selected (n=18 birds) per each dietary treatment,
3 per each replicate pen. Birds were euthanized using carbon dioxide at 55.PSI for 5
minutes in a gas chamber. Birds were cut open and breast muscles were exposed. Chicken
breast muscle was visually scored for white striping on a scale of 1-3 with 1 being very
low striping, 2 mild striping, and 3 very high striping. All scoring was done by the same
person to minimize error. For accessing the carcass yield tissue samples, including liver,
gizzard, heart, breast, thigh and abdominal fat pad (including fat surrounding the gizzard,
bursa of fabricius, and cloaca), were collected and weighed (6 birds from each treatment,
1 birds per each replicate) were taken. For lipid, protein and mineral analyses, 1
bird/replicate (6/treatment) were selected to take the breast (pectoralis major) and thigh
muscles. Breast muscle from 1 bird/each replicate, 6/treatment were taken for meat quality
analysis. Blood was collected via heart puncture in blood collection vials. Tissue samples:
liver, fat, breast, and thigh muscle were cleaned, and stored at -200C until analysis. All
analyses were done within one month of sample collection. For protein and mineral
analysis, a portion of ~5g was taken from the rostral part of the pectoralis major.
8.3 Sample Analysis
8.3.1 Dry Matter
In order to perform the dry matter analysis 10g muscle tissue (breast and thigh)
from each replicate (n=6/treatment) was cut and chopped, further divided into two 1×2= 2
sub replicates of 5g per each replicate giving a total of 12 replicates per treatment.
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Aluminum pans weighed with their initial weight noted, after that 5g of sample per each
replicate was added to the aluminum pans and total weight which constituted the weight of
the aluminum pans + sample weight. After weighing the replicates were placed in a tray
and was placed in hot air oven for 6 hours at 85 oC. After 6 hours the tray was removed and
the aluminum pans were re-weighed. Weight lost was calculated by subtracting the total
weight after drying from the total weight before being placed in the oven. Moisture
percentage was calculated by weight lost/total weight before drying×100. Dry sample
weight, which was calculated by subtracting the total weight after drying from the initial
aluminum pan weight. Moisture percentage was calculated by:
dry weight/total weight before drying×100.
8.3.2 Lipid extraction
Lipids were extracted from breast, thigh, liver and fat pad by the procedure
previously described by Folch et al. (1957). Two grams of sample were homogenized in
18 mL of chloroform:methanol (2:1, vol/vol) and refrigerated overnight. Samples were
then filtered and mixed with 4ml of 0.88% NaCl solution to separate hydrophilic
compounds. After separation, the volume of the hydrophobic chloroform layer was
recorded and stored at -20°C for further analysis. Total lipid content of each sample was
measured gravimetrically by evaporating a known volume of lipid extract from each
sample onto pre-weighed aluminum trays and then recording the weight.
8.3.3 Fatty Acid
The previously extracted lipid extracts from tissues were used for analysis of FA
using an HP 6890 gas chromatograph (GC) (Hewlett-Packard Co., Wilmington, DE)
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equipped with an autosampler, flame ionization detector, and SP-2330 fused silica capillary
column. Methyl docosonate (C22:0, cat. no. 1036, Matreya, LLC, 500 mg) was used as an
internal standard. FA methyl esters (FAME) of lipid extract with internal standard were
generated by reconstituting lipids in two milliliters of methylating reagent (45% BF3 , 35%
methanol, 20% hexane) and heating for 60 minutes at 100°C. After cooling, two milliliters
of hexane and two milliliters distilled water were added and tubes shaken vigorously by
hand for 90 seconds. Once the solvents had separated, the hexane layer. Injection volume
used was one microliter, with helium as a carrier gas. Initial column temperature was set
at 150°C, held for 1.5 minutes, then elevated to 190°C at a rate of 15°C/minute, held for
20 minutes, then elevated to a final temperature 230°C at a rate of 30°C/minute, and held
at this final temperature for three minutes. Inlet and detector temperatures were set at
250°C. Individual FAME were identified by matching peak elution time with those of pure
standards (Matreya, LLC, PA). Peak areas were calculated using Hewlett-Packard
ChemStation software (Agilent Technologies Inc., Wilmington, DE), and concentration of
each FA was calculated using the internal standard and the following formula:
[FA] (

mg
g

sample peak area

weight of internal standard

) = (area of internal standard ) × (volume of lipid extraction (ml) ) × (

total lipid extraction volume (ml)
weight of sample (g)

)

8.3.4 Thiobarbituric acid reactive substances
Lipid peroxidation was measured on breast and thigh muscles TBARS expressed
in malondialdehyde (MDA) equivalents. Tetraethoxypropane was used as standard.
Samples were prepared using methods described in (Cherian et al., 2002). About 2 g of
meat samples were homogenized with 18 mL of 3.86% perchloric acid and butylated
hydroxytoluene (50 μL in 4.5% ethanol) using polytron. The homogenate was filtered and
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duplicate samples of the filtrate were mixed with 20 mM TBA (Sigma) in distilled water
and incubated in water bath at 70oC for 45 minutes. Absorbance was determined at 531 nm
using a spectrophotometer (UNICO, Dayton, NJ) at 531 nm and compared to a standard
curve made with graded concentrations of 1,1,3,3-tetraethoxypropane (T-9889, SigmaAldrich Corp., St. Louis, MO), which had been prepared in a similar manner as biological
samples. The two duplicates of each sample were averaged for data analysis. Values
represent milligrams of MDA equivalents per gram of chicken breast or thigh meat.
8.3.5 Meat Quality
Six samples of whole chicken breast meat (n=6) (1/ replicate pen) from each
treatment were taken to Clarke Meat Science Center at Oregon State University for meat
quality parameters. The meat quality parameters that were investigated were:
1) Color
2) Drip Loss (Water Holding Capacity)
3) Cook Loss
4) Meat Tenderness (Texture Analysis)
The samples were deboned and divided into two equal halves. One half was taken for the
calculation of color and drip loss and the second half was taken for cook loss and meat
tenderness. For cook loss and meat tenderness samples were vacuum packed, and stored in
a commercial freezer at -200C (Figure 13).
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Figure 13. Vacuum packed breast fillets for testing of cook loss and tenderness

8.3.5(i) Meat Color:
Breast samples were deboned and residual fat removed, water was removed by
blotting them with paper towel and were weighed afterwards. Instrumental color readings
were taken using HunterLab MiniScan EZ portable spectrophotometer (Model 45/0 LAV,
Hunter Associates Laboratory, INC, Reston, VA) with a 1.54 cm aperture, calibrated with
black and white standards. CIE L*, a*, b* color space values were calculated (CIE., 1978).
Three color value readings rostral (thick part of fillet), middle and caudal part on each
breast sample were taken. All color readings were taken in a commercial retail cooler at
3°C±1. Breast fillets were packaged in 21×14.6×1.9 cm black polystyrene trays (CKF Inc.,
Langley, B.C., Canada) with a soaker pad (Dri-loc AC-25, Sealed AirCryovac, Duncan.,
SC) in each tray and overwrapped using a Heat Sealing Co. PVC overwrap machine (Model
625, Heat Sealing Mfg Co., Cleveland, OH) with clear stretch O 2 permeable film (RMF-
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61-HY). Information was stored in HunterLab hard drive, and data was uploaded to an
external drive in Microsoft Excel spreadsheet for further data analysis. After the readings
were taken samples were vacuum sealed and placed in a commercial freezer at -200C
(Figure 14).
Figure 14. Packaged breast fillets on tray for instrumental color reading

8.3.5(ii) Drip Loss (Water Holding Capacity):
Drip loss is defined as the change in moisture content before and after storage. Drip
loss of breast muscle was determined by weighing the samples before and after storage at
3°C±1 in commercial retail coolers. Sample were stored in Ziploc® plastic bags and were
weighed at 4, 8, and 16 hours of storage. Weights were recorded in grams using a digital
scale (Model SP6001, OHAUS Corporation, Parsippany, NJ). After each interval before
weighing samples were blotted with paper towel to remove excess moisture. After
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weighing, samples were placed in a new Ziploc® plastic bag to prevent water
contamination which may affect the result. All the samples were placed on stainless steel
trays under even lighting.
𝐷𝑟𝑖𝑝 𝑙𝑜𝑠𝑠 (%) =

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) − 𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
× 100
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

8.3.5(iii) Cook Loss
After storage, samples were thawed in a commercial retailer cooler at 3±10C for 24
hours and were weighed using a digital scale before placing them in the oven. Samples
were taken and placed in a conventional cooking oven on aluminum foil lined pans. The
temperature of the oven was set at 176 0C and were cooked until an internal temperature of
77±10C was reached. In order to ensure a 770C internal temperature, cooking was done in
batches of three with two samples from each dietary treatment. A probe (copper constant
type T thermocouple) was inserted into the breast samples (Figure 15), which measured
the temperature every second. After about one hour, the samples were removed and
allowed to cool until a temperature of 32±10C was reached. After cooling the samples were
blotted with paper towels to remove any excess moisture and weighed (Figure 16). Cook
loss percentage was calculated using the formula shown below:

𝑐𝑜𝑜𝑘 𝑙𝑜𝑠𝑠 (%) =

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑜𝑘𝑖𝑛𝑔 (𝑔) − 𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑜𝑘𝑖𝑛𝑔 (𝑔)
× 100
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑜𝑘𝑖𝑛𝑔 (𝑔)

After cooking, samples were wrapped in aluminum foil and placed in a commercial
cooler at 3°C±1 for further meat tenderness analysis.
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Figure 15. Thermocouple temperature sensor inserted into the breast fillet core

Figure 16. Cooked breast fillets allowed to cool after being blotted to assess cook loss
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8.3.5(iv) Meat Tenderness (Warner Blatzer Shear Force)
Samples were taken and were cored using a meat coring device (Figure 17) and a
1.27cm core samples were taken in triplicates from the rostral, and middle section of each
cooked breast fillet (Figure 18), in the longitudinal orientation of the muscle fiber. Care
was taken to avoid coring areas with large seams of connective tissue and fat as they may
skew the results. The core samples were analyzed using Shimadzu EZ-X Series Tabletop
Testing Machine (Figure 19) with a load cell size of 500N, the gravel distance was set at
39mm and a test travel speed was set at 4mm/s. The values were reported in Newtons (N)
and stored in Trapezium X version 1.4.0 software for data analysis.

Figure 17. Coring device for assessing meat tenderness
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Figure 18. Core samples
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Figure 19. Shimadzu EZ-X series Table Top Testing Machine

8.3.5(v) Muscle pH
Fresh muscle samples derived from intact thigh and breast fillets from Control, Diet
1, and Diet 2 mixed diets were analyzed for pH. To determine meat pH, 7g of tissue sample
was minced and mixed with 43 ml of distilled water shaken vigorously to allow even
mixing. The pH of the solution was measured by inserting a probe attached to a pH meter
(Model pH 3210, WTW GmbH, Weilheim, Germany) and two readings were taken for
each tissue.
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8.3.6 Serum Metabolites Analysis:
Blood was collected from 1 bird/pen (6/treatment) via heart puncture, spinned in
centrifuge (Beckman Coulter® Allegra X-12R, Centrifuge) at 2000×G for 20 minutes.
Serum separated was collected and were analyzed for different metabolites at Oregon State
Veterinary Diagnostic Laboratory.
8.3.7 Breast Muscle Mineral, Protein and Cholesterol Analysis:
Breast muscle (pectoralis major) crude protein, nitrogen, and mineral analysis was
done at the Oregon State University Department of Crop and Soil Sciences testing
laboratory. Calcium, Phosphorus, Magnesium, and Sodium were analyzed. Breast muscle
cholesterol assay was done at University of Missouri, Experimental Station, Chemical
Laboratory (Columbia MO).
8.3.8 Pathology
For muscle pathology one bird/replicate pen (n=6/treatment) was taken. Two breast
tissue samples measuring about 5cm were taken from each of the chicken breast. The
muscle sections (pectoralis major and pectoralis minor) were cut along the direction of the
muscle fiber, blotted, wrapped in paper towel, attached to a wooden thumb, and placed in
Fischer Scientific® 250 ml jar containing 10% buffered neutral formalin. The tissues were
embedded in paraffin, sectioned and stained with hematoxylin and eosin stain at Oregon
State Veterinary Diagnostic Laboratory. The degree of myopathic lesions, fibrosis and
lipidosis were scored according to Kuttappan et al., 2012 by a veterinary pathologist.
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8.3.9 Statistics:
The data were analyzed using the statistical software SAS (version 9.4) (SAS
Institute). The data from bird production performance, carcass yield, tissue dry matter,
TBARS, minerals, crude protein, nitrogen, meat quality, total lipids, cholesterol, and fatty
acids were analyzed using a one way ANOVA. Pen was considered as the experimental
unit for production performance and bird collected from each pen was considered as the
experimental unit for all other tests. To analyze the effect of diet and storage time on drip
loss a two way ANOVA was done with diet and time as main factors. Significant
differences between each production system means were analyzed by Tukey’s HSD test
when P< 0.05 and P<0.1 indicated a trend. Visual and pathological scores were compared
using Fisher Exact test. P value was set at (P<0.05) for all test scorings.
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8.4 Results
8.4.1 Bird Performance
Experimental diets had no significant effect (P>0.05) on overall weight gain and
feed consumption at the grower or finisher phase (Table 14). However during the grower
phase experimental diet had a significant effect (P<0.05) on the feed conversion ratio
(FCR). Diet 1 had the lowest FCR (1.12) compared to Control and Diet 2 both having a
FCR of 1.16.
8.4.2 Dry Matter and Moisture Percentage
There was no significant effect of experimental diets on the dry matter and moisture
percentage of breast muscle (P>0.05). However a significant effect (P<0.05) on the dry
matter and moisture percentage of thigh muscle was observed. Diet 2 had the lowest dry
matter percentage and Control diet had the highest (Table 15). Inclusion of Met led to over
5% increase in moisture content of Diet 2 compared to Control (P<0.05)
8.4.3 Total Fat
Experimental diet had a significant effect on breast muscle total fat (P<0.05) with
Diet 1 having the lowest 1.57% and Control having the highest 2.98 % (Figure 20).
8.4.4 Products of Oxidation
Experimental diets had no significant effect (P>0.05) on the TBARS value of breast
muscle. However a significant effect was observed on the thigh muscle TBARS value with
Diet 1 and Diet 2 having a higher oxidation product (MDA mg/g) compared to Control.

81

Over 5-fold increase in TBARS was observed in Diet 1 and Diet 2 compared to Control
(Table 16).
8.4.5 Fatty Acids Composition:
8.4.5(i) Breast Muscle
Breast muscle fatty acid composition was effected by the type of diet (Table 17).
Palmitic acid (16:0) and stearic acid (18:0) was highest in Diet 1 (P<0.05). Palmitic, stearic,
and oleic acid were the three major FA in breast muscle. Addition of microalgae and Met
led to a decrease in linoleic acid (18:2 n-6) (P<0.05). Control had the highest linoleic acid
(22.33%) while Diet 1 had the lowest (9.28%). Arachidonic acid (20:4 n-6) was lower in
Diet 1 and Diet 2 than Control, consequently leading to a decrease in the total long chain
n-6 FA (P<0.0001). Total saturated fatty acids (SFA) were highest in Diet 1 (P<0.0001).
Addition of microalgae and Met led to over (>2.0-2.5 fold) increase in DHA and omega-3
FA (P<0.05). When FA concentration was expressed as mg/100 g, breast muscle from Diet
2 provided 94.71 mg/ 100 g compared to 0 g in Control birds (Table 18).
8.4.5(ii) Thigh Muscle
Thigh muscle FA composition was effected by the type of diet (Table 19). Diet 1
and Diet 2 had high myristic acid (14:0). No difference was noted in palmitic acid (16:0)
while stearic acid was lower in Diet 1 compared to Diet 2 (P>0.05). Addition of microalgae
led to a decrease in linoleic acid (18:2 n-6) in Diet 1 and Diet 2 (P<0.05). A decrease in
arachidonic acid (20:4 n-6) was observed with microalgae and Met supplementation with
Diet 2 having the lowest 0.86% and Control having the highest 2.17%. Oleic acid was
higher in Diet 2 than Control (P<0.05). No difference was observed in total SFA. Total
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MUFA was higher in Diet 2 than Diet 1 and Control (P<0.05). Microalgae and Met
supplementation led to a (>2.5-fold) increase in total omega-3 FA and DHA in Diet 2
compared to Control (P<0.05). When expressed as mg/100 g muscle total n-3 FA was
349.36 mg/ 100g in Diet 2 compared to 127.35 in Diet 1 (over 2 -fold increase) (P<0.05)
(Table 20).
8.4.5(iii) Liver
Fatty acid composition of liver was effected by the inclusion of microalgae and Met
(Table 21). Diet 1 and Diet 2 had high myristic acid (14:0) compared to Control (P<0.05).
Microalgae supplementation led to reduction in linoleic acid (18:2 n-6) in Diet 1 and
significant differences was observed between each dietary treatments (P<0.05).
Arachidonic acid was higher in Control than in Diet 1 (P<0.05). No differences in total
SFA was observed. Total n-6 FA was lowest in Diet 1 compared to Control (P<0.05). Over
(>2 fold) increase in total omega 3 FA was observed in Diet 1 and Diet 2 compared to
Control (P<0.05). DHA was highest in Diet 2 compared to Diet 1 and Control (P<0.05).
Fatty Acid when expressed as mg/100 g of liver total n-3 FA higher in Diet 2 (P<0.05)
(Table 22).
8.4.5(iv) Adipose Tissue
Fatty acid composition of adipose tissue is shown in (Table 23). Diet 1 and Diet 2
had high myristic acid (14:0) compared to Control with (P<0.0001). Reduction of linoleic
acid was observed between Control and diets supplemented with microalgae and Met
(P<0.0001). Concentration of FA with (C>18) was minimal. Overall total n-6 FA were
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higher in Control compared to Diet 1 and Diet 2 (P<0.05). DHA was present in Diet 1 and
Diet 2.
8.4.6 Meat Quality:
8.4.6(i) Color
Meat color was measured as a*, b*, and L* values. Breast meat color (a*, redness)
was reduced (p<0.05) and a trend for reduction in b* (yellowness) was observed in breast
muscle of birds fed Diet 2 (P=0.07) (Table 24).
8.4.6(ii) Cook Loss
Experimental diet had no significant effect (P>0.05) on the cook loss values of the
chicken breast meat (Table 25).
8.4.6(iii) Tenderness:
Meat tenderness was significantly effected (P<0.05) on the meat tenderness shear
force. With Control having the lowest shear force and Diet 2 having the highest (P<0.05)
(Table 26)
8.4.6(iv) Muscle pH
Experimental diets had no effect on the pH of breast muscle or thigh muscle
(P>0.05), however overall thigh muscle had a higher pH value compared to breast muscle
(Table 27).
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8.4.6(v) Drip Loss
Experimental diet had significant effect on the drip loss values of the chicken
breast meat with time (P<0.05). Diet 2 lost the most water content while Control lost the
least amount of moisture (P<0.05) (Table 28).
8.4.7 Serum Metabolite Profile:
There was no difference between the dietary treatments on the different serum
metabolite profile (Table 29). However Control diet had the highest uric acid of 10.92
mg/dL while Diet 1 had the lowest 7.60 mg/dL (P>0.05), and a trend for reduction in
blood cholesterol (P=0.087) was observed in Diet 1 and Diet 2 when compared to
Control.
8.4.8 Meat Muscle Visual Scoring and Pathology:
All sections of muscle had some degree of myofiber damage or at least minimal
inflammation. Significant effect of diet on visual white striping was observed (P=0.01).
Incidence of white striping was severe in Control diet and the least in Diet 2 (Figure 21,
22). The breast muscle of Diet 2 had the lowest score compared to Control (P<0.05) and a
trend for reduction in visual score was observed between Control and Diet 1 (P=0.09).
(Table 30).
8.4.9 Meat Mineral Analysis
There was no significant difference among the dietary treatments (P>0.05) on the
meat mineral composition (Table 31).
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8.5.0 Meat Crude Protein and Nitrogen Content
There was no significant difference among the dietary treatments (P>0.05) on the
meat crude protein and nitrogen content on wet and dry basis (Table 32, 33).

8.5.1 Breast Muscle Cholesterol Content
There was no significant difference among the dietary treatments (P>0.05) on the
cholesterol content of breast meat (Table 34).
8.5.2 Carcass Yield
Diet had no significant effect on the carcass yield of the chickens (P>0.05) (Table
35). However, fat pad yield (%) was lowest in Control and highest in Diet 1 (P<0.05).
Thigh plus leg yield (%) was higher in Diet 1 and Diet 2 compared to Control (P<0.05).
Liver weight as percent of body weight was high in Diet 1 than Control and Diet 2
(P=0.054).
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Table 14. Effect of microalgae and methionine supplementation on production
performance of broiler birds.
1

Control
Starter
Initial BW at day 0 (g)
Final BW at day 11 (g)
Weight gain (g)
Feed consumption (g)
FCR

Dietary Treatment
Diet 1
Diet 2

Pooled
SEM

P value

39.55
190.83
151.28

39.50
198.40
158.90

39.45
190.03
150.58

0.33
5.35
5.46

0.978
0.492
0.506

140.73
0.92

151.44
0.96

151.96
0.98

6.44
0.03

0.402
0.388

Grower
Initial BW at day 11(g)
Final BW at day 22(g)
Weight gain (g)
Feed consumption (g)
FCR

190.83
811.32
620.48
725.0
1.16a

198.40
846.78
648.38
725
1.12b

190.03
820.07
630.04
725
1.16ab

5.35
11.51
8.62
0
0.01

0.492
0.109
0.099
0.000
0.048

Finisher
Initial BW at day 22 (g)
Final BW at day 42 (g)
Weight gain (g)
Feed consumption (g)
FCR

811.32
2689.58
1878.27
3210.42
1.72

846.78
2713.13
1856.34
3328.13
1.80

820.07
2709.38
1889.30
3155.21
1.65

11.51
46.50
49.92
68.74
0.051

0.109
0.954
0.894
0.225
0.144

Overall
Initial BW at day 0 (g)
Final BW at day 42(g)
Weight gain (g)
Feed consumption (g)
FCR

39.55
2689.58
2650.03
4097.40
1.55

39.50
2713.13
2663.62
4204.56
1.58

39.45
2709.38
2669.92
4032.17
1.51

0.333
46.50
46.62
69.18
0.02

0.978
0.954
0.954
0.238
0.134

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P< 0.05. n = 6.
SEM = Standard error of mean.

87

Table 15. Effect of microalgae and methionine on moisture and dry matter percentage of
breast and thigh muscle in broilers
Dietary Treatments
Tissue

Control

Diet 1

Diet 2

Pooled
SEM

P value

Moisture
Breast

72.49

73.20

71.81

0.82

0.505

Thigh

70.24b

73.28ab

75.18a

0.96

0.008

Dry Matter
Breast

27.51

26.80

28.18

0.82

0.513

Thigh

29.76a

26.72ab

24.65b

0.94

0.006

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.
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Figure 20. Effect of microalgae and methionine supplementation on breast muscle total
fat percentage (%).

4

3.5
3

a

Fat (%)

2.5

ab

2

b

1.5
1
0.5
0

Control

Diet 1

Diet 2

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0%
microalgae, (Control), 2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P< 0.05. n = 6.
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Table 16. Effect of microalgae and methionine supplementation on breast and thigh
muscle TBARS content in broilers
Dietary Treatment
Tissue

Control

Diet 1

Diet 2

Pooled SEM

P value

Breast

5.279

5.627

3.211

0.94

0.181

Thigh

2.67b

13.65a

11.19a

1.41

0.0002

Values reported as mg of MDA per g of tissue.
Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0%
microalgae, (Control), 2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b

Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.
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Table 17. Effect of microalgae and methionine supplementation on fatty acids
composition (%) of breast muscle
Dietary Treatments
Fatty acids
(%)

Diet 2

Pooled
SEM

Control

Diet 1

P value

14:0

0.56b

1.67a

1.41ab

0.26

0.023

16:0

28.36b

30.10a

26.51b

0.70

<0.0001

16:1

4.41a

0.46b

3.29a

0.39

<0.0001

18:0

8.64b

14.66a

8.92b

0.70

<0.0001

18:1

29.72b

27.63b

37.25a

1.02

<0.0001

18:2 n-6

22.33a

9.28c

15.40b

1.03

<0.0001

20:1

0.54ab

0.15b

1.42a

0.26

0.011

20:2 n-6

1.94b

8.82a

1.48b

0.77

<0.0001

20:4 n-6

2.24a

2.09ab

1.36b

0.21

0.021

22:6 n-3

0.00b

2.13a

2.80a

0.22

<0.0001

Total SFA

37.56b

49.44a

36.85b

1.33

<0.0001

Total MUFA

34.66b

28.25c

41.96a

1.39

<0.0001

Total n-6 FA

27.50a

20.19b

18.19b

0.55

<0.0001

Total n-3 FA

0.00b

2.13b

2.95a

0.19

<0.0001

n6:n3
Total LC n-6
FA
Total LC n-3
FA

0.00c

2.13b

2.95a

0.19

<0.0001

4.63b

10.91a

2.79b

0.82

<0.0001

0.00c

2.13b

2.95a

0.19

<0.0001

Control, Diet 1, Diet 2 and Diet 2 represent corn-soybean meal-based diet containing 0% Microalgae,
(Control), 2% Microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-c

Means within a row with no common superscript differ when P<0.05. n = 10.
SEM = Standard error of mean. Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0);
Total MUFA = Total monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated
fatty acids (18:2 n-6 +20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty
acids (18:3 n-3 + 20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2
n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids (20:5 n3+22:5 n-3 + 22:6 n-3). FA= Fatty acid.
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Table 18. Effect of microalgae and methionine supplementation on fatty acid content
(mg/100 g) of chicken breast muscle
FA
(mg/100g)

Dietary Treatments
Diet 1
Diet 2

Control

20:4 n-6

71.52a

20.13b

40.09b

7.22

0.0006

22:6 n-3

0.00b

20.97b

85.01a

6.95

<0.0001

Total SFA

1223.0

499.3

1285

224.31

0.045

Total MUFA

1145.1ab

290.8b

1650.8a

333.33

0.036

Total n-6 FA

923.7a

203.6b

684.5ab

158.61

0.018

Total n-3 FA

0.00b

20.97b

94.77a

10.37

<0.0001

Pooled SEM P value

Control, Diet 1, Diet 2 and Diet 2 represent corn-soybean meal-based diet containing 0% Microalgae,
(Control), 2% Microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b

Means within a row with no common superscript differ when P<0.05. n = 10.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2 n-6
+20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids (18:3 n-3 +
20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2 n-6 + 20:3 n-6 +
20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids (20:5 n-3+22:5 n-3 +
22:6 n-3).
FA = Fatty acids.
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Table 19. Effect of microalgae and methionine supplementation on fatty acid composition

(%) of thigh muscle
Dietary Treatments
Fatty acids
(%)

Diet 2

Pooled
SEM

Control

Diet 1

P value

14:0

0.00a

0.99a

1.39a

0.26

0.005

16:0

29.99

29.32

28.19

0.86

0.353

16:1

5.03

3.64

4.87

0.54

0.171

18:0

11.16ab

14.91a

10.90b

1.05

0.028

18:1

28.75b

31.51ab

35.15a

1.10

0.004

18:2 n-6

20.01a

11.63b

12.21b

1.30

0.001

20:1

0.27

0.64

0.95

0.26

0.220

20:2 n-6

2.62

3.74

3.52

0.65

0.449

20:4 n-6

2.17a

1.59ab

0.86b

0.27

0.013

22:6 n-3

0.00b

2.03a

1.97a

0.16

<0.0001

Total SFA

41.15

45.21

40.47

1.59

0.107

Total MUFA

34.05b

35.78b

40.97a

1.38

0.008

Total n-6 FA

24.80a

16.96b

16.59b

0.89

<0.0001

Total n-3 FA

0.00b

2.04a

1.97a

0.16

<0.0001

Total LC n-6 FA

4.79

5.33

4.38

0.63

0.577

Total LC n-3 FA

0.00b

2.04a

1.97a

0.16

<0.0001

Control, Diet 1, Diet 2 and Diet 2 represent corn-soybean meal-based diet containing 0% Microalgae,
(Control), 2% Microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b

Means within a row with no common superscript differ when P<0.05. n = 10.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2 n-6
+20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids (18:3 n-3 +
20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2 n-6 + 20:3 n-6 +
20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids (20:5 n-3+22:5 n-3 +
22:6 n-3).
FA = Fatty acids.

93

Table 20. Effect of microalgae and methionine supplementation on fatty acid content
(mg/100 g) of chicken thigh muscle
FA (mg/100g)
Control

Dietary Treatments
Diet 1

Diet 2

Pooled SEM

P value

Total SFA

823.7

663.5

879.5

153.91

0.599

Total MUFA

763.2

555.1

903.7

188.37

0.44

Total n-6 FA

574.7

255.6

574.7

126.69

0.225

Total n-3 FA

0.00b

29.92a

42.65a

4.57

<0.0001

Total LC n-6 FA

78.85

77.30

90.64

13.13

0.739

Total LC n-3 FA

0.00b

29.92a

42.65a

4.57

<0.0001

Control, Diet 1, Diet 2 and Diet 2 represent corn-soybean meal-based diet containing 0% Microalgae,
(Control), 2% Microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b

Means within a row with no common superscript differ when P<0.05. n = 10.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2 n-6
+20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids (18:3 n-3 + 20:5
n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2 n-6 + 20:3 n-6 + 20:4 n6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids (20:5 n-3+22:5 n-3 + 22:6 n-3).
FA = Fatty acid.
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Table 21. Effect of microalgae and methionine supplementation on fatty acid composition
(%) of chicken liver tissue
Dietary Treatments
Fatty acids
(%)

Diet 2

Pooled
SEM

Control

Diet 1

P value

14:0

0.33b

0.94a

0.83a

0.14

0.014

16:0

34.85ab

36.27a

32.60b

0.94

0.043

16:1

3.49

5.07

3.62

0.84

0.357

18:0

21.08

13.47

14.89

2.83

0.164

18:1

26.63

35.24

32.76

2.82

0.117

18:2 n-6

9.40a

5.82b

9.76a

0.67

0.001

20:1

0.00b

0.15b

0.61a

0.11

0.003

20:2 n-6

1.29

1.61

0.23

0.59

0.265

20:4 n-6

2.94a

0.61b

1.91ab

0.39

0.003

22:6 n-3

0.00b

0.83b

2.22a

0.27

0.0001

Total SFA

50.26

50.67

48.31

2.84

0.161

Total MUFA

30.11

40.46

36.99

3.52

0.141

Total n-6 FA

13.63a

8.04b

11.90ab

1.22

0.016

Total n-3 FA

0.00b

0.83b

2.80a

0.39

0.0004

Total LC n-6 FA

4.23

2.21

2.14

0.77

0.129

Total LC n-3 FA

0.00b

0.83b

2.80a

0.39

0.004

Control, Diet 1, Diet 2 and Diet 2 represent corn-soybean meal-based diet containing 0% Microalgae,
(Control), 2% Microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b

Means within a row with no common superscript differ when P<0.05. n = 10.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2 n-6
+20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids (18:3 n-3 +
20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2 n-6 + 20:3 n-6 +
20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids (20:5 n-3+22:5 n-3 +
22:6 n-3).
FA = Fatty acid.
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Table 22. Effect of microalgae and methionine supplementation on fatty acid content
(mg/100 g) of chicken liver tissue
FA (mg/100g)
Control

Dietary Treatments
Diet 1

Diet 2

Total SFA

5198.38

7741.65

9147.80

2295.84

0.485

Total MUFA

3851.44

6396.86

7161.52

1828.64

0.428

Total n-6 FA

1271.52

1199.81

1817.10

324.91

0.365

Total n-3 FA

0.00

127.35b

349.26a

24.31

<0.0001

Total LC n-6 FA

326.84

303.54

257.70

77.70

0.817

Total LC n-3 FA

0.00

127.35b

349.36a

24.31

<0.0001

Pooled SEM

P value

Control, Diet 1, Diet 2 and Diet 2 represent corn-soybean meal-based diet containing 0% Microalgae,
(Control), 2% Microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P<0.05. n = 10.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2 n-6
+20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids (18:3 n-3 +
20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2 n-6 + 20:3 n-6 +
20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids (20:5 n-3+22:5 n-3 +
22:6 n-3).
FA= Fatty Acids.
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Table 23. Effect of microalgae and methionine supplementation on fatty acid
composition (%) of chicken adipose tissue
Dietary Treatments
Fatty acids
(%)

Diet 2

Pooled
SEM

Control

Diet 1

P value

14:0

0.81b

2.92a

3.07a

0.08

<0.0001

16:0

26.84

25.55

25.20

0.63

0.187

16:1

6.98

7.52

7.27

0.35

0.560

18:0

4.34a

3.85b

3.73b

0.11

0.002

18:1

34.11b

40.84a

40.76a

0.59

<0.0001

18:2 n-6

25.36a

16.38b

16.43b

0.90

<0.0001

20:1

0.66b

2.80a

2.94a

0.20

<0.0001

22:6 n-3

0.00b

0.05ab

0.19a

0.05

0.032

Total SFA

32.26

32.32

32.06

0.65

0.959

Total MUFA

41.75b

51.16a

50.97a

0.72

<0.0001

Total n-6 FA

25.46a

16.38b

16.45b

0.91

<0.0001

Total n-3 FA

0.16

0.05

0.24

0.06

0.147

0.10

0.00

0.02

0.03

0.115

0.00b

0.05ab

0.24a

0.006

0.021

Total LC n-6 FA
Total LC n-3 FA

Control, Diet 1, Diet 2 and Diet 2 represent corn-soybean meal-based diet containing 0% Microalgae,
(Control), 2% Microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-c

Means within a row with no common superscript differ when P<0.05. n = 10.
SEM = Standard error of mean.
Total SFA = Total saturated fatty acids (14:0 + 16:0 + 17:0+ 18:0 + 20.0); Total MUFA = Total
monounsaturated fatty acids (16:1 + 18:1 + 20:1 + 22:1); Total n-6 polyunsaturated fatty acids (18:2 n-6
+20:2 n-6 + 20:3 n-6 + 20:4 n-6+ 22:4 n-6 + 22:5 n-6); Total n-3 polyunsaturated fatty acids (18:3 n-3 +
20:5 n-3+ 22:5 n-3 + 22:6 n-3). Total LC n-6 FA = Total long chain n-6 fatty acids (20:2 n-6 + 20:3 n-6 +
20:4 n-6+ 22:4 n-6 + 22:5 n-6). Total LC n-3 FA = Total long chain n-3 fatty acids (20:5 n-3+22:5 n-3 +
22:6 n-3).
FA = Fatty acid.
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Table 24. Effect of microalgae and methionine supplementation on Instrumental color
readings of fresh chicken breast muscle.
Meat Quality
parameters

Dietary Treatment
Control

Diet 1

Diet 2

Pooled SEM

P value

a*
b*

14.58a
18.90

13.63ab
17.53

12.27b
16.23

0.56
0.74

0.033
0.072

L*

64.55

64.53

65.39

1.25

0.858

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.

98

Table 25. Effect of microalgae and methionine supplementation on cook loss in chicken
breast muscle.
Dietary Treatment
Tissue

Control

Diet 1

Diet 2

Breast

65.28

59.97

59.25

Pooled
SEM
0.76

P value
0.529

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2) n=6.
SEM = Standard error of mean.
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Table 26. Effect of microalgae and methionine supplementation on shear force (N) of
chicken breast muscle.
Dietary Treatment
Tissue

Control

Diet 1

Diet 2

Breast

23.28b

32.63ab

46.63a

Pooled
SEM
0.65

P value
0.008

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.
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Table 27. Effect of microalgae and methionine supplementation on breast and thigh
muscle pH in broilers.

Dietary Treatment1

Tissue
Control

Diet 1

Diet 2

Pooled SEM

P value

Breast

5.89

6.03

5.93

0.06

0.332

Thigh

6.42

6.47

6.44

0.06

0.839

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P<0.05. n = 6.
SEM = Standard error of mean.
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Table 28. Effect of microalgae and methionine supplementation on drip loss in chicken
breast muscle.
Dietary Treatments

P Value

Drip Loss x Time

Control

Diet 1

Diet 2

Pooled
SEM

Diet

Time

Diet x
Time

Weight after 4 hours (g)

302.63a

282.90ab

261.80b

5.05

<0.0001

0.931

1.000

Weight after 8 hours (g)

301.73a

281.35ab

260.60b

5.05

<0.0001

0.931

1.000

Weight after 16 hours (g)

300.00a

280.03ab

259.22b

5.05

<0.0001

0.931

1.000

Overall Mean

301.46a

281.43b

260.54c

5.05

P<0.05

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2) n = 6.
SEM = Standard error of mean.
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Table 29. Effect of microalgae and methionine supplementation on serum metabolite
panel of birds
Dietary Treatment
Serum
Metabolites

Control

Diet 1

Diet 2

Pooled SEM

P value

Glucose (mg/L)

481.33

433.17

415.50

1.41

0.645

Cholesterol
(mg/dL)
Triglycerides
(mg/dL)
Total Protein
(g/dL)
Creatine kinase
(U/L)
Aspartate amino
transferase (U/L)

102.33

74.83

79.83

8.62

0.087

128.83

113.00

89.33

22.72

0.483

3.00

2.75

3.00

0.09

0.117

23156

36898

52985

4196.03

0.310

456.3

449.5

563.3

75.44

0.505

Calcium (mg/dl)

11.30

11.08

11.17

0.27

0.849

Phosphorus
(mg/dL)
Uric Acid
(mg/dL)
Bile Acid
(umol/L)

87.77

9.03

9.97

44.60

0.382

10.917a

7.60b

8.63ab

0.81

0.031

23.10

16.20

14.20

5.22

0.468

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2) n = 6.
SEM = Standard error of mean.
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Table 30. Effect of microalgae and methionine supplementation on the visual score
representing white striping
Dietary Treatment

P value

Control vs Diet 1

0.09

Control vs Diet 2

0.02

Control vs Diet 1 and Diet 2

0.01

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2) n=6.

Fig 21. Severe white striped breast

Fig 22. Low white stripped breast
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Table 31. Effect of microalgae and methionine supplementation on meat mineral
composition of chicken breast muscle (pectoralis major)
Dietary Treatments
Minerals
Ca

Control
248.99

Diet 1
188.36

Diet 2
220.53

Pooled SEM P value
34.10
0.471

Mg

1200.8

883.6

959.4

126.21

0.212

P

9915

7291

8005

1040.46

0.216

Na

2074.3

1694.3

1515.2

317.14

0.463

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2) n=6.

105

Table 32. Effect of microalgae and methionine supplementation on breast meat crude protein
and Nitrogen (%) on wet basis

Dietary Treatments

Nitrogen
Crude Protein

Control

Diet 1

Diet 2

3.33
20.79

3.55
22.18

3.43
21.44

Pooled
SEM
0.09
0.60

P value
0.282
0.282

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
SEM = Standard error of mean.

Table 33. Effect of microalgae and methionine supplementation on breast meat crude
protein and Nitrogen (%) on dry basis.
Control
Nitrogen
Crude Protein

13.05
81.54

Dietary Treatments
Diet 1
Diet 2
13.00
81.25

12.99
81.19

Pooled
SEM
0.15
0.92

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2) n=6.
SEM = Standard error of mean.

P value
0.961
0.961
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Table 34. Effect of microalgae and methionine supplementation on broiler breast meat
cholesterol content.
Tissue

Control

Cholesterol

74.23

Dietary Treatments
Diet 1
Diet 2
65.83

65.50

Pooled
SEM
3.89

P values
0.269

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Meth (Diet 2) n=6.
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Table 35. Effect of microalgae and methionine supplementation on body weight, relative
organ weight (g), and yield of carcass in broiler birds
Body weight
and relative
organ weight
(g)

Dietary Treatment
Pooled SEM

P value

Control

Diet 1

Diet 2

Body weight
(g)

3081

3058.67

3048.67

65.00

0.938

Liver (g)

2.40

2.91

2.38

0.16

0.054

Gizzard (g)

1.29

1.29

1.24

0.05

0.783

Heart (g)

0.49

0.48

0.53

0.03

0.611

Fat pad (g)

1.62b

2.16a

1.82ab

0.13

0.035

Breast (g)

25.87

24.04

24.33

0.63

0.128

Leg +Thigh (g)

17.3b

18.52a

18.50a

0.30

0.017

Control, Diet 1, and Diet 2 represent corn-soybean meal-based diet containing 0% microalgae, (Control),
2% microalgae (Diet 1), and Diet 1 + 100% more Met (Diet 2).
a-b
Means within a row with no common superscript differ when P< 0.05. n = 6.
SEM = Standard error of mean.
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Discussion:
The current study evaluated the effect of supplementing Met in microalgae-based
diets on, muscle white striping incidence, histopathology, cooking quality attributes, and
nutrient characterization along with the production performance in broiler birds. Results
obtained clearly demonstrate a beneficial effect of Met supplementation in microalgaebased diets on meat quality, white striping score, pathology, and lipid profile.
Birds in the current study were fed a corn-soybean meal based diets with added
microalgae and Met. No-n-3 FA were detected in the tissues of the Control chicks. This
could be due to predominance of n-6 FA-rich Control diet. For example, the linoleic acid
content was over 50% in Control diet compared to 30% in Diet 1 and Diet 2. The muscle
liver and adipose tissue of chickens fed microalgae-based diets contained 1.8% DHA
(Table 12). In monogastric animals like chickens in a positive energy balance, dietary
PUFA are digested, absorbed and are incorporated into the tissues without much
modification, so the composition of carcass fat tends to reflect that of dietary fat (LopezFerrer et al., 2001). It is interesting to note that supplementing Met led to significant
increase in LC n-3 FA in the breast muscle and liver tissue n-3 FA enriching effects
microalgae in broiler and layer diets are previously reported (Long et al., 2018; Yonke and
Cherian., 2019). However role of Met in increasing LC n-3 FA content in the tissues of
broiler fed microalgae containing diets is not known to this author. In this content, a recent
study by Baheshti Moghadam et al., 2018 reported muscle tissue n-3 PUFA enriching
effects of Met in broilers fed diet containing flaxseed rich in ALA (18:3 n-3). Methionine
is the first limiting AA for commercial broilers fed corn-soybean based diets. Broilers are
unable to synthesize the carbon skeleton of Met, thus Met is an essential AA and must be
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supplemented in the diet to optimize poultry growth and feed efficiency. Methionine has
an important role as a sulfur and methyl donor. Overall, these and previously reported
research (Beheshti Moghadam et al., 2018) suggest a unique role of S- containing AA in
n-3 FA metabolism in avians.
An important highlight from this study is that Met supplementation attenuated the
incidence of muscle striping (Diet 2) compared to Control and a trend for reduction in white
striping was noticed in birds fed Diet 1 (P=0.09). The visual scores corroborated with
histopathology scores showing a positive impact of Met in broiler muscle health and
quality. The beneficial effects of Met in Diet 2 birds could attributed to the fact Met acts
as a lipotropic agent with antioxidant properties. Kuttappan et al., 2012 reported that higher
degrees of white striping were associated with a greater amounts of lipid and lower
amounts of protein, resulting in higher net calorie content in the meat. In the current study,
although visual and pathology scores were higher in Control birds than Diet 2 (P<0.05), no
difference in muscle fat or protein content was observed. The birds in the current study
were kept in hygienic conditions with isocaloric and isonitrogenous diets. The increase
antioxidative status of the birds might have led to reduction in lipid peroxidation, white
muscle striping, and breast myopathy. However in the current study the breast muscle
TBARS were not different among the treatments. The birds in the current study were fed
nutritionally balanced diets with minimal external stressors. Therefore, the use of Met and
microalgae-based diets in reducing WS and muscle myopathies in field conditions warrants
further investigations.
Serum enzyme levels and metabolites were estimated to assess any damage
associated with WS or muscle myopathy. Overall, serum metabolite panel did not show
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and disparities in glucose, triacylglycerol, total protein, creatine kinase, aspartate amino
transferase, Ca, P, or bile acid (Table 29) indicating no differences in general hepatic and
renal metabolism. High levels of creatine kinase and aspartate amino transferase activities
are associated with muscle and liver damage. Nonetheless, the trend for reduction in
cholesterol (P=0.087) (Diet 1 and Diet 2) and reduction in uric acid in Diet 1 suggest a
difference in hepatic and/or renal metabolism. The low uric acid points an efficient
utilization of nitrogen in Diet 1-fed birds. A similar blood urea nitrogen lowering effect of
microalgae in broilers was reported by Long et al., (2018). Serum glucose serves as an
important source of energy for birds and can be conducive to growth of body tissues, while
serum concentrations of total protein reflect liver function and synthesis of proteins in
broilers, and are associated with bird growth and physiological status. Compared to other
trials, no difference was found in any of the other serum metabolites of birds fed the
experimental diets. However Long et al., (2018) reported significant changes in blood
glucose, cholesterol, LDL-cholesterol, and total protein in birds fed microalgae. The
discrepancies in serum metabolites might be due to the different amount and types of
microalgae fed.
Methionine supplementation had a significant influence on some of the meat quality
attributes parameters assessed. Although no difference was observed in dry matter, cook
loss, pH, significant differences were observed in color, (a*), drip loss, and shear force of
breast muscle in Diet 2 birds. With respect to meat color, fresh meat, a*, or redness, values
are indicative of the degree of muscle pigment oxidation (Suman and Joseph, 2013). Higher
redness values are associated with higher concentrations of oxy or carboxymyoglobin,
while lower values typically represent myoglobin’s transition to oxidized metmyoglobin
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(AMSA, 2012). The lower a* values for Diet 2 may suggest a unique antioxidant or
lipotropic effect of microalgae along with Met. Higher concentrations of PUFA may have
accelerated the myoglobin’s transition to metmyoglobin. The shear force and drip loss
varied among diets. No difference was observed in b* and L* values of breast muscle.
Given lipid oxidation’s impact on accelerating myoglobin oxidation (Fausman et al., 2010),
no significant differences in TBARS in breast muscle samples from all dietary treatments
in this study would likely account for the lack of significant differences in b* and L* color
values. Diet 2 breast muscle had the highest shear force followed by lowest drip loss. A
possible explanation for this could be the factor such as low total fat for Diet 2 compared
to Control, since intramuscular fat has a marbling effect which increases tenderness
resulting in lower shear force values. The higher cooked shear force value for Diet 2 maybe
indicative of high intramuscular contractile strength which may have resulted in less
denaturation of protein fibers compared to control. The mean drip loss varied between 0.87,
10.01, and 0.98%, for Control, Diet 1 and Diet 2, respectively (P<0.05). These values are
in a normal range for poultry. Low drip loss values for the Control group may be explained
by a higher susceptibility to premortal stress in comparison to the DHA and Metsupplemented groups.
In the current study, no difference was found in the feed consumption, weight gain
in the grower or finisher phase, or 42-day body weight was observed. Thus the hypothesis
that incorporating microalgae with Met in broiler diets enhances quality and n-3 FA profile
without effecting production performance could be accepted. The carcass yield of cut up
portions (leg+thigh) was higher in Diet 1 and Diet 2. However, the improved thigh muscle
weight and yield in our study was not associated with the higher final body weight of Diet
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1 and Diet 2 birds. Research has established that Met supplementation can affect broiler
performance, including protein deposition, feathering, and immune function and muscle
quality (Jankowski et al., 2014; Albrecht et al., 2014).
The demand for health-promoting foods are on a global rise with increased interest
in omega-3 FA. Poultry meat is a major source of animal food protein and is consumed
globally. The results from the current study demonstrate that using DHA microalgae is a
supplementation to enrich chicken tissues with n-3 FA in meat type chickens is a unique
way. Thus, poultry meat offers a potential for creating a functional food for increasing
human n-3 FA consumption without altering dietary habits. Understanding the physiology
of lipid metabolism in broilers and nutritional biochemistry will enable nutritionists to
formulate diets that produce meat with high n-3 FA. This will provide an opportunity for
the broiler production sector to add value to their product. Further study which analyzes
the cost of production per mg increase in n-3 FA enrichment in meat would provide further
information and may pave the way for a consumer shift.
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